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1. INTRODUCTION

1.1. A1MS AND OBJECTIVES. The two fundamental concepts around which this ar-
ticle is orbiting are those of weak equivalence and Morita equivalence. Recall from,
e.g., §5] that two Lie groupoids ¢ and ¢’ are called weakly equivalent if
there exist weak equivalences ¢ : J# — ¢ and ¢’ : H — ¢’ for some third Lie
groupoid .77 (see again op. cit. for the precise definition of a weak equivalence ¢).
For instance, the groupoids associated to two atlases of a manifold (or two transverse
atlases of a foliated manifold) are weakly equivalent; each groupoid associated to a
principal bundle of a Lie group G and base manifold M is weakly equivalent to the
unit Lie groupoid % (M).

As a definition of Morita equivalence of two (Lie) groupoids might serve reversing the
(classical) Morita theorem, that is, the requirement that their categories of representa-
tions (quasi-coherent ¢-sheaves of k-modules) are equivalent as symmetric monoidal
categories. This leads to a quite general idea of equivalence which can be applied
to any mathematical object that allows for the notion of “representation”, or, more
generally, (co)modules.

That the two notions of weak equivalence and Morita equivalence are essentially the
same and also imply the presence of a principal bibundle (in an appropriate sense)
is a well-known fact for (Lie) groupoids (in fact, the terminology varies and often

DOCUMENTA MATHEMATICA 22 (2017) 551-609



Morita THEORY FOR HOPF ALGEBROIDS VIA PRINCIPAL BIBUNDLES 553

coincides, which adds somewhat to the confusion), see [Mr1]]. Note,
however, that in the first of these references the respective concept of principal bun-
dle slightly differs from the latter two. Taking Lie groupoids as objects, one con-
structs, together with the isomorphism classes of principal bundles (as morphisms,
sometimes called Hilsum-Skandalis maps) and equipped with the tensor product, a
category, sometimes called the Morita category. Moreover, there is a functor from the
category of Lie groupoids to this Morita category which transforms weak equivalences
to isomorphisms that establishes a universal solution for functors having this property.
Roughly speaking, commutative Hopf algebroids can be seen as presheaves of
groupoids on affine schemes: the datum of a flar Hopf algebroid is equivalent to the
datum of a certain stack with a specific presentation [Nal, [FCh]. In this perspective,
one can establish an equivalence between (right) comodules over a Hopf algebroid
and quasi-coherent sheaves with a groupoid action Thm. 2.2].

Hopf algebroids were introduced in algebraic topology (see, e.g., [Ral]) as a
cogroupoid kind of object, which motivates the following definitions taken from
Def. 6.1] resp. [Holl. For the necessary ingredients and notation used therein
we refer to the main text.

DEFINITION 1.1. Let (A, H) and (B, K) be two flat Hopf algebroids.

(1) A morphism (A, H) — (B, K) is said to be a weak equivalence if and only if
the respective induction functor Comody, — Comody establishes an equiv-
alence of categories. The Hopf algebroids (A, H) and (B, K) are said to be
weakly equivalent if there is a diagram

€.9)
(A, H) (B, K)

of weak equivalences of Hopf algebroids.
(ii) Two flat Hopf algebroids are said to be Morita equivalent if their categories
of (right) comodules are equivalent as symmetric monoidal categories.

For instance, the existence of a weak equivalence implies Morita equivalence since
induction functors are always symmetric monoidal functors.

In the context of Hopf algebras, the second part in the above definition appeared in
[Sch3| Def. 3.2.3] baptised monoidal Morita-Takeuchi equivalence therein but also
before in Def. 5.6], where such a property was called monoidal co-Morita
equivalence. Let us also mention that a Morita theory for certain cocommutative Hopf
algebroids (so-called étale Hopf algebroids) was developped in [Mr2]] using a different
notion of bundles (called principal bimodules). Furthermore, the idea of describing
Morita theory in the language of bicategories was explained, for example, in [Lal] for
various contexts, such as rings, C*-algebras, von Neumann algebras, Lie groupoids,
symplectic groupoids, and Poisson manifolds.

1.2. MAIN RESULTS. Transferring the above statements from Lie groupoids to the
case of commutative Hopf algebroids will be the main task (and result) of this article,
summarised as follows:
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THEOREM A. Let (A, H) and (B, K) be two flat Hopf algebroids. The following are
equivalent:

(1) (A, H) and (B, K) are Morita equivalent.
(2) There is a principal bibundle connecting (A, H) and (B, K).
(3) (A, H) and (B, K) are weakly equivalent.

One might be tempted to think that these results can be obtained by simply dualis-
ing the usual techniques in the groupoid case (which we recall in §2, Theorem [2.9)
but things turn out to be more intricate: one of the main obstacles in mimicking the
groupoid case is the construction of orbit spaces which correspond to quotients of
affine schemes, which is a subtle concept with its own challenges. In contrast to that,
our arguments make large use of cotensor products of comodule algebras in corre-
spondence to these quotients of affine schemes, which might seem technical at first
sight but proves useful in this context.

The subsequent picture shows all implications between (1), (2), and (3) in the above
theorem that we will explore in the main text:

)

trivial

Propmition

Theoremm

(@5 3)

Proposition

FIGURE 1. Paths in the proof of Theorem [Al

In particular, the step (1) = (3) in the above Theorem [Al was conjectured in [HoSt,
Conj. 6.3]: more precisely, Hovey and Strickland conjectured that in case the category
of H-comodules is equivalent to the one of comodules over K, then the two Hopf
algebroids (A, H) and (B, K) are connected by a chain of weak equivalences, and we
show that this chain can be taken to be of length 2.

By a chain of weak equivalences of length n > 2 we mean a zig-zag of weak equiva-
lences in the sense of [[Hil Def. 7.9.1], up to the equivalence transformations given in
§14.4]. The key here is Proposition [6.3] which shows that any zig-zag of weak
equivalences of the form e <—— e —— e can be completed to a diagram of weak
equivalences having the form

7 ™
s/ \

.\0/.

which is commutative up to a 2-isomorphism (a property dual to condition (BF3) in
p. 254)).

DOCUMENTA MATHEMATICA 22 (2017) 551-609



Morita THEORY FOR HOPF ALGEBROIDS VIA PRINCIPAL BIBUNDLES 555

In this way, any chain of weak equivalences (in the above sense) between two flat
Hopf algebroids (A, H) and (B, K) can be transformed to one of the form

k2 (Dy.I1) (D3, I3) e Dy, Ig) (Dgs1, T gr1)

(ASH) €191 (C2.J2) oo (Cr=1.Tk-1) (Cr.T) (BX)

of length 2(k + 1), which, in turn, can be completed to the following isosceles triangle

(Cr1-Tk1)
(Cj(.kl)]sj(kl.).l/) }ﬁkl)luﬂkl}l)
Cng e enaw
<D.,I]>/7 \mz,m'_'_ ..:..(Dks[k)/ \wm,m.)
<A,ﬂ>/ \(61,30/7 \\(Cka/ (B.%)

of (k +2) vertices on each side. Such a triangle is obtained by constructing k(k + 1)/2
new flat Hopf algebroids being essentially two-sided translation Hopf algebroids built
from trivial principal bundles.

The notion of (quantum) principal bundle that appears as a crucial ingredient in Theo-
rem[Alis a relatively straightforward extension of the corresponding concept for Hopf
algebras as introduced in [BrzMal, see also [Brzl]. In [Sch3l §3.2.4], again in the realm
of Hopf algebras, these objects were called bi-Galois objects and the corresponding
implications (1) & (2) of Theorem [A] were shown. As a matter of fact, in many
examples constructing bi-Galois objects or principal bundles has turned out to be a
practicable way to establish monoidal equivalences between comodule categories; as
a concrete illustration, see, for example, [Mas| [Bi]]. Analogous objects in sheaf theory
are known under the name of (bi)torsors, see [DemGal.

In fact, we gather flat Hopf algebroids and principal bundles along with their mor-
phisms in a bicategory. More precisely, in Proposition we prove that the data
given by

« flat Hopf algebroids (as 0-cells),
o left principal bundles (as 1-cells),
« as well as morphisms of left principal bundles (as 2-cells)

define a bicategory, denoted by PB‘. The bicategories of analogously constructed
right resp. two-sided principal bundles (or bibundles) are denoted by PB" and PB’,
respectively. As in classical situations, for two O-cells (A, H) and (B, K), the category
PB‘(H, K) turns out to be a groupoid. This leads to the structure of a bigroupoid on
the bicategory PB”, and hence to a categorical group (or bigroup) structure on each
category PB"(H, H), see, for instance, [NoJ.

Applying Theorem[Alabove to a single flat Hopf algebroid yields the following result:

THEOREM B. Let (A, H) be a flat Hopf algebroid and denote by % (‘H) its associ-
ated principal unit bibundle. Then the category (Aut®(A, H), o, idcf,mod}() of symmetric
monoidal auto-equivalences of right H-comodules with morphisms given by natural
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tensor transformations forms a categorical group, and the functors

(Aut®(A, H), 0, idgome,,)  —  (PB"(H,H), Oy, % (H)), F — F(H)
(PB*(H,H), Oy, % (H)) — (Aut’(A, H), 0, idcomod,,)s (P,a,f) +— —0OxP

establish a monoidal equivalence of categorical groups.

Moreover, it turns out that there is a 2-functor
2 : 2-HAlgd — PB’*

from the 2-category of flat Hopf algebroids to the conjugate of PB’, which sends any 1-
cell g : (A, H) — (B,K) to its associated trivial left principal bundle Z(¢) = H ®, B,
that is, the pull-back of the unit bundle % (H). A 1-cell ¢ in 2-HAlgd is a weak
equivalence if and only if 2(¢) is an invertible 1-cell in PB’*, i.e., is part of an
internal equivalence. We then present the pair (PB’, &) as the universal solution with
respect to this property:

THEOREM C. Let F : 2-HAIgd — % be a 2-functor which sends weak equivalences
to invertible 1-cells. Then, up to isomorphism (of 2-functors), there is a unique 2-
functor F such that the diagram

2-HAlgd ——Z - pPB(

g
F A

A

commutes up to an isomorphism of 2-functors.

We finally want to mention that this universality leads to a kind of calculus of fractions
in the 2-category 2-HAIgd with respect to weak equivalences in a sense “dual” to the
approach in [[Px].

ACKNOWLEDGEMENTS. It is a pleasure to thank Alessandro Ardizzoni, Federica
Galluzzi, and Fabio Gavarini for stimulating discussions and useful comments. We
are also grateful to the referee for careful reading and useful comments.

2. ABSTRACT GROUPOIDS AND PRINCIPAL BISETS REVISITED

In this section we expose some basic results on abstract groupoids which are going
to serve as a sort of motivation for the forthcoming sections dealing with flat Hopf
algebroids. The exposition we follow here is parallel to dealing with Lie
groupoids, as well as to [Kaol.

2.1. PRINCIPAL BISETS AND ORBIT SETS. A groupoid (or abstract groupoid) is
a small category where each morphism is an isomorphism. That is, a pair of sets
Y = (94,%,) with a diagram ¥ ==—= %, , where s and t are the source resp. the
target of a given arrow, and where ¢ assigns to each object its identity arrow; together
with an associative and unital multiplication ¥, := ¢, X, ¥, — ¥, as well as a map
¢ — ¢ which associates to each arrow its inverse.
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Recall that for a groupoid ¢ one can define its set of orbits as follows: for any a € %,
one considers either the set

0, = t(s\(a)),

or 0, = s(t”(a)). An equivalence relation on %, is now defined by setting a ~ b if
and only if &, = 0,. The set of orbits of ¢4 is the quotient set &,/ ~, which is often
denoted by ¥,/¥. In other words this is the set of all connected components of ¢.

A more general situation arises when a groupoid acts on a set, which we will refer to
as groupoid-set. Specifically, recall that a left ¢-action of a groupoid ¢ on a set X
consists of two maps « : X — ¥, (the structure map) and A : 4, X, X — X, (g,x) —
gx (the action map), satisfying

algx) = t(g), twx =x, g(gx) = (g9x

The pair (X, ) is called a left ¥-set. In this way, one can define the left translation
groupoid 4 < X with ¢, X, X as set of arrows and X as set of objects. This is the
so-called semi-direct product groupoid, see p. 163]. The orbit set X/9 of
the left ¢-set (X, @) is by definition the orbit set of the translation groupoid ¢4 < X.
For a given object x € X, the equivalence class, that is, the orbit of x, will be denoted
by Orby(x).

Morphisms between left ¢-sets (or ¥-equivariant maps) are defined in the obvious
way, and the category so-obtained is denoted by ¢-Sets and called left groupoid-sets.
The category Sets-¥¢ of right groupoid-sets is similarly defined. These categories are
in fact symmetric monoidal categories, and one can observe that ¢-Sets is isomorphic
to Sets-¢. Explicitly, the tensor product of two objects (X, @) and (X', @) in ¥-Sets
is given by the object

X,a) X (X',a') = (X X, X', aa’),
%0

where aa’ : X X, X' = %, (x,x) — a(x) = o/(x'). The identity object is the left
&-set (4, 14,) with the action ¢4, ¥, %, — %, (g,a) — g.a = #(g). The isomorphism
of categories between left ¢-sets and right ¢-sets is obviously constructed by using
the inverse map ¢, — ¥,, g — g~'. Moreover, the forgetful functor & : ¥-Sets —
Sets,, , where the latter denotes the category of objects over &, (the comma category),
admits a left adjoint functor ¢, x, — : Sets,, — ¥-Sets, which is defined on objects
as follows. If (M, y) is an object in Sets,y,, then (¥, x, M,t o pr,) is a left &-set with
action given by the multiplication on the first component.

Consider a left &-set (X, @) and let x € X. Then clearly the pair (0rby(x), @,), where
«, is the restriction of «, inherits from (X, @) the structure of a left ¥-set with ¢-
equivariant monomorphism 7, : (Orby,(x),@,) — (X, @), the canonical injection. It
turns out that the disjoint union

@.1) Xy = |+ (@rby0,00),

xerep(X/9)

where rep(X/¥) is a set of representatives of the equivalence classes, coincides with
the coproduct of the discrete system {(Orby(x), @), T.}rerprs, i the category of left
&-sets.
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Let ¢ and 27 be two groupoids and (X, @, 8) a triple consisting of a set X and two maps
a:X - Y and B : X - . The following definitions are abstract formulations of
those given in for topological and Lie groupoids.

DEFINITION 2.1. The triple (X, @, B) is said to be an (¥, J¢)-biset if there is a left
@-action A : ¢4, X, X — X and right .77 -action p : X ;x, ¢ — X such that

(i) Forany x € X, h € 7], and g € ¥, with a(x) = s(g) as well as B(x) = t(h),
we have

B(gx) = p(x) and a(xh) = a(x).

(ii) Forany x € X, h € 7, and g € ¢, with a(x) = s(g) as well as B(x) = t(h),
we have g(xh) = (gx)h.

Given a (¢, 7¢)-biset (X, a, B), we denote by (X, B, @) the so-called opposite biset
of (X, a,p), that is, the (J7,%)-biset whose underlying set is X and whose actions
are interchanged: hx” = (xh~')” and x”g = (g~'x)”, whenever the action between
parentheses is permitted.

Remark 2.2. For a left resp. right ¢-set (X, @) and (Y, ) over the same groupoid ¥,
the fibred product Y ,x, X carries a left &-action given by g(x,y) := (xg~', gy), and
one can consider its orbit space, i.e., the orbit of the left translation groupoid ¢ <
(Y sX, X), denoted by ¥ ®, X in p. 166]. This product can be termed as the
tensor product over the groupoid 4. The universal property of this tensor product is
summarised in the following coequaliser:

pXxly

(2.2) Y %4 X, X

Y X, X ———= Y ®4 X.

lyxA

Obviously, there are natural isomorphisms 4 ®, X = X and ¥ ®, ¢ = Y in the cat-
egories of left ¢-sets and that of right ¢/-sets, respectively. Moreover, taking another
two groupoids % and % and assuming Y to be (the underlying set) of an (77, ¥)-
biset along ¢ : ¥ — 7, and X that of a (¢, %)-biset along 8 : X — #,. Then
Y ®, X inherits, in a canonical way, the structure of an (7, J")-biset along the maps
TiY®, X > Ay, x> ¢(y)and B: Y ®, X — K, y®y x > B(X).

The two-sided translation groupoid associated to a given (¢, 7¢)-biset (X, a,f) is
defined to be the groupoid ¢ < X > s whose set of objects is X and whose set of
arrows is given by

G X X< A = (8, x.h) € G xX XA | s(h) = Bx), s(g) = a(x)}.
Its structure maps are as follows. Source and target read as
s(g,x,h) =x, t(g,xh)= gthl and ¢, = (Lyw» X, Ly
whereas multiplication and inverse are given by

(& x, (g X, 1) = (g¢, X', hi'), (g, x,h)"" = (g7", gxh™"',h7 ).
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Associated to a given (¢, 7)-biset (X, a, B), there are two canonical morphisms of
groupoids:

2.3) 9 < XN H — I, ((g, x, h),y) — (h, BO)),

2.4) O: G <X~ —Y, ((g,x,h),y) — (g, a()).

The following concept (and its analogue notion of principal bibundles for flat Hopf

algebroids in Definition 1) will be the crucial ingredient when it comes to defining
equivalences:

DEFINITION 2.3. Let (X, @, ) be a (¥, 57)-biset. We say that (X, a, 8) is a left prin-
cipal (9, 7€)-biset (or left principal (9, 7€ )-bundle) if it satisfies the following con-
ditions:
(P-1) B : X — 7 is surjective;
(P-2) the canonical map
(2.5) Vg X, X — XX X, (g,%)— (gx,x)

is bijective.
Condition (P-2) allows us to define &' := pr, o (V))! : X X, X — %,. This map clearly
satisfies:

(2.6) s('(x,x)) = aix)
2.7 0(x,x)x’ = x, foranyx,x € X with B(x) = B(x');
(2.8) O'(gx,x) = g, forge%, xeX withs(g) = a(x).

Equation (Z.8) shows that the action is in fact free, that is, gx = x only when g =
Ly Left principal bisets can now be characterised as follows: a (¢, ¢)-biset is left
principal if and only if 7 is, up to a bijection, the left orbit set X/¢ and the left action
is free.
Right principal bisets are defined in an obvious manner and the corresponding map
from above will be denoted by ¢". The following result will turn out to be useful in the
sequel.
LEMMA 2.4. Let (Y,s,9) be a right principal (77 ,9)-biset and let (X, @) be any left
& -set. Then there is a natural isomorphism

Yx: (Y@ X) =YX, X, (3,) & x) — (1,6(y,y)x)
whose inverse is

Yﬂxn X — YCXE (Y By X)’ (y’ X) — (y’y®€? X).

Proof. Straightforward. O
A (Y, 7)-biset (X, a, B) is said to be a principal biset (or principal (4, 7€)-bibundle)
if it is simultaneously a left and a right principal biset. Thus both @ and 3 are surjective
and the canonical maps
(29) V9 X, X > X% X, (8,%) - (gx,x); Vi XX H = X X, X, (x,h) - (x, xh)

are both bijective. It is clear that (¢,t,s) with the canonical action is a principal
(¢4,9)-set, and that the pull-back of any principal groupoid-set is also a principal
groupoid-set.
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2.2. NATURAL ISOMORPHISMS AND FUNCTORS BETWEEN GROUPOID-SETS. Let
(X, @, B) be a triple consisting of a left ¢-set (X, @) and a map 3 : X — % such that
B(gx) = B(x), for every (g, x) € ¥4, X, X. Triples like that form a category (of left -
sets over J;), which we denote by ¢-Sets, . Clearly, when % is the object set of a
groupoid 7, then the category of (¢, Z")-bisets is a full subcategory of ¢¥-Sets, .
In particular, if 2" = (7, ;) is a trivial groupoid, then both categories coincide.
For a functor ® : ¥-Sets — J7-Sets (which we always assume to transform the
empty set to the empty set and which most of the times we just denote by ®(X) for
the image of a left ¥-set (X, @)), we want to next discuss conditions under which ®
descends to a functor from ¢-Sets, , to J7°-Sets, .

LEMMA 2.5. Let @ and (X, @, B) be as above.
(i) Assume that ® preserves monomorphisms and coproducts. Then there is a
Junctor ®" which makes the following diagram commutative:

@.Sets ——2 -~ - Sets

T T

G-Sets) ., — — . JC-Sets 4,

where the vertical functors are the forgetful ones.
(it) Assume that ©(9,) = ;. Then, for any left G-set (X, @), the structure map
of the left 7-set D(X) = O(X, a) is given by O(a).

Proof. Part (i): for an object (X, a, 8) € ¥-Sets, ,, using the decomposition (or strat-
ification) of equation (Z.), we obtain a map:

(2.10) BFOX) = W D(Orb,() — X L= %,
xerep(X/9)

The triple (X*, a®, B*), where ®(X, @) := (X, @”), is easily shown to be an object in the
category J7-Sets, , since @ preserves monomorphisms. This gives the construction
of @ on the objects class; the compatibility of ®" with the arrows of ¢-Sets , is
immediate.

Part (if): we set as before O(X,a) = (X®,a®), the associated left .77 -set. Since the
map @ : (X, @) = (%, 1g,) is a left Y-equivariant, its image ®(a) gives the structure
map of the left 577-set (X, @”), that is, we have a® = ®(a). O

Consider now an object (X, , 8) in 4-Sets, ., and a functor as in Lemma[2.5 We then
get two functors: the first one is ®o (X ,x, —) : Sets, ,, — J-Sets,,, and the second
O(X, ) X, — : Sets, , — H -Sets, «,. The subsequent technical lemma shows a
natural isomorphism between these two functors.

LEMMA 2.6. Let @ : 4-Sets — 7-Sets be as in LemmalZ3 Then, for any object
(X, @, B) in the category %-Sets/%, there is a natural isomorphism

T: DX ¥, Mo pr) = (O(X) X, M,a" o pr))
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for every (M,y) in Sets, . Furthermore if there is a morphism f : (X,a,8) —
(X', a’,B') in the category G-Sets, ., then there is a commutative diagram:

O(X X, M, 0 pr,) ————— (O(X) pX, M,a" o pr,)
cl>(f><lM)l \Ld)(f)X]M

DX’ yX, M,a’ o pr))

(D(X") yox, M, a’" o pr,).
An important consequence of the previous lemma is:

PROPOSITION 2.7. Let ® : ¢¥-Sets — J7-Sets be an equivalence of categories.
Then we have
(i) For any (4, ¢ )-biset (X, a,p) the triple (X*,a",B") is an (I, % )-biset,
where X* denotes the underlying set of ©(X).
(ii) There is a natural isomorphism ® = O(¥9,) ®, — : ¥-Sets — J-Sets.

Proof. Part (i): let (X, @, ) be a (4, ¢)-biset. Using Lemma[2.6] we have a commu-
tative diagram

(O(X) pox, A, @ opr)— ———————— — — — — = O(X)

D(X %, H,aopr,)

The horizontal map leads to a well-defined right . -action on the set (X®, 8°). More-
over, since each stratum in the stratification (2.I)) of the left ¥-set (X, ) is invariant
under the right J# -action, the triple (X*, @®, 8*) fulfils the conditions of Definition[2.1]
for the groupoids .77 and .. Thus, (X*, a",") is actually an (J7, % )-biset.

Part (ii): by the previous part, the image of (¢4,,1) under @ is an (JZ,<%)-biset since
(4,,1,8) is a (¢, 9)-biset. Now, using Remark 2.2] we know that the functor (%) ®,,
— 1 ¥-Sets — -Sets is well-defined. The claimed natural isomorphism is then
derived from the commutative diagram

O(G) ox G X, X O(4) X, X (%) @ X

D(G X G, ¥, X) (G X, X) DG ®y X) = O(X)

as @ preserves coequalisers. O

2.3. MONOIDAL EQUIVALENCE BETWEEN GROUPOID-SETS VERSUS PRINCIPAL
BISETS. Let¢ : 77 — ¢ be a morphism of groupoids. Then the induced morphism
¢* . 4-Sets — -Sets which sends any left ¢-set (X, @) to the left 77-set

¢*(X,a) = (%zpoxn X,aopr, =¢,0 pr)

with action hx = ¢,(h)x, is clearly a symmetric monoidal functor. The morphism ¢ is
said to be a weak equivalence if the functor between the underlying categories induces
an equivalence of categories, i.e., if ¢ is a full, faithful, and essentially surjective
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functor. In this way, it is clear that any weak equivalence induces an equivalence of
categories between the categories of left groupoid-sets.

Next, we want to discuss the converse, meaning that any monoidal symmetric equiva-
lence between ¢-Sets and .77’-Sets can be reconstructed (although in a noncanonical
way) from some weak equivalence.

Recall that two groupoids ¢ and .77 are said to be weakly equivalent if there is a third
groupoid .# and a diagram

of weak equivalences. One can choose an inverse of one of the morphisms in this di-
agram in order to construct a weak equivalence connecting 7#” and ¢. This is almost
impossible in the case of topological and/or Lie groupoids and also for flat Hopf al-
gebroids as we will see in the forthcoming sections. However, we have the following
lemma analogous to the case of Lie groupoids [MoeMi, and we will later show in
§35.20its analogue for flat Hopf algebroids.

LEMMA 2.8. Proposition 2.13] Let 4 and 5 be two groupoids and let (X, a, )
be a principal (4, 7€)-biset. Then the canonical morphisms of groupoids

G < X > H
€] z
are weak equivalences, where ® and X are as in @.3) resp. @.4). In particular, 4 and
FC are weakly equivalent.

The main motivation behind Theorem [Alin the Introduction is the following charac-
terisation of weak equivalences between groupoids and principal bisets (see
Corollary 3.11] for the implication (iii) = (ii), where groupoid-sets are replaced by
sheaves of étale spaces).

THEOREM 2.9. Let 9 and 7 be two groupoids. Then the following are equivalent:

(i) 9 and € are weakly equivalent.
(ii) There is a symmetric monoidal equivalence of the categories 4-Sets and
JC-Sets.
(iii) There is a principal (€, 9)-biset.

Proof. The proof of (i) = (ii) is immediate. The implication (iii) = (i) follows from
Lemma2.8]

As for the implication (ii) = (iii), let ® : ¥-Sets — #-Sets be such an equivalence
of categories and denote by YW its inverse functor. We set (P, ¢, 1) as the image of the
principal (¢,9)-biset (¢,,1,s) by the functor ® from which we know by Proposition
R7) that it is an (7, %9)-biset. Now using the monoidal properties of ®, we have
from one hand that ¢ = ®(¢) by Lemma[2.3(i), which is a surjective map, and from the
other hand we have a chain of isomorphisms

PXx. Y = O(Y X 9Y)— 04 %X %)= PX P,
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which turns out to be the canonical map V" for P. Therefore, (P, ¢, 1) is a right princi-
pal (J¢,%9)-biset.

Similarly, if we denote by (Q, u, v) the image of the principal (77, 77)-biset (J¢,1, S)
under the functor ¥, we get a right principal (¢, .7¢)-biset. To conclude, one needs
to check that there is an isomorphism (P”,9,¢) — (Q, i, v) of (¢, ¢ )-bisets, where
(P*,1,¢) is the biset opposite to (P, g, F).

To this end, we first apply Lemma 2.4 to (P,s,1) and (Q, u) in order to obtain the
isomorphism

Y:PXx: (P®, Q) — Px, O, (p.p' ®4q) — (p.5(p,p)q).

Second, we use the isomorphism y : 2 — P ®, Q of (J, 7 )-bisets given by
the natural isomorphism of Proposition [Z.7[ii) applied to @, in order to construct the
desired isomorphism

P" — Q, pr— pry(y(p x (L))
of (4, 7¢)-bisets. O

3. HoPF ALGEBROIDS AND COMODULE ALGEBRAS

All algebras are considered to be commutative k-algebras, where k is a commutative
ground ring. The k-module of all algebra maps from R to C will be denoted by R(C) :=
Alg, (R, C).

3.1. HOPF ALGEBROIDS. Recall from, e.g., [Ra] that a commutative Hopf algebroid
is a pair (A, H) of two commutative k-algebras together with a diagram A E%: H
of algebra maps, a structure (;H,, A, €) of an A-coring with underlying A-bimodule
“H, = H, along with an isomorphism . : (H, — H, of A-corings that fulfils
#? = id, where the codomain is the opposite A-coring of ;H,. The map . is called
the antipode of H. All the previous maps are asked to be compatible in the following
way:

3.1) gos = id,, got =id,,

3.2) A(ly) = 1,0, 1y, e(l,) = 1,,

(3.3) Amv) = umyvy ®, u)ve), e(uv) = e(u)e(v),
(34 o) = FLunue,  sEw) = ugy S ),
3.5) SL(wv) = L)L), L(1,) = 1y,

forevery a € A, u,v € H, where we used Sweedler’s notation for the comultiplication.
As all Hopf algebroids in this article are commutative and flat over the base ring, they
are also faithfully flat since both the source and target are (left) split morphisms of
modules over the base ring.

A morphism ¢ : (A, H) — (B, K) of Hopf algebroids consists of a pair ¢ = (¢,, $,)
of algebra maps ¢, : A — Band ¢, : H — K that are compatible with the structure
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maps of both H and K in a canonical way. That is, the equalities

(3.6) ¢, 08 = sod, ¢ ot = tog,
3.7 Aop, = yol(d ® ¢)oA, £0¢, = ¢y0e,
(3.3) S op = o) 0.7,

hold, where y is the obvious map y : K ®, K — K ®; K, and where no distinction
between the structure maps of 4 and K was made.

Example 3.1 (Scalar extension Hopf algebroid). For a Hopf algebroid (A, H) and
an algebra map ¢, : A — B, we can consider the so-called scalar extension Hopf
algebroid (B, B®, H ®, B) in a canonical way such that (¢, ¢,) : (A, H) — (B, B®,
H ®, B), where ¢,(u) = 1, ®, u®, 1,, becomes a morphism of Hopf algebroids. In
this way, any morphism ¢ : (A, H) — (B, K) of Hopf algebroids factors through the
following morphism

3.9) ®:(B,B®, H®,B)— (B,K), b®,u®,b > s(b)p (u)t®")
of Hopf algebroids.

Remark 3.2. Notice that the scalar extension Hopf algebroid (B, B ®, H ®, B) is not
necessarily flat. This happens, for instance, if ¢, is a flat extension or if B is Landweber
exact over (A, H) in the sense of [HoSt, Def. 2.1, Corollary 2.3], which means that
either the extension A - H ®, B,a+ s(a)®, l,orA - B®, H,a — 1,®, t(a)is
flat, see also Remark[3.2] Another important situation is when 7 is assumed to be flat
as an A ® A-module (i.e., the extension s ® t is flat). This happens, for instance, when
H is geometrically transitive Hopf algebroid in the sense of Deligne and Bruguieres

[Del, Br], see also [Kaol.

3.2. COMODULES, BICOMODULES AND COTENSOR PRODUCT. This section gath-
ers some standard material on comodules over commutative Hopf algebroids which
will be needed in the sequel, see, e.g., again [Ra]] for more information.

A right H-comodule over a Hopf algebroid (A, H) is a pair (M, p!), where M is an
A-module and p}l : M - M ®, H, m — m®, m( is an A-linear map, written in the
usual Sweedler notation, and which satisfies the usual coassociativity and counitary
properties. Here, the A-module structure on M ®, ;H with respect to which the coac-
tion is A-linear is defined by (m ®, u) <a := m ®, ut(a). When the context is clear, we
shall also drop sub- and superscripts on p? that are sometimes needed to distinguish
various coactions.

Morphisms of right H-comodules are defined in an obvious way, and the category
of right H-comodules will be denoted by Comody,, whereas a morphism between
two right H-comodules M and N will be denoted as Comody (M, N). The category
Comody is symmetric monoidal, where the coaction on the tensor product is given
by the codiagonal coaction, that is,

(3.10) p'}/;mN M, N—->M®,N)®, H, me,nt (I’i’l(()) ®, 11(0)) &4 MN(1y-
The identity object is given by (A, t) and the symmetry is given by the natural trans-

formation obtained from the tensor flip.
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Remark 3.3. There are situations where the tensor product M ®, N of the underlying
modules of two right H-comodules can be endowed with more than one comodule
structure. For distinction, we will from now on denote by M ®" N the tensor product
in Comody, endowed then with the coaction of equation (Z.10).

To each right H-comodule (M, p) one can define the k-vector space of coinvariants:
M ={me M| p(m)=me, 1,}.

This, in fact, establishes a functor which is naturally isomorphic to the functor
Comodg (A, —), that is, we have a natural isomorphism of k-vector spaces:

Comody (A, M) = M<™,

Analogously, one can define the category 4yComod of left comodules, and both cate-
gories are isomorphic via the antipode. Explicitly, one can endow a left H-comodule
(M, /I'Z) with a right H-comodule structure, denoted by M?,

(311) p:,(,, M — M° ®, 57‘{, m = m) ®, Y(m(,l)),

and referred to as the opposite comodule of M. Since we always have .2 = id for
commutative Hopf algebroids, this correspondence obviously establishes an isomor-
phism of symmetric monoidal categories.

For an arbitrary algebra R and a right comodule (N, p) whose underlying module is
also an (A, R)-bimodule such that p is left R-linear, i.e., p}i(rn) = rng) ®, nqy, for
r € R, n € N, one can define a functor

3.12) — ®N : Modg —» Comody, X+ (X® N,X ®p).

For two Hopf algebroids (A, H) and (B, K), the category of (H, K)-bicomodules has
triples (P, A2, p¥) as objects, where P = ,P; is an (A, B)-bimodule such that (P, A}) is
a left comodule with a right B-linear coaction A%, while (P, p¥) is right comodule with
a left A-linear coaction p¥, and both coactions are compatible in the sense that

(3.13) (H®,py) o = (A8 K)o pj.

In other words, A} is a morphism of right K-comodules, and p¥ of left {-comodules,
where the codomains of both maps are comodules according to the functor of equa-
tion 312). Morphisms of bicomodules are defined in a canonical way; denote by
#Bicomody the category of (H, K)-bicomodules.

Next, we recall the definition of the cotensor product. Let (M, p) be a right H-
comodule and (N, 1) a left H-comodule. The cotensor product bifunctor is defined as
the equaliser

POAN

0——Moy,N—Me®, N M®, H®, N,

M®sA

which is a bifunctor from the product category Comody x ¢;Comod to Mod,. If we
further assume that (N, p, 4) is also an (H, K)-bicomodule, the cotensor product lands
in the category of right K-comodules since our Hopf algebroids are flat. This way, it
is possible to define the bifunctor

(3.14) — Oy — : gBicomody X Bicomodyx — sBicomody.
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One easily checks that H 0, N = N and A0, N = N“™# for every right H-comodule
N.
The associativity of the cotensor products is not always guaranteed unless one makes
more assumptions on the comodules involved. For example, since all our Hopf alge-
broids are assumed to be flat, if M is a flat A-module along with a flat B-module N’,
one has

Mo, (NOsN') =~ (Mo, N)O,N'.
Compare, for example, §822.5-22.6] for more situations in which this asso-
ciativity holds true.
Given a morphism ¢ = (¢, ¢1) : (A, H) — (B, K) of Hopf algebroids, there is a
functor

(3.15) ¢, := —Q, B: Comodyy — Comody,
called the induction functor, which is defined on objects by sending any right comod-

ule (M, p?!) to a right comodule (M ®, B, p"Aj%B) with underlying B-module M ®, B and
coaction

Psys - M® B— (M® B)® K, m®,b (mg) ® 1) & ¢(ma)t(D).

The image of H with the induction functor is, in fact, an (H, K)-bicomodule. In a
similar way, we have the induction functor

«$ = B®, —: 4yComod — Comod,

between left comodules, and B ®, H is now an (K, H)-bicomodule. The induction
functor has a right adjoint given by

(3.16) — Ok (B®, H) : Comodg — Comody,
called the coinduction functor.

3.3. COMODULE ALGEBRAS. Parallel to subsection 2]l we next want to give the
analogue notion of groupoid-sets in the Hopf algebroids context. To this end, recall
first that a left H-comodule algebra for a Hopf algebroid (A, H) is a commutative
monoid in the symmetric monoidal category ,yComod. That s, a pair (R, o) consisting
of a commutative A-algebrao : A — R which is also a left H-comodule with coaction
AR - H ®, R, satisfying for all x,y € R

(3.17) A(xy) = xcyen i xoyo) and A1) = 1, ®, 1.

In others words, the coaction A7 is an A-algebra map, where H ®, R is seen as an
A-algebravia A - H®, R, a > s(a)®, 1x. A morphism of left H-comodule algebras
is an A-algebra map which is also a left H-comodule morphism. Right H-comodule

algebras are analogously defined.
Note that for a left H-comodule algebra (R, o) the k-vector subspace

Ro™t ={x e R| A/ (x) =1, ®, x}
of H-coinvariant elements is a k-subalgebra of R that does not necessarily contain the
image 0(A), unless one makes more assumptions; for instance, if the source and the

target maps are equal. A trivial example of a comodule algebra is the base algebra A
of a Hopf algebroid (A, H) itself.
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Assume now thaty : B — R is another algebra map such that A is right B-linear, that
is,

A (xy (b)) = x-1) @ x(0yy(b),
for every x € R and b € B. One can easily see that y(B) C R*“™#. In this situation, the
canonical map

(3.18) can,;: R®; R — HR, R, x®, Y = X-1) &4 X))y

is a B-algebra map, where H ®, R is a B-algebra via y in the second factor. The
canonical map is also left H-colinear, when R ®; R is seen as a left comodule via the
coaction A} ®; R.

We have the following well-known properties:

LEMMA 3.4. Assume that R carries a left H-comodule algebra structure with under-
lying algebramap o : A — R and thaty : B — R is a morphism of algebras.

(i) The pair (R, H ®, R) is a Hopf algebroid with the following structure maps:

S = /l;}:, t = ]'H ®A )
cw® ) = ewr,  Aus,r (ucr) @, 1) B () &4 1),
L(u®,r) Su(Ur-1) ®a 1(0)-

(ii) The map (o,— ®, 1;) : (A,H) = (R,H ®, R) is a morphism of Hopf alge-
broids.

(iii ) If X is right B-linear, where R is seen as an (A, B)-bimodule, then the canon-
ical map of Eq. B18) is a morphism of Hopf algebroids as well as a mor-
phism of left H-comodules.

(iv) IfR is an (H,K)-bicomodule, then the canonical map

cany : (R®"R,p%, ) — (HQ, R, H®, p))

ReBR

is also a morphism of right K-comodules.

Proof. These are routine computations. O

In analogy to groupoid terminology as in §2.11 the Hopf algebroid (R, H ®, R) of
Lemma[34lis termed the left translation Hopf algebroid of (A, H) along o-. Symmet-
rically, one can define a right translation Hopf algebroid of (A, H) by employing right
comodule algebras.

Remark 3.5. In subsection 211 we discussed the notion of orbit set of a given
left ¢-set over a groupoid ¢. In the Hopf algebroid context, the analogous no-
tion is given as follows: for a Hopf algebroid (A, H) and any commutative algebra
C, one can consider its underlying presheaf of groupoids, canonically defined by
C — (H(C),AC)) = (Alg (H, C), Alg, (A, C)) is the groupoid H(C) === A(C)

defined by reversing the structure maps of (A, H). This leads then to the orbit presheaf
C - 0(C) := A(C)/(C). Clearly, there is a morphism & — Alg, (A“™#, —) of
presheaves, where A“™# is the coinvariant subalgebra of A, that is, the set of elements
a € A such that s(a) = t(a). Thus, A*™# can be thought of as the coordinate ring
of the orbit space. In case of a general left H-comodule algebra (R, @) and for any
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commutative algebra C, the groupoid .7 (C) acts on R(C) via (g, x) — gx given by
the algebra map

gx:R—C, 1 glr-n)x(ro)-
This determines the presheaf &, : C — R(C)/sZ(C) of orbits together with a mor-
phism of presheaves 0, — Alg, (R*™#, —). So as before, R“™ is the coordinate ring
of the orbit space. On the other hand, one can easily check that R“™# = Re™HesR)
where (R, H ®, R) is the left translation Hopf algebroid as above.

3.4. THE COINVARIANT SUBALGEBRA FOR THE TENSOR PRODUCT OF CO-
MODULE ALGEBRAS. For any two left H{-comodule algebras (R, @) and (S, o),
the comodule tensor product S®,R is an A-algebra by means of the algebra map
A—> SR, a o(a)®,1; = 1,®,a(a). This algebra clearly admits the structure of a
left H-comodule algebra the coinvariant subalgebra of it can be described as follows:

LEMMA 3.6. For any two left H-comodule algebras (R, @) and (S, o), we have an
isomorphism
(S ®AR)coinv,H ~ So Df[-{ R

of algebras, where (S, o) is the opposite right H-comodule algebra of (S, o).
Proof. For an element s ®, r € (S®,R)*™*, the equality
(3.19) 1, ®, sQ®,r = S=1)F(=1) B4 S(0) 4 F(0)

holds in H ®, S ®, R. Applying (id,, ® m, ®id,) o 712 o (¥ ® idy ® 4,) to both sides,
where 71, denotes the tensor flip and m,, the multiplication in #, we obtain

S ®4 1(=1) ®4 (0) = 5(0) B 7 (S(=1)1(=2))F(=1) B 1(0)
= 50) @ L (sc)t(e(r-1))) ®, o)
= 5(0) (SN y(S(_l)) Q4 1,

which shows that s ®, » € S0, R. The converse is similarly deduced. O

Remark 3.7. Taking Remarks[2.2]and 3.3]into account, Lemma[3.6ldescribes the ana-
logue of the tensor product over groupoids in the Hopf algebroid context. That is, the
cotensor product of (left and right) H-comodule algebras should be thought of as the
orbit space of their tensor product as comodule algebras.

3.5. BICOMODULE ALGEBRAS AND TWO-SIDED TRANSLATION HOPF ALGE-
BROIDS. In what follows, we give the construction for Hopf algebroids analogous to
the two-sided translation groupoid as expounded in §21 and show some corresponding
results.

For two Hopf algebroids (A, H) and (B, K), consider an (H, K)-bicomodule P such
that (P, @) is a left H{-comodule algebra and (P,B) is a right K-comodule algebra.
We then say that the triple (P, @, 8) is an (H, K)-bicomodule algebra. A morphism
of (H,K)-bicomodule algebras is a map which is simultaneously a morphism of left
H-comodule algebras and right K-comodule algebras.

LEMMA AND DEFINITION 3.8. Let (P, @, ) be an (H, K)-bicomodule algebra. Then
(P, H®, PR, K) with tensor product defined by H < P x K := H®, PR, K carries
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a canonical structure of a flat Hopf algebroid the structure maps of which are given
by:
(i) the source and target are given by

(3.20) S(p) = 1@ p& 1y, Up) = F(p1) & Po) @ P(1):

(ii) the comultiplication and counit are as follows:
Au®, p®;w) = (1) ®: p Qs w)) ® (U2) @4 1, ®5 W),

eu®, p;w) = ale(w))pBle(w));
(iii’) whereas the antipode is defined as:
L(U®, p&;w) := L (up1)) & po) ® Py w).

Furthermore, there is a diagram

(P,H =< P> K)
a=(a, ) =(B,B1)
(A, H) (B, %K)

of Hopf algebroids, where ay and 1 are the maps h — h ®, 1, ®; 1, and k —
1y ®, 1, ®; k, respectively. This Hopf algebroid will be termed two-sided translation
Hopf algebroid.

Proof. The factthats : P - (H ®, P ®; /K is a flat extension is clear since ;H and
K are flat; hence (H ®, P ®, ;K will give a flat Hopf algebroid over P. Using the
source map (3.20), the comultiplication A and the counit & are obviously left P-linear;
the right P-linearity follows from

, , cD ,
e((u®, p’ ® wit(p)) = e(us(pi-1)) ® P’ po) ® payw) = e ®, p’ ® w)p

as well as

A((u®, p" & w)t(p)
= AuS(p-1) & p'Po) ® p1yw)
= (u)Z (p=n) & P’ Py @ wyp1)) @ (u2)7 (P(2) @4 1, € w2 P2)
= (ua) ® P’ ® wiy)) U(p) ® (U (pi-1)) @i 1, ® weypa1y)
= (uqy ®s p' ® wa)) ® (@) (P-1)) @4 P0) ® W2)P(1))
= (uqy ®s p' ® W) ® (U2) @4 1 ® w)) H(p).
In order to define a Hopf algebroid, we need these maps to satisfy Eqs. (3.2)-(3.3),
which are either clear from definitions or follow by computations similar to the sub-
sequent one proving (3.4): we have
Ly @, p ® wiy) () @, 1, ® W)
= L(ua)S (p-1)u) @ Po) @ Py wWa)we)
= tWeW)-Z(pi-1)) & po) ® pyt(e(w))
= S(s(e)p-1)) ® Py ® Pyt(b)
= tale)) pBlew))) = t(e(u ®, p & w)).
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The last statement is easily checked as well. O

Finally note that for a morphism f : (P,a,8) — (P’,a’,8) of (H,¥K)-bicomodule
algebras, Lemmal[3.8]leads to a commutative diagram

(3.21) (P,H =< P> K)
/ \p
\
(A, H) (. He4 T K) (B, K)
T~

(P, H =< P xK)
of flat Hopf algebroids.

Example 3.9. Let (A, H) be a Hopf algebroid, C any algebra, and 4 : H — C an
algebra morphism. Using ¢ :=hos: A —- Candy :=hot: A — C, construct the
scalar extension Hopf algebroids (C, H, := C®, H®,C) resp. (C,H, = C®, H®,C),
where we used the notation ®, resp. ®, to distinguish between the two A-module
structures on C given by either ¢ or y. From Lemma 6.4] we deduce that
(C,'H,) = (C,H,) as Hopf algebroids; indeed, this isomorphism is explicitly given
by:

Co,HR,C—->Co® H®,C, c®,u®,c — chluy)®,ue ®, (-7 (uga)c,

with inverse d ®, Ve, d - dh(y(V(]))) ®, V(2) &, /’l(V(3))d'.
Now, assume that C is of the form C := B ®, H ®, B’ for some extensions

B< AP along with the obvious algebra map 2 : H — C as well as
¢:A—> Candvy: A — C. We can consider (C, ¢, y) as an (H,, H,)-bicomodule
algebra in a canonical way; this, in fact, is the bicomodule algebra arising from the
cotensor product algebra P* O, P by considering, respectively, P := H ®, B and
P :=HQ®, B as (H,H,)- and (H, H,)-bicomodule algebras with obvious coactions.
Let (C, H, < C > H,) be the associated two-sided translation Hopf algebroid. Then
one can show that there is an isomorphism

(C9 7{¢) = (C9 7{(& > C > 7{10) = (Cy ﬂw)
of Hopf algebroids as can be seen by adapting the proof of Proposition 3.3 below.

4. PRINCIPAL BIBUNDLES IN THE HOPF ALGEBROID CONTEXT

4.1. GENERAL DEFINITIONS. In this section, we will introduce one of the main
notions in this article. Similar concepts in the framework of Hopf algebras appeared
under the name quantum principal bundle in or bi-Galois extension in
[Sch2l [Sch3]l. In analogy to Definition 2.3, we define principal bundles in the Hopf
algebroid context as follows.

DEFINITION 4.1. A left principal (H, K)-bundle (P, a, ) for two Hopf algebroids
(A, H) and (B, K) is an (H, K)-bicomodule algebra as in §3.3] that is, P is equipped
with a left H-comodule algebra and a right K-comodule algebra structures with re-
spect to the algebra maps @ : A — P resp. 8: B — P such that
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(i) Bis afaithfully flat extension;
(ii) the canonical map

cany,,: P®, P — H®, P, P ®p p' = Pi-1) ®a p(o)p’
is bijective.
At times, when the context is clear and hence (we think that) no confusion can arise,

the subscripts in the notation can of the canonical map are dropped.
Maps between principal bundles are defined as follows:

DEFINITION 4.2. A morphism of left principal (H,¥K)-bundles (P,a,B) and
(P',a/,f)isamap f : P — P’ that is a morphism of (H, K)-bicomodule alge-
bras, i.e., simultaneously a morphism of A-algebras, B-algebras, and a morphism of
(H, K)-bicomodules. We will also call such a morphism an equivariant morphism.
An isomorphism of left principal bundles is a bijective morphism of left principal bun-
dles. The category of left principal (#, K)-bundles will be denoted by PB'(H, K).

Let us denote the inverse of can, , by a sort of Sweedler type notation,
can,, i H® P—P®, P, u®, pr iy ®,u_p.

where

4.1) v=can, (-®, 1)t H > P®, P, ub u, ®;u_

denotes the translation map. The following lemma summarises the properties of this
map and its compatibility with the Hopf algebroid structure:

LEMMA 4.3. Let (P, a,f) be a left principal (H, K)-bundle. One has for all a,a’ € A,
u,v € H, and p € P:

4.2) (u); ®; (uv)- = Uy ®yv_u_,

(4.3) Uy1) @4 Up0) ®p U= = U1y By UQ)+ By U2)—,
4.4 uau- = a(e(u)),

(4.5) Pt @ P-PO) = P ®slp

(4.6) Up(-1) O Ur )= = U, 1p,

4.7) (s(@t(@))+ & (s(@t@))- = ala)®; a(a).
Furthermore,

4.8) Uy0) ®p U—0) Op Ur(DU—(1) = U+ QpuU-Bylx €PO, PR, K,
4.9) S)®, 1, = u_1)® Uy,

4.10) L), ®y L) = u_Quu,,

“4.11) Uyt ®p U)- ®y L(U2) = Uy ®p U_(0) By U_(—1)-

Proof. The first six equations are proved along the lines of the proof of
Prop. 3.7], where the special case in which P := H is treated. Eq. (&.8) is obtained
by the fact that the canonical map (and hence its inverse) is a morphism of right K-
comodules, as follows from Lemma[3.4] (iv). Eq. (&9) is proven as follows: since P is
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a left H-comodule algebra and the coaction is A-linear, one has
S W) &, 1, = L (uq)seue)) ® 1, = 7 (ua)(a(e(me))) ) ® (@(euw)))

&3

= L (uqy) U@+ u2)-)-1) O (U)+U2)-)0)
@3

= S (u)ue)uE)--1) @ UG)+U3)-0)

B3 &7
= We(um)u@)--1) O u)rt)~0) = U-(-1) @1 U-(O)l+-

Eq. @I0) now follows by simply applying the inverse of the canonical map to both

sides, using (4.3). Finally, Eq. (&I) is seen by applying (£3) to the element .¥ (1),
using (£.10) and the fact that the antipode is an anti-coring morphism. o

Right principal bundles use the right K-comodule algebra structure of P and the
canonical map:

can,y, : P®, P> P®, K, p & pr p'po ®spa).

In this way, P is said to be a right principal (H,¥K)-bundle if « is a faithfully flat
extension and the canonical map can,y is bijective. The triple (P, a,f) is said to
principal (H, K)-bibundle provided P is both left and right principal.

Since we will explicitly use principal bibundles, we also need the notation and the
properties for the right translation map. The inverse of can, is denoted by

P, K—>PR,P, p&ve pv ® v,
which fulfils the relations

(4.12) e, vw)” = viwrte,wv,
(4.13) vyt o= Be(v)),
(4.14) popm” @pn" = 1,®0p,
(4.15) vivig @ vtay = L@y,
(4.16) Vvt ®avtay = vy ®vayt &4 v,
(4.17) (s(OND))” @, (sBD)" = B(b) ®,PB).
With a similar argumentation that lead to (4.8), we have the identity
(4.18) veptcn®ov g @avto = lu® v @yt e He, PR, P.
Analogously, one obtains
W), M = vie,v,
voy ®uve) ® L (vayy) = v @ vin® vy €P®,Pe;K,
1, L) = viv® v .

In a similar way, one can define a morphism between right principal (#, K)-bundles.
The obtained category will be denoted by PB'(H, K). Morphisms of principal bibun-
dles are simultaneously morphisms of left and right principal bundles. The category
obtained this way will be denoted by PB’(H, K).

Remark 4.4.
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(i) For a morphismf: (P,a,B) — (P’,a’,) in PB'(‘H, K), we have a commu-
tative diagram:

(4.19) H s P&, P
x lf&zf
P’ ®, P,

where T is the corresponding translation map.

(ii) The definition above is left-right symmetric: if , Py is a left principal
(H,K)-bundle, then the opposite bicomodule ,P*, is a right principal
(K, H)-bundle with respect to the canonical map

P, P — P®,H, p'® p p'po® L (pe1y)
Using (@I0), one immediately verifies that
P H - P°®, P°, pQ,h> ph,®;h_

defines the inverse of this map. If we denote by @ : A —» P* and3* : B —
P>, respectively, the corresponding algebra maps, then the correspondence
(P,a,B) — (P°,B°,a”) establishes an isomorphism of categories between
PB‘(‘H,K) and PB' (K, H). The bundle (P, 8, @) so constructed is called
the opposite bundle of (P, a, ).

(iii) Since P, is faithfully flat, we know by the faithfully flat descent theory (see,
for instance Theorem 3.10]) that the subalgebra of H-coinvariants
is Po™# = [B(B) as B is injective. Moreover, since @ : A — P is a right
H-colinear map, we have the following commutative diagram

Acoinv,H a®™mH S Pcoinv,H ~ B

B
A - P

of algebras. On the other hand, the category of relative left comodules, that

is, the category of left (H ®, P)-comodule is (monoidally) equivalent to the

category of B-modules, where (P, H ®, P) is the translation Hopf algebroid

along a@. Conversely, given an (H, K)-bicomodule algebra (P, a,3) such

that the functor —®, P : Modp — Comody,g, p establishes an equivalence of

categories, (P, @, 8) carries the structure of a left principal (#, K)-bundle.
(iv) For the trivial Hopf algebroid (B, K) := (B, B), a left principal (H, B)-bundle

is a left H-comodule algebra (P, @) with a faithfully flat extension : B — P

whose H-coaction is a B-linear map and where can,, : P®; P - H ®, P
is bijective.

Example 4.5 (Unit bundles). The underlying H-bicomodule of any flat Hopf algebroid
(A, H) is a left principal (H, H)-bundle. More precisely, H is an H-bicomodule
via the algebra maps s,t : A — 9 and both ring extensions are faithfully flat by
assumption. So, we only need to check (ii) in Definition[ Il In this case we have

cany 4 : HO[UH->HSQ,H, u®,ve Uy Q4 UV,
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where the domain tensor product is defined by H, in both factors, while the codomain
tensor product is the standard one from the coproduct of . The inverse of can,, ,, is,
as for Hopf algebras,

can;,},H THYH->HRQH, u®,ve Uy &4 y(u(z))v.

This bundle is refereed to as the unit principal bundle and will be denoted by % (H).
Note that 7% (H) is both a left and a right principal (#, H)-bundle, and therefore a
principal bibundle.

Example 4.6 (Induced or pull-back bundles). For a morphism ¢ = (Y, ¥,) : (B, K) —
(C, 9) of Hopf algebroids and a left principal (H, K)-bundle (P, a, ), consider P®,C
with the obvious algebra extensions @ : A — P®, C and 8 : C — P ®, C. It s clear
that ,B is a faithfully flat extension and that P ®; C is an (H, J)-bicomodule: its left

coaction is /l',,’;BC := A ®, C and its right coaction is defined by the composition

KB

Pl P®,C—">Pe,K®C

PRRY1®RC

PORE.
P8,J®C—=(P&C) .,
where E7 : T ®, C — C®.J, w®; c — l¢c & wt(c). Explicitly, one obtains

pZ@,gc(p ®ycC) = (p(O) ®; 1c) ®c 'Pu(P(l))t(C),

and both coactions are algebra maps. Thus, P ®;, C is both a left H-comodule algebra
and a right J-comodule algebra. The canonical map can,, s, is bijective since, up
to canonical isomorphisms, it is of the form can,, , ®, C. Hence, (P ®; C, &, ,3) is a
left principal (H, J)-bundle, called the induced bundle of P or pull-back bundle of P,
and denoted y*(P) or ¥*((P, @, B)). Of course, this establishes a functor PB‘(H, K) —
PB'(H,9).

Example 4.7 (Restricted principal bundles). For a left principal (#H,%K)-bundle
(P, a,3) and an algebra map 1 : B — R, consider the scalar extension Hopf algebroid
(R, K;) := (R, R®;K®;R), along with the obvious algebra maps @, : A - P — P, and
Br : R = Py, where P, := P®,R. Itis clear that P, admits the structure of an (H, K)-
bicomodule with coactions, up to natural isomorphisms, defined by /11; = /l'f,’ ®, R and
pff’j = p¥ ®, R. These are clearly algebra maps which convert (P, /l;,’;) and (P, pff’j)
into comodule algebras. The canonical maps are, up to natural isomorphism, given by

cany ,, = cany ,®; R, can,, «, := R®;can,x ®; R.

Obviously, B, is a faithfully flat extension, hence (Py, a;, ;) is again a left principal
(H, K)-bundle, and we have that (P,)“™# ~ R. We refer to this construction as the
restricted principal bundle of (P, @, ) with respect to T. Again, this yields a functor
PB(H,K) — PB(H, Ky).

Remark 4.8.

(i) If we assume that (P, @, ) in Example 7] is only an (H, K)-bicomodule
algebra, then it is possible to compute the coinvariant subalgebra (P)*™#
of the restricted (H, K;)-bicomodule algebra (P;, @, ;) by means of the
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coinvariant subalgebra P<™# provided that T is a flat extension. One then
has the following chain of algebra isomorphisms:

(P =~ A0, (P®;R) = (AO0,P)®, R = P°™ @, R.

(it ) For a left principal (H, K)-bundle (P, @, ) and a morphism ¢ = (Y, Y1) :
(B,K) — (C,9) of Hopf algebroids, one can consider the induced left
principal (H, J)-bundle ¥*((P,,[)) on the one hand, and the restricted
left principal (C, K,)-bundle (P, a.,B:) on the other hand. However, us-
ing the canonical morphism ¥ of Hopf algebroids associated to ¢ as defined
in Eq. (3.9), the bundle (P, a., B.) induced by ¥ coincides with y*(P), i.e.,

l//*((P7 a’?ﬂ)) = ‘I’*((PC7 a’Cvﬂc))'

Example 4.9 (Trivial Bundles). An example of an induced principal bundle is the
following, which although rather basic will reveal important in subsequent sections;
c¢f. also Example For any morphism (¢,, ¢,) : (A, H) — (B, %K) of Hopf alge-
broids, consider

(4.20)

P:=HQ®,B:=H®,B=HQ, B/span{t(@)u®b - uQ ¢,(a)b|uc H,be B,ac A},

as a left principal (#, K)-bundle by pulling back the unit bundle % (H). More pre-
cisely, consider the following algebra maps:

a:A—> P, as(a)®, 1, and B:B—P, b 1,Q,b.

Obviously, P, is a faithfully flat module, that is, § is a faithfully flat extension. The
algebra P is an (H, K)-bicomodule with left coaction A7 := A¢; ®, B along with the
right coaction

Py PoPR,K, u®,b (uy)®, 1p) ®; ¢ (up)t(b).

Both left and right coactions are easily seen to be morphisms of algebras. The canon-
ical map is defined as

cany,: P®, P — HR, P, (u®,b)®, v, b/) = Uy @, (u(g)v (SN bb’),

which by Example is clearly bijective, and the corresponding translation map
reads:

tp:H—>P®,P, U (u(l) ®, 1) ®; (y(M(Z)) ®,4 1y).

The fact that the subalgebra of H-coinvariant elements is isomorphic to B, see Remark
[4.4 (i), can be deduced directly in this case: from the isomorphisms

Ao, (H®,B)= (Ao, H)®,B=B

one obtains that P*™# = ALy P = B via . The second canonical map is in this case
given by

4.21) can,i : P®, P > PR, K, u®,b)®,(v®, b)) (MV(])@A b)®; ¢,(V(2))t(b/).

This example motivates the following definition.
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DEFINITION 4.10. We say that a left principal (H, %K)-bundle P is trivial if it is
isomorphic to an induced bundle of the unit bundle % () as defined in Example[d.3]
i.e., if there is an isomorphism

P = ¢"(UH)) =He,B
of principal bundles with respect to some Hopf algebroid morphism ¢ : (A, H) —
(B, %).

Sufficient and necessary conditions under which a left principal bundle is trivial are
given in the subsequent proposition.

PROPOSITION 4.11. Let (P, a,B) be a left principal (H,K)-bundle. The following
are equivalent:
(i) (P,a,p) is a trivial principal bundle;
(ii) B splits as an algebra map, that is, there is an algebra map y : P — B such
thaty o B = id,.

Proof. Proving (i) = (ii) is immediate from the definitions. To prove (ii) = (i), we
first need to construct a Hopf algebroid morphism (¢,, ¢,) : (A, H) — (B, k). Here,
the algebra map ¢, : A — B will be defined as the composition ¢, = y o @, whereas ¢,
is given by
¢ H - K, ue s(y(uo)urmtyu-)),

using the notation in (I) for the translation map; a routine computation shows that
¢ = (¢, ¢,) is a morphism of Hopf algebroids, indeed. Consider then the trivial left
principal (H, K)-bundle H ®, B = H ®, B as in (£.20). Let us check that

fiH&B—= P u®, b uplyu))Bb),
is a bijection whose inverse will be
g:Po>HQ B, pr pe1y®y(po)-
For any p € P, we have
fep) = fpey ®¥(Po))
P+ BY(p-1-)By(p©))
Py BY(P-1)-P©))
pB(y(1,)) = p.
On the other hand, for any u ®, b € H ®, B, one computes
gfue, b)) = guf(y(u-)B(b))
= Uy @y V(o) y(u-)b
Ur(-1) ®y Y(Uso)u-)b
u®,y(,)b = u®,b.

#

1E]

Thus, f and g are mutually inverse. It is also clear that g is both an A-algebra and B-
algebra map, as well as an (H, K)-bicomodule map. Therefore, g is an isomorphism
of left principal (H, K)-bundles. m|
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The following lemma is an analogue of the respective statement for Lie groupoids in
p. 165]. However, the proof given in this context here is direct and does not
rely on local triviality of bundles.

LEMMA 4.12. Any morphism between left principal (H,K)-bundles is an isomor-
phism. In particular, the category of left principal bundles PB'(H, K) is a groupoid.

Proof. Leti : (P,a,B) — (P',a,) be a morphism between two left principal
(H,¥O)-bundles. By definition both 8 and B’ are faithfully flat extensions; hence,
it suffices to check that either f ®, P’ or P ®, f is an isomorphism as f is an A-algebra
and B-algebra map. To this end, consider the following chain

= P = -1
P®,P —> (P& P)& P > (H®,P)& P —>He,P =P e,P

of isomorphisms, where we have used the fact that can,, , is right P-linear, is explicitly

given by

P®sp v (p®s 1)®pp' +— 1) ®4 Py ®r P’ +— Py @af(p0)P F Pi-1)+ ®5 P-1)-T(P0)P’

which by equation (£3) is exactly the map p ®, p’ — f(p) ®, p’ as f is a comodule
morphism. Therefore, f ®, P’ is an isomorphism and so is f. O

4.2. COMMENTS ON LOCAL TRIVIALITY OF PRINCIPAL BUNDLES. In the Lie
groupoid context, it is well-known that any left principal bundle is locally trivial
p. 165]. Thus, the study of principal bundles in this context can be done
locally. In the Hopf algebroid framework, the notion of “local triviality” is not so
clear. The perhaps right way to treat local triviality in this context might be to con-
sider the site of all affine schemes over Spec(k) with a certain Grothendieck topology
7, and say that a left principal bundle (P, @, ) is locally trivial if there is a 7-cover
Spec(B’) — Spec(B) such that the pull-back bundle P ®, B’ is a trivial left principal
(H, K )-bundle. However, as we will see below, when 7 is the Zariski topology, any
locally trivial left principal bundle is also globally trivial. Also, the local triviality for
the fpgc (faithfully flat quasi-compact) topology is tautologically true since for any
left principal bundle (P, @, ), the map § : B — P is by definition a faithfully flat
extension.

Moreover, the naive approach to local triviality by localisation apparently does not
yield anything new: let (P, @, ) be a left principal (H, K)-bundle. Denote by % :=
Spec(B) the underlying topological space of the locally ringed space associated to B,
and by Q(B) its subspace of maximal ideals. Take a prime ideal y € % and consider the
localisation B, at this point (the stalk) with T, : B — B, as the canonical localisation
algebra map. Using the notation3, : B, - P, := P®; B,ande, : A - P — P,
we obtain the restricted left principal (H, K)-bundle (P,, @,, 3,) with respect to T, as
defined in Example 7] In this way, any left principal (7, K)-bundle (P, @, 8) can be
restricted to a “local principal bundle” (P,, a,,8,) for every y € . One can say that
(P, a, B) is locally trivial if and only if (P,, a,,8,) is trivial for every y € . Hence, by
Proposition .11}, this happens if and only if 3, : B, — P, splits as an algebra map for
every y € % if and only if B, : B,, — P, splits as an algebra map for every m € Q(B);
if and only if 8 : B — P splits as an algebra map, see p. 111£]. In this sense, P
would be locally trivial if and only if it is globally so.
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In a different direction, assume that there exists for any y € ¢ an element f ¢ y such
that 8, : B, — P, splits as an algebra map, which by Proposition ELT1] means that
the restricted left principal bundle (P;,a,,(,) is trivial on the open neighbourhood
%, := Spec(B,) of y in % there is a section o, : ¥, — Spec(P,) — Spec(P), that
is, “B; o 0y = idg;,, where ‘B, : Spec(P,) — % is the associate continuous map of
B; 1 B, — P,. Again, one sees that a left bundle (P, @, 8) with this assumption is in
fact a (globally) trivial bundle. Indeed, take a maximal ideal m € Q(B): under the
assumptions made, there is an 2 ¢ m such that 8, : B, — P, splits as an algebra map;
write o, : P, — B, for this splitting. Then one can easily check that
04 ®pB)

P,=P®B, = P®;B,®, B, = P,®,B,—— B,®,;, B, = B,
is an algebra map which splits g,.. Thus, 8, splits for every m € Q(B), and so does 3.
Therefore, (P, @, 8) is a trivial bundle.
Now assume that the topology 7 is the Zariski one. Then, for a locally trivial left
principal bundle (P, @, ) there exists an extension B — B’ := [],<, B, for some set
{fi}1<i<n of elements in B such that B = },.;, Bf; and such that P ®, B’ is a trivial
bundle. For any maximal ideal m € Q(B), there must be some f; ¢ m for which the
bundle (Pf/., @, ﬂf/.) is trivial. We then conclude, as above, that (P, a, ) must be also
trivial.
On the other hand, it seems that the local triviality property of a given left principal
(H, K)-bundle (P, a, B) is already contained in our condition of faithfully flatness of
B. More specifically, since 8 is a flat extension, £, is also a flat extension for every
y € % Therefore, also B, — P. is a flat extension for every y € Z and z € (“8)"'(y),
where ‘B : Spec(P) =: & — Spec(B) = % is the associated continuous map of S.
In other words, % is flat over .2 [Ha, p. 254]; hence, as mentioned in [[Pf, Def. 1.2],
this appears to be a good substitute for local triviality, see Sec. 3] for a deeper
discussion of this point.

4.3. NATURAL COMODULE TRANSFORMATIONS. In this subsection, we explore
the Hopf algebroid analogue of natural transformations for groupoid-sets as in Lemma

24
Let (P, @, 8) be a left principal (H, K)-bundle. As mentioned before, one can define a
functor

— 0Oy P : Comody — Comody

since our Hopf algebroids are all assumed to be flat. We will give some natural trans-
formations involving this functor, which will be useful in the sequel.

LEMMA 4.13. One has the following natural transformations:

(i) for any right H-comodule M, the map
(4.22) {w MOy P)® P> MQ®, P, (mOyp)®;p' = me, pp’

is an isomorphism of right K-comodules, where the coaction of the left hand
side is the codiagonal one. The inverse of {,, is given by

Ly i m®, p o (Mg Oy my,) ® Mg, p;
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(it) for any right H-comodule M, the map
(4.23) Ny : M — (MO, P)Oy, P°,  mw (g Oy mg,,) Oy My,
defines a morphism of right H-comodules.

Proof. To prove (i), we proceed as follows: that (£.22) is a morphism of comodules
follows from the fact that P is a comodule algebra. Moreover, from (@3) one deduces
that the inverse is well-defined and using the flatness of P over B along with (#.4) and
(&3)), one checks that the given maps are mutually inverse: for example,

ZM 0 £u((m Oy p) ®; p’) = (M, Oy M) ® My, pp’ =

= (mOy peiy) ® Pey-Pop’ = (mOyp) &, p',
where in the second step we used that m 0O, p lies in M Oy, P.
As for (ii), since P is flat over B, the inclusion (M O, P) ®; P — M ®, P ®; P is the
kernel of the map M ®, P®, P > M ®, H ®, P ®, K ®; P given by

me, pQ;q+—

mo) @, M1y ®,; Py s P(1) ®p g — M) ®, M1y ®, P By - (q(1)) ®s q(0)

M P-1) &4 P0) @ P(1) B g + M &, P-1) s P0) @ 7 (1)) B q(0)-
Composing this map with M — M ®, P®; P, m — m) ®, m1)+ ® m(1)-, and applying
(#.3) shows that (£.23) is well-defined on the given cotensor products; that it is also a
morphism of comodules follows from (.11). m]

5. PRINCIPAL BIBUNDLES VERSUS WEAK EQUIVALENCES

Parallel to Lemma 28] we will investigate in this subsection how weak equivalences
arise from principal bundles. We first analyse the particular case of trivial bundles and
then the general case.

As recalled in Definition[I.1} a morphism ¢ : (A, H) — (B, K) of flat Hopf algebroids
is said to be a weak equivalence if and only if the induced functor ¢, : Comody —
Comody of Eq. (B.13) establishes an equivalence of categories (which is, in fact, a
monoidal symmetric equivalence).

Let us consider the trivial bundle P = H ®, B associated to a given morphism ¢. One
can easily check that the opposite bundle is P* = B ®, H as defined in Remark [£.4]
(ii). The associated functors are, up to natural isomorphisms,

¢.=—-0,P and .@=-—-0O,P.
Moreover, as mentioned before, — O, P is a right adjoint to — Oy, P.
5.1. THE CASE OF TRIVIAL PRINCIPAL BIBUNDLES. Part of the following propo-

sition was shown in [HoSt, Theorem 6.2] by using a different approach, see also [Hol
Theorem D & 5.5]. In Theorem[Z1lbelow we give a more general result.

PROPOSITION 5.1. Let ¢ = (¢o, &) : (A, H) — (B, K) be a morphism of flat Hopf
algebroids, and consider the associated trivial bundle P = H ®, B. The following are
equivalent:

(i) Pisa principal (H,K)-bibundle.
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(it) The canonical morphism
O:BR,H®B—->K, be,u,b — sb)ptb)

of Hopf B-algebroids is an isomorphism, and « is a faithfully flat extension.
(iii) The morphism ¢ is a weak equivalence.

Proof. To prove (i) = (ii), we only need to check that ® is bijective. By assumption,
can,« is bijective, and denote the translation map here as

K-> Pe, P k- Ue,b)e, e,
which means that for every k € K
L@,k = (1,8, 1,) 8k = (u'vj, ®, b") ®, ¢, (Vi t(ch),
Applying the counit of H we obtain
k = s(b")i(s(e@NVR(C).
Define now the map
A:K—-B®, H&, B, k> ¢(cb)b* e,V ®, .

Using the previous equality, we easily get that @ o A = id. In the opposite direction,
we have

Ao®db®,u®,b)=>b®,u®,b
since k = s(b)¢,(u)t(b’) is uniquely determined by the equation

1, @,k = (1 ®, b) ®; ¢, (D).

In order to prove (ii) = (iii), we already know by definition that ¢, = — 0O, P is a
symmetric monoidal functor. We need to establish natural isomorphisms

(5-1) (_ Oy P) o (_ Oy PCO) = idComod«K» (_ Oy PCO) o (_ Oy P) = idComod(H-

First recall that we have a commutative diagram

0— s p°g,P P°®, P

I |

B®,A®,B
0 B®, H®, B—"" > Bo, He, H®,B.
Hence, the canonical injection P° 0O, P — P* ®, P splits in the category of B-
bimodules. For a right K-comodule N, we then have a chain of isomorphisms

(NOkP°)Oy P = NOg(P°Ou,P) = NOgK = N
of right K-comodules, where we used the fact that @ is an isomorphism of K-
bicomodules. Clearly, the resulting isomorphism is natural and this gives the first
natural isomorphism in (3.I). To establish the second one, we will use the faithfully

flatness of P,, that is, of @. For a right H{-comodule M define by means of Eq. (£.23)
the following morphism

Op - M — (MO, P)Oy P°, m+— (me, Oy (g, ®, 1,)) 04 (1, ®, L (my)))
of right H-comodules. Using the natural isomorphisms ¢ of (@.22), one can show that

Oy ®, P is an isomorphism, and hence that 6 is a natural isomorphism. Therefore, ¢,
is an equivalence of categories.
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The step (iii) = (i) is seen as follows: by Example 9] P is a left principal (H, K)-
bundle. To check that P is also a right principal (H, K)-bundle, we need to verify that
the canonical map can,, of Eq. (£.2]) is bijective as well as that « is a faithfully flat
extension. Since ¢, is an equivalence of categories, there is a natural isomorphism

- ®A ¢*(7—{) = ¢* o (_ ®A 7{)»

where —®,H : Comody, — Comody, is the composition of the forgetful functor with
the functor defined as in (3.12)), and where P = ¢,(HH) is an A-module via the algebra
mapa: A — P, a — s(a)®, 1,. Hence, such a natural isomorphism directly implies
that « is a faithfully flat extension.

Let us then prove that can, is bijective. Since the counit of the adjunction ¢, 4
(— Ok «@(H)) is a natural isomorphism (see §3.2), we denote by

£, K—->B® He, B, k—beue,c
its inverse at K, with the help of which we can write
k = s(6)¢, (u)t(c")
for every k € K. Define moreover
Y. P, K=2=HRQK—->PRP, u®,km (uY(v](‘]))&, e, (vfz) ®, ")
and compute
Yo can,(u®,b)®, (ve, b)) = Y(uvq &, b)®s ¢ (v)t(h"))
= P(uva) @, s(b)p (v)t(D))
= Y(uvg) @, b ®, v ®. D))
= w1 L (V) @ b®, va &, b
= (us(e(v1)) ®, b) ®, (v2) ®: D)
= (ue,b)®,(ve,b),
which shows that ¥ o can,, = id. The opposite direction is verified as follows:
can,x o Y(u®, k) = CanR,K((ufﬁ(vl(‘l)) ®, bk) ®, (vl(‘z) ®, ck))
= (”«7("]((1))"]((2) ®, b") ®, (¢,(v](‘3))t(ck))
= (u®, go(e(;)D") @, (3, (vp ()
= u®, (s(py(e(vf})b")p (Vo ()
= u®, (s, (M)
= u®,k,

which gives the desired equality. O

Remark 5.2. The statement that « is a flat extension is equivalent to saying that B
is Landweber exact over (A, ) in the sense of Def. 2.1], see Lemma 2.2 in
op. cit. This, as mentioned before, implies in particular that (B, B®, H ®, B) is a flat
Hopf algebroid.
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5.2. THE CASE OF GENERAL PRINCIPAL BIBUNDLES. Let now (P, a,() be an
(H, ¥O)-bicomodule algebra. Consider the two-sided translation Hopf algebroid
(P,H < P > K) as in Lemma[3.8] Recall that the tensor product H ®, P ®, K
is defined by using the module structures (H, ,P;, and (K, and also that there is a
diagram of Hopf algebroids

(P,H < P> K)
@ B

(A, H) (B, %K)

where B and « are the maps as in Lemma[3.8 On the other hand, one can consider
the extended Hopf algebroids (P, P®, H ®, P) and (P, P®, K ®, P), together with the
morphisms of Hopf algebroids:

(5.2) PRyK®P — H<x PxK, p'@we;p = s(p)Biwt(p) = L (p1))®apwoyP' @spP)W,

(5.3) PRH@P - H < PxK, p'®u®,pr s(pait(p) = us(p1)® po)p ®sPa)

where s and t are the source and the target maps of H < P > K given in Lemma[3.8]
The following proposition shows that principal bundles lead to weak equivalences.

PROPOSITION 5.3. We have the following implications:

@) If (P,a,p) is a left principal (H, K)-bundle, then B is a weak equivalence.
@ii) If (P,a,p) is a right principal (H, K)-bundle, then « is a weak equivalence.
(iii) If (P, ,P) is a principal (H,K)-bibundle, then B and a are weak equiva-
lences. In this case, (A, H) and (B, K) are weakly equivalent, see Definition

(L1

Proof. Part (iii) is clearly derived from (i) and (ii). We only prove (i) since (ii) is
obtained mutatis mutandum. Using Proposition 5.1l we need to check that the map
B — K ®, P is faithfully flat, which is clear from the assumptions, and that the map in
Eq. (B2 is bijective. Denote this map by 8 and by B’ what is going to be its inverse,
given by

ﬁ’ THXPXK->PRQKP, u®,p@w puy ® .7 (u_1))w ®, t_().

We compute from one hand

Bpus ®; . (u_1))w ® u_))
S (U= (=1)) ®y U—)U+ P B U—1)-S (U—2))W

B OB,(” ®,) P ®s W)

S (U—(~1)) Oy U_)UU+P Ry W

1l

UR, P Ry W.
From the other hand, to check that also ﬁ’ o B = id, we first deduce from Eq. @3]
(5.4) P©) ®s P(1) ®s P@) @ 1 = P-1)+0) ®s P(~1)+(1) @ P(1) @5 P(-1)-P(0)s
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which we use to see that

BoB(p @weyp) = B (I (p) @ pop @ puyw)
a1 POP)-P @ L (P1)+(1)PMHW @5 P(=1)+(0)
& P’ ®; t(e(pay))w ®; po)
B pe,we,p,
and this concludes the proof. |

COROLLARY 54. Letf: (P,a,B) — (P',a',B") be a morphism in PBY(H,K). Then
the associated morphism

FH®,T®,K): (P,HXPxK)— (P, HxP xK)

between the two-sided translation Hopf algebroids (see §3.3) is an isomorphism of
Hopf algebroids and therefore a weak equivalence.

Proof. This directly follows from Lemmal4£.12] That this morphism is a weak equiv-
alence can also be deduced from Proposition [3.3] (i) and the commutative diagram

G.2D. o

Remark 5.5. As mentioned in §4.2] in the Lie groupoid context it is well-known
that any morphism between principal bundles is an isomorphism p. 165],
and hence induces an isomorphism between the associated two-sided translation
groupoids. Corollary [5.4] states an analogous result for the associated two-sided Hopf
algebroids attached to flat Hopf algebroids. As a consequence, any two-stage zigzag
of weak equivalences, as described in the isosceles triangle in the Introduction, is
unique up to an isomorphism.

6. THE BICATEGORY OF PRINCIPAL BUNDLES AS A UNIVERSAL SOLUTION

In this section, we introduce the cotensor product of two principal bundles in the Hopf
algebroid context, which is the analogue of the tensor product of principal bundles
in the framework of Lie groupoids p. 166], where it is defined as the orbit
space of the fibred product of the underlying bundles, see also Remark 2.2l for abstract
groupoids. In the case of Hopf algebroids, the cotensor product leads to the orbit space
(which is the coinvariant subalgebra as mentioned in §3.4) of the tensor product of the
underlying comodule algebras. With this product, principal bundles can be shown
to form a bicategory. It turns out that trivial bundles constitute a 2-functor from the
canonical 2-category of flat Hopf algebroids to this bicategory, which yields a certain
universal solution (or a calculus of fractions with respect to weak equivalences).

6.1. THE COTENSOR PRODUCT OF PRINCIPAL BUNDLES. Consider three flat
Hopf algebroids (A, H), (B, K), and (C, ), and let (P, @, 8) be a left principal (H, K)-
bundle and (Q, o, §) a left principal (K, J)-bundle. Recall from (3.14) that PO, Q
carries the structure of an (H, J)-bicomodule. Moreover, it is clear from the defini-
tion of a comodule algebra that this is simultaneously an A-algebra and C-algebra via
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the following commutative diagram

6.1) A—2->P P®,0
AN
N /
N PDq(Q 1p@p—
T~ - = )\
(4 / \
0 \ 0
\
N fo
- ¢

This structure converts the triple (P O« Q, @, 6) into an (H, J)-bicomodule algebra. In
the subsequent lemma we show that this gives in particular a left principal bundle:
LEMMA 6.1.
(i) The correspondence
PB'(H, %) x PBY(K,J) — PBH.J),
((P’ a’ﬂ)v (Q’ O', 9)) > (P D'K Q’ d’ é)’
(F,G) +— F0OxG

gives a well-defined functor.
(ii) The canonical algebra extension PO, Q — P ®, Q is faithfully flat.

Proof. Part(i): as we have seen before, the obvious algebramap ¢’ : C — Q — P®,0Q
factors through

C—9>P|:|7<Q

o
P ®B Q7

and ¢ is a faithfully flat extension since 8 and 6 are so. The faithfully flatness of the
map 6 : C — POy Q is seen as follows: one has a chain of C-module isomorphisms

(6.2)
= P Og can
(POx Q) ®c Q ——= PO, (0 ®c 0) = POy (K ®; Q) P®, 0
(POxkqQ) ®c ¢ ——=>pOx (q®: q') ———> pOx (g1, ®s q0q') ——= P ® q¢’,

hence (P O, Q)®. Q is also faithfully flat over C, and since by assumption Q is so over
C, we deduce that P O, Q is faithfully flat over C. For better distinction, let us denote
the involved translation maps as

T H—->PRP, uu, u_, T : K-> 0® 0, W Wi ® W
The canonical map that turns the cotensor product into a bundle is given as

can: (POx Q) ® (PO, Q) » H®, (POy Q),
(POxq@) ®c (P O q') = P-1) @ (p(O)P, Oy qq’),
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and what is going to be its inverse is defined by
can: H @, (POx Q) — (POx Q) ® (POx Q),
U®, (pOx q) = (o) Ox Us(tyi+]) ®c (PU- D qUs(1)-)s

which are well-defined maps by the A-linearity of the coaction as well as using (4.7).
We then compute

(c@n o can)((p Ox @) ®c (P’ Ok q))
= can(p1) ® (poy)p’ Ok qq))
= (P(—1)+(0) Oy P-+)i+1) & (P P-1)-P" Ox 44 P~1y+1y(-1)

'

= (P(O) Ox P(yi+1) ®c (P Ok a4’ paiy-1)
= (p Ox 4¢-1yi+1) ®c (P Ok 4’ q0)q(-1)i-1)

= (p0cg) & (P O ).

where we used the definition of the cotensor product in the fourth step. The oppo-
site verification is left to the reader. To prove part (ii), consider the isomorphism of
Eq. (62). It is clear that this is an isomorphism of left P O, Q-modules; since Q is a
faithfully flat C-module, (P Ox Q) ®- Q = P ®; Q is a faithfully flat P O, Q-module as
well. ]

Remark 6.2. Of course, the construction of the functor in Lemma[6.] can be adapted
mutatis mutandum for right principal bundles as well as for principal bibundles.

An example of the cotensor product construction above arises from the following
proposition,

PROPOSITION 6.3. Let (A, H) and (C;, J;), i = 1,2, be flat Hopf algebroids. Then
any diagram of weak equivalences

(€1, 91 (€2, 92)
(A, H)
can be completed to the following diagram
(6.3) (P Oy Py, T o< (P Oy Pr) > 92)

/ \

(A, H)

of weak equivalences, where P; = H ®, C;, i = 1,2, are the respective associated
trivial bundles.

(C1,I1) (C2,92),

Proof. Since 6; is a weak equivalence, P; is a principal (H, J;)-bibundle by Proposi-
tion[5.Il Therefore, by Lemmal6.1] (and its right hand side version, see Remark [6.2),
the cotensor product P Oy P» is a principal (1, J2)-bibundle as well and the proof
is completed using Proposition3.3](ii). O
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Example 6.4. A particular situation of Proposition[6.3]is the one considered in Exam-
pleB0t let ¢ : B — A « B’ : ¢ be a diagram of commutative algebras. Assume that
a:A—>P:=H®,B,a— s(a)®, 1,anda’ : A —» P’ := H ®, B’ are faithfully flat
extensions. This, in particular, means that B and B” are Landweber exact. Consider
the algebra C := B®, H ®, B’ along with the scalar extension Hopf algebroids (C, H,,)
and (C,H,), where ¢ : A - C « A : y are the obvious maps constructed from ¢

resp. ¢ as in Example[3.9 Now (B, H,) «— (A, H) N (B’,H,) is a diagram of weak
equivalences by Proposition[5.1l Applying Proposition[6.3] we get a diagram

(B,H,;) — (C,Hy) = (C,Hs < CxHy) = (C,Hy) «— (B, H,)

of weak equivalences, where the middle isomorphisms are as in Example[3.9] This, in
fact, is part of the proof given in [HoSt, Theorem 6.5].

6.2. THE BICATEGORY OF PRINCIPAL BUNDLES. In particular, the constructions
in the preceding subsection allow for the main observation in this section:

PROPOSITION 6.5. The data given by

« flat Hopf algebroids (as 0-cells),
o left principal bundles (as 1-cells),
o as well as morphisms of left principal bundles (as 2-cells)

define a bicategory.

Proof. The unit O-cells in this bicategory are the unit bundles of the form % (H)
as in Example The multiplication of two principal bundles (i.e., their cotensor
product) and of their morphisms is given as in Lemmal[6.1l The associativity of the
cotensor product is not obvious in this case as it does not follow directly from the
flatness of the involved Hopf algebroids: let (A, H), (B, K), (C, ), and (D, I') be flat
Hopf algebroids, as well as (P, @, ), (Q, 0, 0), and (S, y, ) be left principal (H, K)-,
(K, J)-, resp. (I, I)-bundles. First of all, we have the following diagram

POk (QOy S)——= P ®, (QD,,S)\\

P®B Q®CS3

c—

(POx Q)05 S—— (POx Q) ® S

where the upper injections result from definitions and the flatness of P over B. The
second map of the lower injections follows from the fact that, as in Lemmal6.1l(ii), the
injection PO, Q — P ®, Q is faithfully flat. Using the universal property of kernels,
we deduce the desired natural isomorphism

(POxQ)0; S — PO, (Q0; ).
The remaining axioms to be verified in a bicategory are left to the reader. m]

We denote this bicategory by PB’ and refer to it as the bicategory of (left) principal
bundles. The category of 1- and 2-cells from (A, H) to (B, K) then is the category
PBY(H, k), see $.11

Similarly, we can introduce the bicategory of right principal bundles PB" and also
the bicategory of principal bibundles PB’ as mentioned in Remark [6.2] On the other
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hand, by Remark &4 (ii) there is an isomorphism PB’ = (PB)° of bicategories, using
Bénabou’s terminology §3]: for a bicategory A, denote by % its transpose
bicategory, obtained from 2 by reversing 1-cells. On the other hand, its conjugate
bicategory 28 is obtained by reversing 2-cells. We will call a morphism between two
bicategories in the sense of §4] a 2-functor.

6.3. INVERTIBLE 1-CELLS. Recall that an internal equivalence between two 0-cells
(A, H) and (B, K) in PB’ is given by two I-cells (P, @, 8) and (Q, o, §) in PB/(H, K)
resp. PB/(K, H), such that

POQ=%(H), Q0P =%(K),

holds as 1-cells, respectively, in PB’(H, H) and PB"(K, K). Here we are implicitly
assuming the triangle property, that is, we assume the following diagrams

6.4) QO H ——= 00, (POy Q\

o = 0®, P®; Q0
Kok Q —— (Q0x P)Ox Q
and
(6.5) POy K —— POy (Q 0y P\
P = P®; Q@ P

> o

H Oy P—— (POy Q)0y P

to be commutative. In this case, we also say that (A, H) and (B, K) are internally
equivalent in PB’. Internal equivalences are, up to 2-isomorphisms, uniquely deter-
mined. More precisely, given a 1-cell P in PB’, if we assume that there exists Q and
Q’ in PB’ such that

0o, P=%(K), POxQ=UH),
and

Q' ouP=%K), PocQ =%H),
then we have Q = Q' as 1-cells. As in the general case, this is an easy consequence
of the associativity of the cotensor product in PB’. Such a P is called an invertible left
principal bundle.
Examples of invertible left principal bundles are typically obtained by bibundles:

PROPOSITION 6.6. Let (P, a,f) be a left principal (H,K)-bundle and let (Q, 0,7)
be a right principal (K, H)-bundle.

(i) The translation map t : H — P ®; P factors through the map
v H — POy P
Analogously, the translation map v : K — Q ®, Q factors through
v K- Qg 0.
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(i) Assume moreover that (P,a,B) is a principal (H,K)-bibundle. Then
(P°,B, @) is a principal (K, H)-bibundle and the translation maps induce
isomorphisms

UH) — PO P, U (K)— PO, P

of principal (H, H)-bibundles resp. of principal (K, K)-bibundles. Further-
more, (P,a,B) is an invertible 1-cell in PB[(W, xK).

Proof. Part (i): to show that the image of the map t : u — u; ®; u_ lands for every
u € H in the cotensor product P O, P, we need to show that

U4 (0) Op Us(1) Op U- = Uy ®p L (U—(1)) Qpt—)y €P®, K®; P,

where we used the coopposite comodule structure given in (3.11). This is done by
applying the map

P, PR, K —=>PK®, P, p'®p&;wr p' & w(puy)® po

to both sides of Eq. (4.8). The situation for right bundles is proven mutatis mutandum.
Part (ii): by Lemmal6.1lthe cotensor product carries the structure of a principal bundle.
It is furthermore clear that ©” is compatible with the source and target maps of H.
The fact that T is left H-colinear follows directly from (4.3). To show that this map
is also right H-colinear one uses (311 along with @II). To prove that T’ is an
isomorphism then follows from Lemma F.12] as it is, by Eq. (&2), a morphism of
principal (bi)bundles. To check the last statement, one only needs to show the triangle
property (6.4) (notice that here there is, in fact, only one diagram). Using the notation
of $4.11 the commutativity of (6.4) reads in this case:

PO)®s Py ®a Py’ = P+ ®s P(-1)- ®y poy € P® P®, P,

for every p € P. To verify this, one first applies the map P ®, Can;,}( to both terms and
then uses Eq. (@.3) in order to obtain the same element p ) ®; 1, ®, pay in P ®; P ®,
K. mi

PROPOSITION 6.7.

(i) Let (P,a,B) be a left principal (H,¥K)-bundle. Assume moreover that
(P,a,p) is an invertible 1-cell in PB’ with inverse (Q,0,0) € PBY (K, H).
Then (P, «,B) is a principal (H,K)-bibundle and (Q, 0, 0) is a principal
(K, H)-bibundle. Furthermore, we have an isomorphism

Q=p

of principal bundles.

(ii) Let ¢ : (A, H) — (B, K) be a morphism of flat Hopf algebroids. Then ¢ is a
weak equivalence if and only if the trivial bundle P = H ®, B is an invertible
1-cell in PB(H, K).

Proof. For better orientation, we recall here that the algebra diagrams defining P and

Q are

A—spl B AT’ B
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where § and o are faithfully flat, and also that the canonical maps can,, , and cany,
are bijective.
Part (i): by assumption, we have the following 2-isomorphisms

X:(H;PELKQ, ur— p"Oxq', and §:7(i>QD,HP, W ¢" Oy p",

where y is, in particular, a morphism of #-bicomodules and ¢ is a morphism of K-
bicomodules. The triangle properties then say that we have, up to a canonical isomor-
phism,

X(P-»y)Oxpoy = poOx{(p1y) €P®,00, P
(6.6)
{(gq-1)Oxq0) = 90 Oxxqa) €08, P®, 0,

for all p € P, g € Q. On the other hand, we also have an isomorphism

X

©6.7) P80 —> > (PO0)® 0% He, 0

of (H, K)-bicomodules, where the first isomorphism is the natural transformation of
Eq. (£22). Using this isomorphism, we can easily check that « is a faithful extension.
Indeed, take a morphism f such that f ®, P = 0; then f ®, H ®, Q = 0 which yields
f = 0 since ,H and ,Q are faithfully flat. Now for a monomorphismi : X — X’ of
A-modules, we obtain, using again the isomorphism (6.7), that ker(i ®, P) ®; Q = 0,
which by the bijectivity of the canonical map can, , implies that ker(i ®, P) = 0 since
#K and ,Q are faithfully flat. This shows that « is a faithfully flat extension.

We still need to check that the canonical map can : P®, P — P ®, K is bijective. To
this end, we define what is going to be its inverse as

can: P, K - P®, P, p®,wm pg(g")®, p",
where g is simultaneously the A-algebra and B-algebra map given explicitly by
9:0— P g+ BEC (90 On q1)+))q0)--
This map satisfies
(6.8) p'a(q") = a(e()), 9(g")p" = Ble(w)),

for every u € H,w € K, which is seen as follows: as for the second one, we have for

weK

B (g0 B g 1)) 1)-P"

= B Ng O P )P C1)-P o)

= Be( (g oup)))

Blew)).

As for the first equation in (6.8), by the right #-colinearity of y and Eq. #3)

P'® ("0 0n g 1)+)®sq (1)- = PV ®y(¢ ) Oy t0) ®pu- € PR,(QDO, P)®, P,

holds for any u € H, an equation which can be seen in P ®, Q ®, P ®; P since P, is
flat. Therefore,

a(g"p"

a
3

p'9(q") = p“B(e (g Oy (o)) )u-—.
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On the other hand, by the first equality of Eq. (6.6),
(P"D Og @) Oy 0y ®p U= = (Y (U(-1)) O U (0) @p U= = (U (0) O {(U4(1))) @ U,
which implies that

P @y (D Oy Uy (o)) ®p - = Uiy ®p {(Up(1)) Op U,

from which, in turn, we obtain that

P u ~1( @D
P9 = pBel (g By o) = o Blepi- = uau- = alew)),
as claimed. Using Egs. (6.8)), we now compute from one hand,
canocan(p®,w) = can(pg(q")®.p")

= p9@IP 0 ®: P
= p9@" """ & wo
= pBEe(wn)) @ we)
= p ®B W7

and from the other side,

can o can(p’ ®, p) can(p’po) ®s p(1))

P p0©9(q"") &, p’®

11}

p'P"9(q" ") @4 po)
p'a(e(p-1) s poy
= perp,
which gives the desired bijection, and so (P, @,f3) is a principal bibundle. Similarly,
one checks that (Q, 8, ) is so as well.

To complete the proof of the first part, we also need to check that Q is the opposite
bundle of P. For this, we use the following chain of isomorphisms of k-modules

P&, P=K®,P=(Q0,P)®P=0®,P,

where the last isomorphism is given by Eq. (£22)), which leads to an isomorphism
P = Q of A-modules since P is faithfully flat over A (alternatively, one can try to
check thatg : P — Q is a bundle map and hence an isomorphism by Lemma[.12)). In
the same way, using the faithfully flatness of P over B, one shows that this is also an
isomorphism of B-modules, and thus that Q is the opposite bundle of P.

To prove (ii), assume first that ¢ is a weak equivalence. Then P is a right principal
(H, ¥)-bundle by Proposition[3.1] along with the fact that — 0, P defines an equiva-
lence of categories with inverse — O, P. From this it is clear that PO, P* ~ % (H)
and PO, P = % (K), see Example 3] for notation. To prove the converse, using
Proposition[3.1] again, we only have to show that P = H ®, B is a bibundle, which is
a direct consequence of (i). ]

Recall that a bigroupoid (see, e.g., [Nal) is a bicategory in which every 1-cell and
every 2-cell has an inverse (not necessarily in the strict sense for 1-cells).
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COROLLARY 6.8. For two 0-cells (A, H) and (B, K) (that is, flat Hopf algebroids),
the full subcategory of invertible 1-cells in PBY(H,K) coincides with the full sub-
category PB’(H,K) of principal bibundles. In particular, the bicategory PB’ is a
bigroupoid.

The last statement follows from Lemma .12

6.4. THE 2-FUNCTOR & AND PRINCIPAL BUNDLES AS UNIVERSAL SOLUTION.
It is well-known that groupoids, functors, and natural transformations form a 2-
category. Adapting this to Hopf algebroids, one can construct a 2-category as ob-
served in [Na, §3.1]. Here, 0-cells are Hopf algebroids (or even flat ones), 1-cells are
morphisms of Hopf algebroids, and for two 1-cells (£, £1), (6, 01) : (A, H) — (B, K),
a2-cell ¢ : (Lo, 1) — (6o, 0)) is defined to be an algebra map ¢ : H — B that makes
the diagrams

69 H—"=B ‘. B H A He, H

H
ST % tT % Al lqu] ®atc)
A

A Ho, H ——— K

myc(Sc®pb1)

commutative, where m, denotes the multiplication in /. The identity 2-cell for (o, {1)
is given by 1, := {yoe. The tensor product (or vertical composition) of 2-cells is given
as

¢ o ¢ (Lo, &) —= (60.6) ——= (£0.61).
which yields a map
(610) doc:H — B, um— C(M(]))C/(Lt(z)).

We denote by 2-HAIgd the 2-category whose 0-cells are flat Hopf algebroids. Exam-
ples of 2-cells in this 2-category are described by the following lemma:

LEMMA 6.9. Let ¢ : (A, H) — (B,K) be a morphism of flat Hopf algebroids. As
in Example consider its associated trivial left principal (H,¥K)-bundle (P :=
H ®, B, @, B) together with the diagram

(P,H =< P > K)
a=(a,a) B=(B.B1)

(A, H) p (B,K)

of Hopf algebroids, where the top is the two-sided translation Hopf algebroid defined
in Lemma3.8 Then there is a 2-isomorphism a = B o @, that is, the above diagram is
commutative up to an isomorphism.

Proof. Consider the following two algebra maps

c:H—->P, uu®,l,, and ¢ :H->P, ur> . L), 1,
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Let us check that ¢ : @ —» Bogand ¢’ : fo¢d — a are 2-cells in 2-HAIgd. To this
end, we need to show the commutativity of the diagrams in Eq. (6.9), corresponding
to ¢ and ¢’. By definition, it is clear that the triangles

H—=p H—=p H—"sp H—"op

A | | A
@ Béo Béo @

A A A A

commute. We only show the rectangle in (6.9) for ¢’ since an analogous proof works
for ¢. Thus, we want to show that 72, © (81 © ;) ®, (to /) 0 A = My © ((S©
) ®, @,) o A, where the target and source t, s are those of H < P > K. Taking into
account the structure maps of Lemma[3.8] we compute for u € H

Mygupiic © (B1 0 ¢1) ®, (Lo ') o Au)
= (Ly ® 1, & ¢ (U)W (u) ®, 1,)
= (1y ®s 1, ®; ¢y (1)) (U@ ®1 (F (ue) ®, 1) @ ¢1(F (u2))))
= u@) @, (S (U3)) ®, 15) ® ¢ (1)) (7 (u2))
= u) ®, (L (ue) ®, 1) ®s s(Py(e(u))))
= up) @ (L (ue) ® o(euny))) ®; 1y
= up) ® (L (u)) ®, 1) ® 1yi
= Myppex © ((S0 ) ®, @) 0 Au).
Finally, using the vertical composition as defined in (6.10), one can easily check that

coc = (B¢, oeandthat ¢’ o c = aoe. Thereforeco ¢ =1;,and ¢’ o ¢ = 1,, and this
completes the proof. O

For a non necessarily trivial bundle, one has the following property:

LEMMA 6.10. Let (P, a,p) be a 1-cell in PBY(H, K), and denote by (P, H < P > K)
the two-sided translation Hopf algebroid, together with the diagram

(P,H < P > K)
a=(a, a) B=(B.B1)

(A, H) (B, %K)

of flat Hopf algebroids. Consider the trivial bundles a* (% (H)) = H ®, P and
B (% (K)) = K ®, P. Then the map

b : (P7 a7ﬁ) i (a*(%(ﬂ)) D’HxPx’Kﬁ*(%((]())co» 6’93)9
P (P=1) @ P©)) Dy (1r ® 1))
defines an isomorphism of left principal (H , K)-bundles.

Proof. Recall that a generic element of the form (1 ®, p) ®, (p’ ®, w) € & (% (H)) ®,
B (7 (K))* belongs to the cotensor product a*(Z (H)) Oyppsc B (% (K))™ if and
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only if
(6.11)
U1y ®4 P)®p (U2) @4 1,®5 1,0) @5 (' @y W) = (U, 1,) R, (1@, pp’ @ w(1))®p (1,5 W(2))

holds true in @*(% (H)) ®, (H < P = K) ®, B (% (K))”. Hence, in order to check
that b is well-defined, one needs to show this equality for h(p), for all p € P. The left
hand side in (&.11) for bh(p) reads as

(P-2) ®a 1) @ (P(-1) @4 1» ®5 Lic) ® (P0) ® P(1))s

while the right hand side becomes

(P-1) ®a 1) ®5 (14 ®4 p(0) ®s P1y) ® (1 ® p2))-
Using the expression of the target map of H < P > K given in Lemma[3.8] we have
that
(P-2) ®a 15) ®p (p(-1) ®a 1, ®5 1) ®; (P(0) ® P(1))
(P(—Z) ®, 1,) ®s (p(—l) ®, 1, ® 1'K)J[(P(O)) ®p (1, ®p p(l))
(P-3) ® 1) @ (P-2) (P-1) 84 P©) ®s P(1) B (1, & P(2))
(P-2) ®a 1,) ®; (S(e(P(-1))) ®s P0) ®5 P(1)) ® (11 @5 P2))
(p(,1) ®, 1,) ®p (LH ®4 P) @5 P(l)) ®p (1, By P(2)),
which shows that b is a well-defined map. Recall now that the algebra maps & and j
are given by
a(a) = (8(a) ®, 1) Oppeprar (1 p 14); B(b) = (1y ®4 15) Oppepuarc (1 & 1(b)).

Clearly, §) is simultaneously an A-algebra and a B-algebra map, and the fact that b is
an (H, K)-bicomodule map is also clear from the definitions. Thus, ) is a morphism
of left principal bundles, and so an isomorphism by Lemma4.12] o

ca

Next we give a further property of the Diagram (6.3)) that appeared in Proposition[6.3

LEMMA 6.11. Let 6; : (A,H) — (C;, J7), i = 1,2, be two weak equivalences. Then
the diagram of weak equivalences (6.3) constructed in Proposition[6.3lis commutative
up to a 2-isomorphism.

Proof. Denote by P; := H ®, C;, i = 1,2 the respective associated trivial bibundles
of #;. Up to a canonical isomorphism, the bundle Q := P{ Oy P> is of the form
0 = C; ® H®, Cy. So, considering the obvious algebramap ¢ : H — Q, u
1®, u®, 1 and writing ¢ := {; 0 0; and ¢ := {, o 6>, one can use the definition of
the maps ¢; in Lemma 3.8 to show that the diagrams in (6.9) are commutative, and
that hence ¢ : ¢ — W is a 1-cell in 2-HAIgd. Its inverse is ¢! : H — Q which sends
u- 10, Su)e, 1. O

Denote by PB™ the conjugate bicategory of PB, defined by reversing 2-cells.
PROPOSITION 6.12. There is a 2-functor

2 : 2-HAlgd — PB‘>,
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which sends any 1-cell ¢ : (A, H) — (B, K) to its associated trivial left principal
bundle P = H ®, B. Moreover, a 1-cell ¢ in 2-HAIgd is a weak equivalence if and
only if 2(@) is an invertible 1-cell in PB'>.
Proof. Let ¢ : ¢ — ¥ be a2-cell in 2-HAIgd. Then its image by & is given by

P(O):H®,B—->H®,B, u®,br uy®,(ua)b,
which is easily shown to be a morphism of left principal bundles. The remaining
axioms which & is required to fulfil are also easily shown and therefore left to the
reader. Nevertheless, notice that for two composable 1-cells ¢ : (A, H) — (B, K) and
¢ (B,K)— (C,7) one has

PP op) = Z(@)0, P (@),

that is, & is contravariant. The last statement is a direct consequence of Proposition
B.7ii). o

The following theorem is Theorem[Cin the Introduction and is our second main result:

THEOREM 6.13. Let .F : 2-HAlgd — £ be a 2-functor which sends weak equiva-
lences to invertible 1-cells. Then, up to isomorphism (of 2-functors), there is a unique
2-functor .% such that the following diagram

(6.12) 2-HAlgd —Z— PB’®

F Y

B
commutes up to an isomorphism of 2-functors.
Proof. For two 0-cells (A, H) and (B, %) and a 1-cell (P, a,B) in PB‘*(H, %K), from
Proposition[5.3]one obtains that 8 : (B, K) — (P, H < P > K) is a weak equivalence.

Then, by assumption, .% () is an invertible 1-cell in B(F (A, H), F (B, K)); denote
by Z(B)~' € B(F (B, K), Z (A, H))its inverse. Define furthermore

F(P,a,p):= F(PB) " o F(a),

which gives a 1-cell in Z(F (A, H),.Z(B,K)). In particular, the image of the unit
bundle (% (H), s, t) then is, by using Lemmal[6.9] of the form

ﬁ(%((}'{)) = y(idmxﬂ)) = I%Axf{),
the identity 1-cell of the monoidal category B(F (A, H), F (A,?f )). Now, the im-
age of a 2-cell f : (P',,B') — (P,a,p) in PB{(H, K) by .# is going to be a
2-isomorphism: define
F§): FP . B)=FPB) o F@)— FPB) ' o F(a)=F(P.ap)
as the unique isomorphism in B(F (A, H), F (B, K)) satisfying
y(ﬂ’) Oﬁ(f) = ]?m’) = ]?mo?m)
since from Diagram (3.21) follows that foa = @’ and fo 8 = B’ as 2-cells in 2-HAlgd,

where, by abuse of notation, we did not distinguish between the vertical and horizontal
composition in 4.
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The fact that .% is compatible with both vertical and horizontal compositions of PB/«
is shown as follows: first, as seen above, .7 (% (H)) = 1 5.4, for every 0-cell (A, H).
Second, for (P, a, 8) € PB‘(H,K) and (Q, 0, 0) € PB'(K, J) consider their product

(PO Q,&,0) € PB(H < P <K, K < Q>x9),

where & and @ are as in Diagram (&.I). Consider the morphism o : (B, K) — (Q, K <
Q > 9) of Hopf algebroids as in Lemma 3.8l From the trivial bundles o*(% (K)) €
PB (K, K < Q > J) and B (% (K)) € PB (K, H < P > K) we can construct their
product B (% (K))* Oy 0 (% (K)), which belongs to PB(H < P > K, K x Q >
J). On the other hand, an easy verification shows that (P ®, K ®; O, 7, 0) is also a
principal bundle in PB‘(H < P > K, K < Q < ), where

YyPoPRK®0, prp®;lce®; 1,
0: 0> P, K®,0, g 1,8;1,8,¢,

and using the canonical bicomodule structure given by the coaction
PR, K® Q— (HxP>xK)Q, (P& K®; Q),
PRywW®;q i (1@ p® wa)) ® (1, ® we) ®, q)
as well as
P&, K® Q— (P&, K®, Q)& (K= Q>x7),
P& W& q > (P B wii) ® 1o) ® (W) (9(-1) ®s q0) ®c q(1))-
Taking into account the canonical isomorphism
B (% (FO))* 0k o (% (K) = (P& K)Ox (K ®, Q) = PR, K®, O

of bicomodule algebras, we can then identify both principal bundles. The two-sided
translation Hopf algebroids associated to (P O« Q, @, ) resp. (P ®; K ®; Q,v,06) are
now related via the morphism

we(POc Q. H = (PO Q) = T ) =

(P&, K ®, 0, (H = PxK) < (P&, K ®, Q) = (K < 0 >.9))
of Hopf algebroids, sending
(P Ok g’ u®, (pOxc q) ®s J) = (Poy ® Py ®u 4> @w) @, (p0) @4 Pty Bi q) ®, B(})),

where & and  are the associated maps to @ and 8 as in Lemma[3.8] and from which
we deduce the following commutative diagram:

(1’ Ogc Q. H<(POgc Q)XJ)

e

(msmgg, (7—1»<P><7()><(P®B7(®BQ)><(‘K><Q><5I))

\

(PH<P>K) (QK=<Q0=T)

/
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Applying the functor .Z to this diagram and taking into account that 8, §, 6, and  are
weak equivalences by Proposition[3.3] (while @ and ¢ are not necessarily so since P
and Q are just left bundles), we obtain the equality

FZO) o F(@) = ZO) ! o F(0)o FP) ! o F(a),
which means that
Z(Q,0,0) 0 F(P,a,p) = F(POy Q,&,0),

that is, .% is contravariant (in the proof of Proposition[6.12 we saw that 2 is also con-
travariant, hence .% o &2 is covariant). To show that .% is unique up to isomorphism,
one uses Lemmal6. 10l Finally, to check that the Diagram (6@.12) is commutative up to
2-isomorphism, one makes use of Lemmal[6.9] mi

7. PRINCIPAL BIBUNDLES AND MORITA EQUIVALENCES OF CATEGORIES OF COMODULES

In this section, which contains one of our main results (Theorem[Al in the Introduc-
tion), we explore the relationship between bibundles and Morita theory motivated by
Theorem[2.9] We remind the reader that, as in Definition[[T] two flat Hopf algebroids
are said to be Morita equivalent if their categories of (right) comodules are equivalent
as symmetric monoidal categories.

7.1. PRINCIPAL BIBUNDLES VERSUS MONOIDAL EQUIVALENCE. The result we
want to prove first and which will be part of the main theorem reads as follows:

THEOREM 7.1. Let (A, H) and (B, K) be two flat Hopf algebroids and (P, «,B) be a
principal (H, K)-bibundle. Then the functor

— 0y P : Comody, — Comody
induces a symmetric monoidal equivalence of categories.

Proof. Let us first check that the functor is symmetric monoidal: by Remark E.4] (ii),
there is an algebra isomorphism
AQyP=~pP°™=~B
as S is injective. Second, for two right H-comodules M and N define the map
6: Mo, P)®* (NO,P) > (M®'N)a, P, (mO, p)®°(no, p’)— (m&'n)0, pp’,

which is a morphism of right K-comodules, where the tensor products are those of

comodules as explained in Remark B3 In order to show that ¢ is an isomorphism,

we proceed similarly as before and show that 6 ®, id, is an isomorphism since P is

faithfully flat over B. Now a straightforward verification proves that the composition
Lusyy © (0 ®;1d,) (Mo, P)®; (NOy P))®; P — (M®, N)®, P,

using the natural transformation ¢ from (&.22)), coincides with the following chain

(Mo, P)®; (NOy P))®; P i Moy P)®; (N®, P) = (Mo, P)®; N)®, P

InN®aidy

M, P)® N — (M®, N)®, P
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of isomorphisms, where the last step simply uses the tensor flip and the associativity
of the tensor product. Clearly, ¢ is a natural transformation and compatible with the
symmetry of the tensor product of comodules.
Now we check that — O, P is an equivalence of categories, using the natural transfor-
mation

Ny M — (MO P)Ox P, m v (moy Oy m1y+) Oy m(1y-

for any right #-comodule M from @.23). As above, one shows that 17,, ®, P is an iso-
morphism by using the natural transformation £_ from @22). Explicitly, the inverse
of n, ®, P is given by

g‘ Oqg
(M Oy P)Ox P°) @, P—" (MO, P)®, P—2 > M ®, P,

where the first { corresponds to the left principal bundle P« while the second one
corresponds to P. One therefore has a natural isomorphism

(— Ok P*) 0 (= Oy P) —> idcomod-

Analogously, one obtains a natural isomorphism (— Oy P) o (= Oy, P°) — idcomody»
which concludes the proof. O

The converse of Theorem [Z.I] will be investigated in the next section; however, we
give here a partial answer when two Hopf algebroids are weakly equivalent.

PROPOSITION 7.2. Two flat Hopf algebroids (A, H) and (B, K) are weakly equiva-
lent if and only if there is a principal bibundle connecting them.

Proof. The implication (&) directly follows from part (iii) of Proposition[3.3l As for
the opposite direction (=), assume that there is a diagram

C.9)
'ZP/ w
(A, H) (B, K)
of flat Hopf algebroids, where ¢ and o are weak equivalences. Denote the associated
trivial bundles by P := K ®, C and Q := C ®, H. As shown in Proposition 5.1l and
explained in Remark[6.2] P € PB"(K,.9) and Q € PB"(J, H) are trivial bibundles,

and we can form the bundle PO, Q, which is an object in PB"(K, H), or equivalently
(PO, Q) € PB’(H, K), and this finishes the proof. m]

7.2. SYMMETRIC MONOIDAL EQUIVALENCE VERSUS PRINCIPAL BIBUNDLES.
Starting with two Morita equivalent flat Hopf algebroids, the aim of this subsection is
to extract from these data a principal bibundle. To this end, let us first recall some ba-
sic facts on monoidal functors, restricting ourselves to the case of monoidal categories
of comodules over flat Hopf algebroids.

Let (A, H) and (B, ‘K) be two flat Hopf algebroids, and assume that there is a symmet-
ric monoidal equivalence

F : Comodg; — Comodygk
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with inverse G in what follows. In particular, this means that there is a natural isomor-
phism

(7.1 O F(-®'-) — FOSF(-), ¢ B— F(A),

where the latter is an algebra isomorphism, and the notation —®"— stands for the ten-
sor product of comodules as was explained in Remark 3.3l Both ¢' and ¢° should
be compatible in a coherent way with the associativity, the commutativity (i.e., the
symmetries), and the unitary property of the tensor products of both Comody, and
Comody. Notice that, in this case, there also exists a symmetric monoidal equiva-
lence between left comodules.
The inverse natural transformation of ¢ will be denoted by y. It is known that the
functor G is also a symmetric monoidal functor; its associated natural isomorphism
can be computed from that of # by using the natural transformation defining the
equivalence.
Now, let M € rBicomody, where T is any commutative algebra, i.e., M is a (T, A)-
bimodule and right H{-comodule with left 7-linear coaction. Then, we have an algebra
map

A : T — Comody (M, M), t {m> tm},

which is used to get a new algebra map

A —2~ Comodq (M, M) ——~ Comodx(F (M), F(M)),

from which we obtain that 7 (M) is a (T, B)-bimodule and that its right coaction p,,,
is left T-linear, that is, .% (M) € yBicomody. Moreover, .% is restricted to the functor

F : rBicomody — rBicomody.

Following §23 & §39.3], since F is right exact and commutes with inductive
limits, there is a natural isomorphism over (right) modules Mody

(71.2) Ty F (=& M) — - F(M),

which is natural on M as well, and where the functor — ®, M : Mod; — Comody, is
defined as in (3.12)). Furthermore, Y’ defines morphisms of right K-comodules. Notice
that Y., : F (M) = T ®; F (M) is just the canonical map sending x — 1, ®; x.
For instance, in case M := H with left A-action given by the source s, we obtain an
algebra map

As : A — Comody (H, H), aw {uw s(a)u}.

The composition

A~ Comody(H, H) ——> Comods(F (H), F(H))

induces on F (H) an (A, B)-bimodule structure with a left A-linear right coaction p, .

In fact, F(H) becomes an (H, K)-bicomodule with these actions as follows. The
structure of a left H-comodule is given by

(13) X F(H) 2 FH @, H) ——> H @, F(H),
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using the natural isomorphism of Eq. (Z.2)), which can be shown to be a morphism of
right K-comodules. Similar arguments hold true for G. Furthermore, we have natural
isomorphisms

(7.4) = -0, F(H), G=-0,G6(K).

Since H is a monoid in Comodyy, it follows that ¥ () is a monoid in Comody. Thus,
F (H) is a right K-comodule algebra with respect to the underlying algebra map

(15) 8:BE 7)) 28 7).
Explicitly, the multiplication in F (H) is given by
(7.6) My FOH) & FH) —22 F(H @ H) o F(H),

Note that F(H) is commutative since ¢ is so (preserves the symmetries) as well as
H.

Next, we want to endow .# (H) with the structure of a left /{-comodule algebra using
the left comodule structure of Eq. (Z3). The A-algebra structure on ¥ () is given by
the linear map

(7.7) a:A—>FH), a FAs(a)(ry) = alsyy,

where 1,4, is just the identity element of the right %-comodule algebra ¥ (), which
can be identified with 7 (1) o $°(1;) = F (1)(154,). We have:

LEMMA 7.3. The map « of Eq. (L) is an algebra map. That is, there exists a map
which makes the diagram

FH)QF (H) —=>= F(H)F(H) — — — — — > F(H)
]
F(H)QPF (H) ———— F(H H)
commutative.

Proof. Tt is clear that a(1,) = 1,4, since F(As(1,)) = idsy,. Now, for a,a’ € A
compute

F (M) 0 Wi (F (As(@) (L) @5 F(As(@))(1 )

= F(my) o Yy o (F(As(@) ® F(As(a"))) (1r @5 Lrn)
= F(my) o F(As(a) ®" As(a’)) © Wy (1rir ®5 170

= F(my o (As(a) ®" As(a"))) © Wy (Lrir ®s 15

= F(s(aa’) o my) o Wy s (15 ®5 Ly)

= F(As(aa’)) o F(my) o Yo g (Lyzy ®s Ly

= F(As(@a’)) o My 1y ®5 Lr)

= FAs(ad))(1yq) = alad’).

As the last statement is obvious, this finishes the proof. O

My ((a) ®; aa’))
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In order to show that the coaction (Z3) is an algebra map with respect to @, we need
to introduce the following natural transformations:

Qyy: (X F(H) " (Y&, F(H) — X&,Y)e, F(H),

(7.8) (@ p)® (18, q) > (x8,)8, pd,

Vyxy : X, H)®" Y@, H) — X, V)e, H,

(7.9) xR, (YR, v) H— (XxQ,y)®, uv,

where X and Y are A-modules and where we used the multiplication in (). Using
a functor similar to the one in (3.12), one sees that  defines morphisms of right
¥ -comodules since the right K -coaction of F(H) is left A-linear (with respect to
the A-action given by «). Analogously, V defines morphisms of right #-comodules.
These natural transformations are compatible in the following way:

ProrosiTiON 7.4. The diagram

F(V)
F((XepH)2A (Yo, H)) ——————— F((Xo,V)epH)

/
F (XA H)SBF(YOL H) T

$

Q
(XesF(@#H))eB (You F(H)) — > (X@AY)@4F (H)
of right K-comodules commutes.

Proof. First, notice that both Yo (V) oy and Qo (T ®"”T) are natural transformations
on (X, Y). Now, up to the canonical isomorphisms A ®, H = H and A ®, F(H) =
F(H), we see that the diagram commutes for X := A and Y := A as this is just the
definition of the multiplication m;., defined in (Z6). Using the naturality of both
paths in the diagram, one can also show that the diagram commutes when X and Y are
free A-modules of finite rank. Since the involved functors commute with direct sums,
the same holds true when X and Y are free A-modules. Lastly, since all involved
functors are right exact, one can use free representations of any A-module to complete
the proof. O

PROPOSITION 7.5. The pair (F (H), ) is a left H-comodule algebra with respect to
the coaction [Z3).

Proof. We need to check that the map A = T o F(A) in (Z3) is an algebra map. First,
we prove unitality, that is, A(1-4,) = A(a(l,)) = 1y ®, ly4: this follows from the
commutative diagram

F(t)

F(A)

F (t)l lT(A)
FtesH)

F(H) ——————————> F(H&yH)

Tl lT
@4 F (H)

AU F (H) —————————————= HF (H),

F(A)
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where the left hand side 7T is just the canonical mapy — 1, ®, y.
Now we proceed to check that A is multiplicative. To this end, we show that the
diagram

m

FHBT (H) ————————————> F(H)ST(H) / F(H)

F (m)y
v
FH)SPF (H) ——————> F(HAH) FA)
\T(p)
F(mesH)
FOBF ) Faeha) F((HeAFBH) ————= F(HEAH)
79y
\"3
F(HAH)@BF (He,H) ————> F((HesH)&A He,H))
T T
Tebr
Q meyF(H)
(HoxT70)s? (Hen770) (HEAH)RAT (H) ————= He, 7 (H)

is commutative, which follows from Lemmal[Z3] Proposition[Z.4] as well as from the
very definitions of all involved maps and natural transformations. O

Our next aim is to show that ¥ (H) is a principal left (H, K)-bundle with respect to «
and . As a start, the subsequent lemma concerns the faithfully flatness.

LEMMA 7.6. Assume that there is a symmetric monoidal equivalence
F : Comodg — Comody

with inverse G. Then, for every right H-comodule M whose underlying A-module is
faithfully flat, ¥ (M) is a faithfully flat B-module.

Proof. One can easily check that there is a natural isomorphism
Ox(=) & F(M) — F(G(-) &' M),

where O, : Comody — Modp denotes the forgetful functor. Hence, Oy (—) ®; ¥ (M)
is a faithful and exact functor. Using the fact that F (M) carries the structure of a left
K -comodule (in fact its opposite comodule), we see that — ®, F (M) is a faithful and
exact functor. |

With the help of this lemma we can state:
PRrROPOSITION 7.7. The triple (F (H), a, B) forms a left principal (H, K)-bundle.

Proof. From Proposition follows that (¥ (H), @) is a left H-comodule algebra.
Therefore, (F(H), @, B) is an (H, K)-bicomodule algebra since (F(H),[) is a right
K -comodule algebra.
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As H, is faithfully flat, 7 ()3 is, using Lemmal[Z.6 also faithfully flat and therefore
B is a faithfully flat extension. To complete the proof, we need to check that the
canonical map

CaNyrun - FOH) & FH) 2L g1 @, F(H) & F(H) L™ 3 @, F(H)

is bijective. To this end, using Eqs. (Z3) and (Z.8) to express the coaction and the
multiplication in F (H), we write down the map can, s, in the diagram

FARBFH) TeBF(H)

F(HOSPT (H) F(He H)SPF (H) HAF (H)SPF (H)
v v HeAW
F (A4 H) LS
FHANH) ——————— F((Ho H)&H ) =F (Hor (HOAH)) —————————> He, F(H H)

F(H®4 m) H®AF (m)

T(z:an,H\,H)

F(HRAH) HOAF (H).

Once shown that this diagram is commutative, it follows that the canonical map for
F (H) is bijective as can, 4, = YoF (can, ,)oy, where can,,,, is bijective being the
canonical map of the unit bundle % (). To check that the above diagram is commu-
tative, one only needs to show the commutativity of the rectangle in the upper right.
This, in fact, forms part of the well-known properties of the natural transformation
T; for the sake of completeness, we explain how this works: to start with, denote by
7,8 : Mod, — Comodyg the functors

TX) = F X H)S F(H), SX)=F (X, (H& H)).

Clearly, y(_g,.# : 7 — S is a natural transformation. Since 7 and S commute
with direct limits, we have for every A-module X:

(X @ Wiag,r, 70 © Ty = Ty 0 Yixa, 20, #-
Using this equality for X := A, we deduce the claim since Y} = T5®"F (H) holds. O

COROLLARY 7.8. Let (D, I) be another flat Hopf algebroid. Then the functor
restricts to a functor

F :PB(Z,H) — PB'(Z,%).

Proof. By Proposition [Z7] the triple (F(H), a,B) defines a principal left (H, K)-
bundle; the cotensor product (R0, F(H),d,5), where (R,6,w) is a principal left
(I, H)-bundle, yields as in Lemmal[6.1] a principal left (7, K)-bundle. Then, the first
natural isomorphism of Eq. (Z.4) leads to RO, F(H) = F(R), which is an isomor-
phism of (Z, K)-bicomodules, and this proves the claim. O

The following proposition (mentioned in Figure[Ilin the Introduction) shows that two
Morita equivalent Hopf algebroids are connected by a principal bibundle.
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PRrROPOSITION 7.9. Let (A, H) and (B, K) be two flat Hopf algebroids. Assume that
there is a symmetric monoidal equivalence of categories ¥ : Comodg — Comody
with inverse G. Then (F(H),a,pB) is a principal (H,K)-bibundle whose opposite
bundle is G(K).

Proof. Set P := F(H) and Q := G(K). From Proposition[Z 7l follows that (P, a, B) is
a left principal (H, K)-bundle. Interchanging ¥ with G, we also obtain that (G, o, 6)
is a left principal (%, H)-bundle, where 6 : A = G(B) — G(K), and o is constructed
in the same way as was «.

On the other hand, using the equivalences # and G together with the natural transfor-
mations

F=-04P G=-00,
of Eq. (Z.4), we obtain the isomorphisms

PO, Q= %(H), Qo P=%(K)

of H and K-bicomodules, respectively, which fulfil the triangle properties (6.4) and
(&3). This implies that (P, @, ) is an invertible 1-cell in the category PB‘(H, K) of
principal left bundles. Now, conclude the proof by making use of Proposition
(). O

To sum up, we can state the main theorem of this article motivated by Theorem[2.9]in
the groupoid case:

THEOREM 7.10. Let (A, H) and (B, K) be two flat Hopf algebroids. The following
are equivalent:

(a) (A, H) and (B, K) are Morita equivalent.
(b) There is a principal bibundle connecting (A, H) and (B, K).
(c) (A, H) and (B, K) are weakly equivalent.

Proof. The implication (a) = (b) is Proposition whereas the implication (b) =
(¢) is contained in Proposition[Z.2l Finally, the step (¢) = (a) is obvious from the very
definitions. |

Remark 7.11. As mentioned in Figure[Ilin the Introduction, Theorem [Z1] also states
the implication (b) = (a), whereas Proposition[Z.2 moreover yields (¢) = (b).

7.3. THE CATEGORICAL GROUP OF MONOIDAL SYMMETRIC AUTO-
EQUIVALENCES. In this subsection, we combine the results of Theorems [/.10
and [Z1] by taking a single flat Hopf algebroid. More precisely, we show that all
symmetric monoidal auto-equivalences of the category of right H-comodules form
a categorical group with morphisms given by natural tensor transformations, and
conclude that this group is equivalent to the categorical group of principal bibundles.
Denote by Aut®(A, H) the category of monoidal symmetric auto-equivalences of the
category of (right) comodules Comody, over a flat Hopf algebroid (A, ). Morphisms
in this category are natural tensor transformations, that is, natural transformations
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0 :.# — Z’ such that the diagrams
(7.10)

F(X®"Y) F'(X @' Y) FA) —2

o ST GO N

FX) & F(Y) —222 _ z(X) e F/(Y)

Oxety

commute. Note that this gives a sets-category (in the sense that homomorphisms be-
tween two objects form a set) as Comodyy is a Grothendieck category and the involved
functors preserve inductive limits. The category Aut®(A, H) is itself a monoidal cat-
egory with multiplication given by the composition of functors and identity object
given by the identity equivalence idgomg,, - On the other hand, as in Subsection[6.1] we
are interested in the monoidal category (PB"(H, H), O, , % (H)). Both categories are
in fact categorical groups (more precisely, a 2-group and a bigroup) and are equivalent
as such.

PrOPOSITION 7.12. Let (A, H) and (B, K) be two flat Hopf algebroids, %, F’
Comody — Comody two symmetric monoidal equivalences, and © : F — F' a
natural tensor transformation. Then Oy : F#(H) — F'(H) is a morphism of prin-
cipal (H,K)-bibundles. In particular, © is a natural isomorphism and consequently
(Aut’(A, H), 0, idcomea,, ) is a categorical group.

Proof. By definition, @4 is a morphism of right K-comodule algebras. Let us check
that it is also a morphism of left H{-comodule algebras. Recall that the respective left
comodule algebra structure of both % () and .%’(H) is given as in Proposition [Z.3l
That ®g is left H-colinear follows from the following diagram:

F(H @, H) 7O F(H)

H R, F(H)
Oy

HR,0Oq ’
L TGHe, il F'(H)
o
= 2
H o, F'(H)

where the left hand square is commutative by the universal property of the natural
isomorphism . The A-algebra structure of .7 () is given by the algebra map a”™ :
A - F(H), a— F(A,(a))(1 24,), and similarly for .7’ (H), see Eq. (Z7). Thus, for
any a € A, we have
0y 0 a”™(a) = Oy 0 F(A(@)1 z4) =
= F' (@) 0 Oyl 540) = F' (@)1 515) = @7 "(a)

since ®,, is a B-algebra map. Therefore, ®,, is an A-algebra map as it is multiplicative,
and this finishes the proof of the first statement. Now, by Lemma 0, is an
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isomorphism and this suffices to show that ® is a natural isomorphism: using the
natural isomorphisms given in Egs. (Z.2) and (Z.4), one can see that the diagram

7 2 T
— 0Oy F(H) “oon — 0Oy F'(H)

of natural transformations commutes, which means that ® is a natural isomorphism.
O

The following is Theorem[Blin the Introduction:

THEOREM 7.13. The functors

(AUt®(A7 (I—{)y 07 idComod(H) — (PBb(Wy 7—{)’ D'H ’ %(7—{))7 g > JOZ.((]—{)
(PB"(H,H), Oy, % (H)) — (Aut’(A,H),0,idcomoa, ),  (P.a,f) +— —OyP

establish a monoidal equivalence of categorical groups.

Proof. This essentially follows from Proposition[Z.12] Theorems[Z.IQland[Z.1l in com-
bination with Corollary [6.8] O

APPENDIX A. SOME OBSERVATIONS ON COINVARIANT SUBALGEBRAS

As our guideline was to mimic the theory of principal bundles in the Lie groupoid
context, we include for sake of completeness two results dealing with coinvariant sub-
algebras. They correspond to the statement that for any ¢-equivariant submersion
Q — P, where P is a principal ¢-bundle and Q a ¢¥-manifold, Q/% is a manifold as
well and the canonical projection Q — Q/% yields a principal ¢-bundle, see
Lemma 2.8].

PROPOSITION A.l. Let (Q, o) be a left H-comodule algebra, F : P — Q be an H -
colinear injective map of A-rings, and (P, «,8) a trivial left principal (H, K)-bundle
of the form P .= H ®, B. Consider the algebra Q ®, B, defined by using the splitting
of B in the second factor and F in the first one. Then

(i) there is an algebra isomorphism
T = Qcoinv,H ~ Q®P B,

and the canonical monomorphism t : Q“™# — Q splits as an algebra map;
(it) the triple (Q, 0, 7) is a left principal (H, T)-bundle.

Proof. Denote by
v:P:=H®,B— B, u®,b ¢)(c(u))b,
the splitting of B, see Example[d.9] To prove (i), define first
0:0® B—> 0, q® b qoF(7(q-n)®,b),

which via the map (¢ ®; b, q¢") — w(q ®; b)q’ yields a left (Q ®, B)-action on Q. One
can easily check that w is well-defined and has

K: Q- 0® B, ¢ g ® d(e(gr))
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as a splitting, that is, k¥ o = idgg,p. Since the image of w lands in Q“™#, we can
use this splitting to establish an isomorphism Q“™# = Q ®, B of algebras, which also
shows that 7 is a split monomorphism.

To prove (ii), we already know by part (i) that t splits, so in order to prove that T is
faithfully flat, we only need to check that t is flat or, equivalently, that this is true for
. To this end, we will check that there is a natural isomorphism

— ®peps 0 - -0, H,

where we consider Q ®, B as an A-algebra via the map ¢, in the second factor. This
will be sufficient since H, is flat. Let X be a (Q ®, B)-module and consider the map

B X ®pops Q = X B Hiy X ®pops ¢ — (2(q(0) ®p 14)) ®4 q(-1)
which is well-defined as the following consideration shows: from one hand, we have
H(x(g® D) ®q") = (x(qq(p) ® b)) ®s q(_y)-
On the other hand,
H(x® (g ® b)q') Hx ® (g0 F (L (g-1) @ b))q")
= x([%)F(y(%—l)) ®, b)q(p)] ®» 13) ® q(_1)
= (g0l @ Y7 (q1) ® b)) @, g/,
= x(q0q() ® ¢o(8(Q<—1)))b) ®4 g1y

(
(
= x((qodl) & y(e(q1))b) &, gy,
(
(

= x((q0dlo F(s(e(g-1)) ®, 1,)) 8, b) ®, q[_,,
= (9090 (E(@-1)) @ b) &, q[_,,
= x((qq)p @ D)) @4 4/,
= Hxgerb)eq),
which shows the well-definedness of . The inverse of } is now given by
O X @ H, — X ®pops O X®y Ul > X B F(U®, 1),

and the fact that ¢} is a natural transformation is easily checked from the definition. Let
us finally check that the canonical map can : Q ®, O — H ®, Q is bijective; define

can”' i H®, 008 0, u®,q+ Flug®,1,) 0 F(L(up)®, 1,)q,
and we leave it to the reader to check that this is the desired inverse, indeed. O
In case that P is no longer trivial, we can make the following statement:

PROPOSITION A.2. Let (Q,0), and F : P — Q be as in Proposition[A Iland (P, «, )
any left principal (H, K)-bundle. Then the canonical map

can: 0@, Q> H®, 0, q® 4 = q1)® q0q

is bijective, where T : Q™+ =: T — Q is the canonical monomorphism.
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Proof. Define a map
can: He®, Q- 08,0, u®,q+ Fu,)® F(u-)q,
and we will explicitly compute that can o c@n = idy,, along with c&n o can = idy,,¢.
Since F is an H-colinear morphism of algebras, one sees that
(canocan)(u®,q) = (F(u.))-1) @ (F(u)) o F(u-)q = ui-1) @ Flusou-)q = u®, q,
using (£.6). On the other hand,
(can o can)(q ®; ¢') = F(q-1y+) @ F(g-1)-)q0)4’
= F(qn)F(q-1)-)90) @ ¢
= F(a(e(q@-n))q0 ® ¢ =q®: q',

using (£4) in the third step, and where the second step is justified by the fact that an
element of the form g(_1y+ ®; F(q1)-)q(0) € P®,Q actually lies in P®,T = P®, Q™"
which we show now:

(id; ®5 D(g(-1)+ ®s F(q(-1)-)90)) = 4(-2)+ ®5 G(-2)-(-1)q(~1) ®s F(q(~2~0))q(0)
= g3+ ®s L (q-2)q-1) @1 F(q(-3)-)q(0)
= q(-2)+ ®5 1(e(q(-1)) ®4 F(q-2)-)q0)
= q-1y+ ® 191 &4 F(q(-1)-)q(0)
where we used the H-colinearity of F together with (@.I1) and (£.4). m]

Remark A.3. If one were able to show that t is a faithfully flat extension, then the
triple (Q, o, T) became a left principal (H, T')-bundle.
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