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Groups (i are often obtained as groups of symmetries (or automorphisms) of

mathematical structures like a vector space (over a fixed field K) or two vector spaces
together with a linear map between them or a whole diagram of vector spaces, where
a symmetry of such a diagram is a family of automorphisms one for each vector space
which are compatible with the linear maps of the diagram (a natural automorphism).
This process of constructing the group of symmetries is a special case of the notion
of (Tannaka-Krein) reconstruction.
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Conversely given a group (i one considers its representations G — GL(V) in
vector spaces V' over the field K. All representations of G form the category xg M
of modules, which we may consider as a huge diagram of vector spaces. The category
keM has an additional interesting structure — the tensor product V @ W of two
representations is again a representation in a canonical way, g M is a monoidal
category. A special consequence of reconstruction theory is the fact that G may
be recovered as the full group of those symmetries of this huge diagram which are
compatible with the tensor product. This process seems to be the inverse of the
first one. In a more general setting there are, however, subtle deviations. One may
reconstruct much larger groups of symmetries than what one started out with.

More generally we know that algebras A, Lie algebras g and Hopf algebras H
can be reconstructed from their categories of modules. For the reconstruction of an
algebra A one actually needs not only the category of A-modules A-Mod but also the
underlying functor w : A-Mod — Vec. Then A (as an algebra) can be reconstructed
(up to isomorphism) as end(w), the categorical end of the underlying functor. For
the reconstruction of a Hopf algebra H one needs in addition the monoidal structure
of H-Mod. Then the full Hopf algebra structure can be reconstructed [DM82, Pa81,
U189].

This stands in pointed contrast to another similar result, the Morita theorems
[Ba68], which show that the knowledge of the category of modules A-Mod of an
algebra A does not determine A up to isomorphism.

As we remarked before, the forgetful functor w : A-Mod — Vec is essential in
the process of reconstruction. In particular one has to consider representations of
the given objects (algebras, groups, Lie algebras, Hopf algebras) in vector spaces.
Representations in categories of objects with a richer structure like super vector
spaces, *-spaces, graded vector spaces, comodules over Hopf algebras have a different
behavior.

Instead of the base category Vec we wish to use an arbitrary braided monoidal
category A. There are many examples for such a base category A such as L-Mod, the
category of modules over a quasitriangular Hopf algebra L, L-Comod, the category
of comodules over a coquasitriangular Hopf algebra L, YYD, the category of Yetter-
Drinfeld modules over a Hopf algebra with bijective antipode, or dys C4, the category
of dyslectic modules over a commutative algebra in a braided monoidal category
C [Pa95]. We study the following problem: given an algebra, a bialgebra, or a
Hopf algebra H in A, can it be reconstructed from g.A, the underlying functor
w: gA — A and the monoidal structure? A special case is the reconstruction of
a super algebra from its super representations.

The surprising solution of this problem shows that one usually reconstructs an
object end(w) from the underlying functor w : g A — A in A that is much bigger
than H. In the group case (for H = k() this amounts to additional symmetries
which we call hidden symmetries. A concrete case of such a hidden symmetry is
given in 5.1.8. In the (Hopf) algebra case the situation is more complex but we also
talk about hidden symmetries. In certain cases we describe precisely the additional
hidden symmetries by a smash product decomposition of the reconstructed object.

We control the process of reconstruction by a control category C which operates
on w: gA — A. With different choices of the control category C we obtain
different reconstructed objects end¢(w) from one and the same underlying functor
w:pgA— A We study the properties of end¢(w).
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The second section of this paper is devoted to some basic notions from the theory
of braided monoidal categories C and the notion of C-categories. The most interesting
examples for C are the categories of modules resp. comodules over Hopf algebras
with an additional structure known as a quasitriangular structure resp. braiding,
one example is the category of super vector spaces, furthermore the category of
Yetter-Drinfeld modules.

In the third section we study the general algebraic structure of reconstructed
objects in a braided monoidal category. We separate the discussion of the properties
of reconstructed objects strictly from the existence theorems that are treated in
the fourth section. We have decided to base our investigations on coalgebras and
(right) comodules instead of algebras and (left) modules, because the fundamental
structure theorem for comodules makes certain constructions in vector spaces in this
case much easier. So we study the coend of a functor w : B — A as the universal
natural transformation w — w ® U and show that such a universal coend(w) =
U € A carries the structure of a coalgebra, a bialgebra, or even a Hopf algebra
depending on the properties of w. These structures on the coend of a functor have
already been studied in various papers [Mj93b, Mj94a, Mj94b, Pa93, Sch92a]. Our
techniques allow us to restrict the class of natural transformations (by the notion of
C-morphisms and by choosing different control categories C), which gives us a family
of different universal transformations w — w @ Uy parametrized by the choice of
control category C and thus different coalgebras, bialgebras, or Hopf algebras Ue.
This technique was first used in [Pa78, Pa81]. Now we expand this technique to the
case of braided monoidal categories to study the structure of hidden symmetries. It
turns out that some of the structure is connected with coadjoint coactions, cosmash
products and transmutation.

In the fourth section we show under which conditions a coalgebra €' in A can
be reconstructed from the category of C-comodules A“ in A and the functor w :
AY — A. If C is a coalgebra in the C-monoidal category A = C and w : AY — A
is the underlying functor then C' = coend¢(w) ([Pa81] and Cor. 4.3 with Cy = C).
One would like to have a more general theorem of the form: if C' is a coalgebra in an
arbitrary C-monoidal category A and w : A — A is the underlying functor then
C = coend¢(w). This, however, is not true because of hidden symmetries, which
live in part in A (or more precisely in coend¢(id : A — A), see section 5). Our use
of control categories allows us to reconstruct a coalgebra from its representations
(comodules) in an arbitrary monoidal category A, namely €' = coend 4(w : AY —
A) (no braiding of A is needed). This fact allows us now to wonder about and study
the additional hidden symmetries appearing in coend¢(w). Various refinements of
this reconstruction can be found in Theorems 4.1 and 4.2.

The second existence theorem deals with the (re-)construction of C' in the case of
an arbitrary C-functor w : B — A. Conditions for such a reconstruction have been
developed in many papers, such as [UI89, Ul90] in the case A = Vec. In our situation
we can prove the following: if w : B — C is a Cp-functor which factors through
the category Cy of rigid objects in C and if C is cocomplete then U, = coendc,(w)
exists. A weak variant of this theorem was proved in [Mj93b] (Theorem 2.2) where
B is essentially a category with only a finite number of objects and morphisms, the
control category is trivial, and only rigid objects are reconstructed (for more details
see the remarks in 4.1.2).

In section five we show as one of the main results of this paper that the universal
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object coend¢(w) = Ue for a functor w : B — A tends to decompose into a cosmash
product of a Hopf algebra with a coalgebra. In particular we show the following. If
H is a braided Hopf algebra in a braided monoidal category D, (' is a coalgebra in
D and w : (DH)® — DH is the underlying functor. Then there is a canonical
isomorphism

f i coendp(w) — coendp (idDH)%éCCOGHdDH (w),

where we use a cosmash product with respect to the transmutation multiplication
in H. As a special example one obtains for a braided Hopf algebra H over a field
K, an H-comodule coalgebra ', and the functor w : (VGCH)C — Vec| that the
coend of w is the cosmash product H%ECC = H#C.

In the Appendix we study certain connections between K-additive categories and
our notion of C-categories and show in particular (Theorem 6.4) why there are no
hidden symmetries in the case of representations in ordinary vector spaces.

2. BRAIDED CATEGORIES AND C-CATEGORIES

Throughout this paper let A be a monoidal category, i.e. a category together with
a bifunctor @ : A x A — A, a neutral object I € A, and natural isomorphisms
a: (PRQ)OR— PR(QOR),A\: [@P — P,and p: P& 1 — P, satisfying the
well-known coherence (constraint) conditions. Without loss of generality (by Mac
Lane’s coherence theorem [ML71] Theorem 15.1) we shall assume that A is a strict
monoidal category, so that all associativity and unit isomorphisms are identities.
Similarly C will be a monoidal category throughout.

We are mainly interested in the case where A is the category of (right) modules
Mp or comodules M? over a bialgebra B (over a field K) with the canonical
monoidal structure. Further examples are Vec the category of vector spaces over a
field K, vec the category of finite-dimensional vector spaces, mod-B, the category
of finite-dimensional (over K) B-modules, and comod-B, the category of finite-
dimensional B-comodules. Some interesting topological examples may be found in

[Ye90].

2.1. C-categories. We will need the notion of categories, functors, and natu-
ral transformations “over” a monoidal category C, which we call C-categories, C-
functors, and C-morphisms. Many of their properties have been investigated in
[Pa77, Pa81]. They are built in analogy to G-sets and their morphisms or R-modules
and their morphisms.

Definition 2.1. A category B together with a bifunctor ® : C x B — B and
coherent! natural isomorphisms #: (X @ YV)@ P — X @ (Y @ P) (for X,Y €
C,PeB)and m: [ ® P — P will be called a (left) C-category. (For the coherence

conditions see [Se79].) In such a context we will call C a control category.
Some of our main examples are:

2.1.1. A monoidal category A is an A-category.

'Whenever we use the term “coherent” we mean that the given natural transformation is coher-
ent also with respect to the already existing coherent natural transformations, in this case with «,
A, and p. The minimal requirements for coherence are obvious in most cases. We do not further
investigate them.
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2.1.2. Let A(withmy: A® A — Aand uy: [ — A) be an algebra (a monoid)
in A, i.e. the multiplication m 4 is associative and unital (with unit morphism w4).
In the situation A = MP, such an algebra A is called a B-comodule algebra. In the
case A = Mp, such an algebra A is called a B-module algebra [Sw69).

2.1.3. The category B = A4 of (right) A-modules (P,x : P @ A — P) in A
is a (left) A-category, since X @ P carries the structure of a right A-module by
(X@P)AZX@(PRA) — X0P.

2.1.4. A vector space P is in (MP), if and only if P is a right B-comodule and
a right A-module such that §(pa) = Y peyap) @ payeqa), a B-A-Hopf module. A
vector space P is in (Mpg)a iff P is a right B-module and a right A-module such
that (pa)b = >>(pbu))(ab(y)), i.e. a B# A-module.

2.1.5.  Furthermore let C' (with A¢ : € — C®@C and ¢ : € — ) be a coalgebra
in A. In the situation A = MP, such a coalgebra C is called a B-comodule coalgebra.
In the case A = Mp, such a coalgebra C is called a B-module coalgebra.

2.1.6. The category B = AY of (right) C-comodules (P,§ : P — P ® () in A
is a (left) A-category, since X @ P carries the structure of a right C-comodule by
XoP —=Xe(Pol)=(XeP)oC.

2.1.7. A vector space P is in (MP)7 if and only if P is a right B-comodule and a
right C-comodule such that

P ki P B
5@ 56’ ®1dB

PoC—2.(PaC)2B

commutes, i.e. P is a B#°C-comodule, a comodule over the cosmash product. A
vector space P isin (Mpg)Y iff P is a right B-module and a right C-comodule such

that dc(pb) = Y p(oyb1) @ pc,1yb2)-

Definition 2.2. Let B and B’ be C-categories. A functor w : B — B’ together with
a coherent natural isomorphism ¢ : w(X @ P) — X @ w(P) is called a C-functor.

Observe that our assumption on coherence implies in particular that 7’¢(1, P) =
w(m).

2.1.8.  The identity functor id : A — A is an A-functor. Furthermore the forgetful
(underlying) functors w : Ay — A resp. w : AY — A are easily seen to be A-
functors. If f: A — A’ is an algebra morphism in A, then the induced functor
w: Ay — Ay is an A-functor. Similarly if f: C' — C" is a coalgebra morphism
in A, then the induced functor w : A — A% is an A-functor.

2.1.9. We will use additional C-functors. Let w : B — A be an C-functor and let
MeA Thenw@ M : B35 P~ w(P)@ M e Ais again a C-functor.

Definition 2.3. Let B and B’ be C-categories and w : B — B’ and o’ : B — B’ be
C-functors. A natural transformation ¢ : w — ' is a C-morphism if the following
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diagram commutes
w(X ®@ P) M)w’()( @ P)
£(X,P) ¢'(X,P)

X ®w(P))MX @ w'(P).

We will denote the set? of natural transformation from w to «’ by Nat(w,w’) and
the subset of C-morphisms by Nate(w,w’).

2.1.10. These C-morphisms will be of central importance for reconstruction, so we
will give an example. Let B be a bialgebra in Vec and C = A4 := Mp. Let A be
an algebra in Vec. It can be considered as a B-module algebra by the trivial action
ab := ae(b). Let B := (Mp)a. Consider the C-functor w : (Mp)s — Mp with
w(P) = P, the forgetful functor. Then for any a € A the morphism ¢, : w — w,
0a(P) : w(P) — w(P), pu(p) = pa is a natural transformation and in fact a C-
morphism. For any b € center(B) the morphism ¢} : w — w, @p(P) : w(P) —
w(P), gp(p) = pb is a natural transformation, but in general it is not a C-morphism.
If 5 is a C-morphism then for the special choice X = B, P= B ® A, x = 1p, and
p =1 ® 14 we have Zb(l) X b(z) @14 = Zb(l) X b(z) X 1Ab(3) = be(l) ®pb(2) =
op(r @p) =@ pp(p) =2 @pb =1 @b @ 14, and hence A(b) = 1 @ b which
implies b = o - 1 (a € K). Conversely for b = o - 1p it is easy to see that @, is a
C-morphism.

2.2. Braided categories. For the definition and study of more complicated ob-
jects, like bialgebras and Hopf algebras in C, we assume that the monoidal category
C is braided (or a quasitensor category) with a natural isomorphism of bifunctors
oxy : X @Y 2Y @ X, the braiding, such that (ly @ ox z)(oxy @ 1z) = oxvez
and (ox,z @ ly)(lx @ oy,z) = oxgv,z-

2.2.1. A quasitriangular structure or universal R-matriz [Dr86] for a bialgebra B =
(B,m,u,A,¢) in Vec is an invertible element R = > Ry ® Ry € B ® B such that
(1) Vbe B: 7A(b) = RA(b)R™,
(2) (A 1)(R) = RizRys,
(3) (1@ A)(R) = Ri3Ry
where Ri; = R®@1p, Ri3 =) R @15 ® Ry, and Ry3 =15 ® R.

2.2.2. A coquasitriangular structure ([Sch92b] Definition 2.4.4 and [L'T91)) or braid-

ing is a convolution-invertible homomorphism r : B @ B — K such that

(1) mr=rxmxrt

(2) r(m @ 1) = rt¥r®
(3) (1 @m) =ri3rt2

2.2.3. If Bis quasitriangular then Mg is a braided monoidal category with ox y (2@
y) = S (yR: @ xRy) [Drs6].

2.2.4. If B is coquasitriangular then M? is a braided monoidal category with
oxy(r ®@y) = (Yo @ z@))r(rr @ y1) ([Sch92b] Remark 2.4.6; see also the last
paragraph in [Pa81]).

2There are well known standard methods to handle the set theoretic difficulties of this
construction.



RECONSTRUCTION OF HIDDEN SYMMETRIES 7

2.2.5. Here are some observations from [Mj94a] about algebras, bialgebras and Hopf
algebras in braided monoidal categories C. If A and B are algebras in C then so is
A ® B. We use the graphical calculus [Ye90] to describe the algebra multiplication
as

ABAB

/

A B
which represents the morphism (m4 @ mp)(1la @ op,.4 @ 1g). One checks that A® B
becomes an algebra with this multiplication.
This allows us to define a bialgebra in C which is an algebra (B,m,u) and a

coalgebra (B, A, ¢) such that

160 Tl 1 8-

e, Am=(mam)(1e@ 1)(A@A),em=c®e¢e, Au=u@ u, and eu = 1.
A bialgebra H in C is a Hopf algebra with antipode S : H — H in C if it also
satisfies

H H H
644
H H H

A bialgebra H in C has a twisted antipode S in C if it satisfies

H H H
08
_@_

H H H

The notion of a braided bialgebra in C is somewhat more subtle and has been

studied in [Mj93a].
2.3. C-monoidal categories. Now let C be a braided monoidal category.

Definition 2.4. Let B, B’, and B” be C-categories. A bifunctor w : B x B — B”
together with natural isomorphisms coherent with the C-structures on B, B’, and
B//7

(1) &xpow(X©PQ) — X 0w(P,Q),

(2) TPxg:w(P,X2Q)— X w(P,Q), and

(3) 7~—X,P,Q X@w(P,Q) —>w(P,X®Q)

is called a C-bifunctor, if the following diagrams commute
WX OPY ©Q) LY @uw(X 0 P,Q)—5-Y 0 X 0 w(P,Q)
é UX7Y®1W(P7Q)

XOw(PY ©Q)~2X% X 9y @ w(P,Q)
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WP, XQY Q)= XY 0w/l Q)
TP,X,YQQ 1x®7pyv,Q

XowlPY @Q).

XY @wP Q) —20 (P X®Y 0Q)
1X®;Y,P,Q TX,P,Y®Q

XowlPY @Q).

and

Y 0 X 0wl Q) 2y 0 w(X 0 P,Q) X% (X 0 PY @ Q)
7y, x OLu(p,q) ¢!

XOV @wP,Q) 209 X o w(PY Q)

(suppressing the coherence isomorphisms a and 3 from Definition 2.1, i.e. going to
the strict case.) The corresponding braid diagrams are

XPY XPY(QO PXY PXYQ XYP XYPQ YXP YXP
Wﬁ B K/\ﬁ S/ B w \w/ B Kfﬁ L/ B / J
=7 (D=1 MN11=; (=1
YXPQ YXPQ XYPQ XYPQ PXYQ PXYQ XPY(Q XPYQ
Observe that 7x pg is not the inverse of 7p x . Both morphisms are associated

with o in the control category, so in braid diagrams they will be represented by a
braid with the same orientation as o.

2.3.1. If A =Cisabraided monoidal category, B is an A-category and w : B — A
is an A-functor, then the bifunctor w @ w : B x B — A given by (w @ w)(P, Q) =
w(P)@w(Q) is an A-bifunctor. The bifunctor (w@w@M)(P, Q) = w(P)2w(Q)2 M
for M € A is also an A-bifunctor.

2.3.2.  In a similar way define a C-multifunctor property for multifunctors w : By x
...xX B, — B. In particular functors of the form w®...@w =w" : Bx...xB — A
and w®@... QWM =w"@M : Bx...xB — A are A-multifunctors, ifw : B — A
is an A-functor and M € A.

Definition 2.5. Let B, B’, and B” be C-categories and w,w’ : B x B’ — B” be
C-bifunctors. A natural transformation ¢ : w — W' is a C-bimorphism, if the
following diagrams commute

W(X © PQ) ©(XePQ) W'(X @ P,Q)
] 5
X ow(P,Q) X©e(PQ) X ow(PQ)

W(PY ©Q)—2E (P Y 0 Q)
TPY,Q ThY,Q

Y 0w(P,Q) — 2By g u(PQ)
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Y 0w(P,Q) — 2By g u(PQ)

~ =
TY,P,Q Y, P,Q

W(PY ©Q)—2E L (PY 0 Q)
Let Nate(w,w’) denote the set of C-bimorphisms.

For multifunctors w,w’ : By x ... x B, — B we proceed in a similar way. A
natural transformation of multifunctors p : w — W’ is called a C-multimorphism,
if commutative diagrams as above hold for all variables.

Definition 2.6. Let A be a C-category with a coherent structure of a monoidal
category with tensor product P © Q. If @ : Ax A — Ais a coherent C-bifunctor,
then A is called a C-monoidal category. In particular the structural morphisms «,
A, and p for A are C-morphisms in each variable from A.

If we go to the strict case we assume ac¢, A¢, pe, B, T, aa, Aa, pa, and & to be
identities. Then the necessary equalities for the strict case are

([, X, P) =id,

(X, 1,P)=id,

r(P,X.Q) © 1n=1(P.X,Q O R).

X, PQ O R)=FX,P.Q) O 1p. i
((P.X,Q) & Lp)(1p & 7(Q, X, ) = 7(P & Q, X, R),
(1P @ %(XvaR))(% X7 PvQ) ® 1R> = %(va ® QvR)

Observe that C is a C-monoidal category (since C is braided).

Definition 2.7. Let 4 and B be monoidal categories. A monoidal functor is a
functor w : A — B together with coherent natural isomorphisms v : w(P @ Q) =
w(P) ® w(@) and ¢ : w(l4) = I5.

If A and B are C-monoidal categories, w : A — B is a monoidal functor and a
C-functor, and v : w(P © Q) = w(P) @ w(Q) is a C-bimorphism, then w is called a
C-monotdal functor.

Let w,w’': A — B be C-monoidal functors. A natural transformation ¢ : w —»
w' is a C-monoidal morphism, if ¢ is a C-morphism and monoidal.

Definition 2.8. Let A be a C-monoidal category together with a braiding o =
o4 P ©Q— Q@ P. We call Aa C-braided C-monoidal category, if the braid

morphisms in both categories are coherent w.r.t. the braid group, in particular if

POX2Q) ——~(X2Q)dP

and
XoPoQQ) %X Qo P)
-l Nt
(XOP)®Q—"—Q & (X®P)



10 BODO PAREIGIS

commute. Observe, however, that the diagrams

(XoP)2Q—"—~Q o (XaP)

gJ l

~

XoPoQ) 2Xa(QoP)

and

POX2Q) ——(XoQ)dP

do not necessarily commute since their braid diagrams are

XP XPQ XP X;D
f??@ i | (??P\/T
XQP XQP XQP XQP

In principle arbitrary tensor products of objects from C and from A can be formed
and twisted by elements of the braid group with the exception of tensor factors from
C appearing on the far right of a tensor product containing tensor factors from A.

Definition 2.9. An object P in a C-monoidal category A is called C-central, if

)

XoPoQ XV poxe ™V xare@)=id

holds for all X € C and @) € A.

Theorem 2.10. Let A be a C-braided C-monoidal category. Let B be a C-central
bialgebra in A, C be a coalgebra in A and z : C — B be a coalgebra morphism.

Y is a C-category;

A

AP is a C-monoidal category;

wi= A" AY — AP is a C-functor;

the forgetful functor w : A — A is a C-functor;

if C is a C-central bialgebra and z : C — B s a bialgebra morphism then
wi= A AY — AP is a C-monoidal functor;

(6) the forgetful functor w : AP — A is a C-monoidal functor.

Proof. (1) similar to 2.1.6.

(2) A little calculation shows that AP is a monoidal category ([Mj94a] Prop. 2.5)
with the comultiplication on the tensor product given by (1p @ 1lg @ mp)(lp @
oo @1p)dp@dg): PRQ — PR Q®B. AP is also a C-category by (1). The
natural transformation ¢ : (X @ P) 00 — X (P ® () is compatible with the
comultiplication with B from the right. So it is in A®. The natural transformation

T:P@(X@Q)%X(@(P@Q)satisﬁes

T&X?%T?

~

I
PQ B XPQ B

-

~
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112

hence it is in AP, too. Finally the natural transformation 7 : X @ (P @ Q)
P o (X @ Q) satisfies

rqQ xr ¢
|5J|5| (51108

: /MJ : /(J

PXQ B PXQ B PXQ B.

Since the diagrams defining the structure of a C-monoidal category on A® commute
in A and consist of morphisms of B-comodules they also commute as diagrams in
AB. Thus AP is a C-monoidal category.

(3) and (4) similar to 2.1.8

(5) Since the tensor products in A® and AP are induced by the tensor product in
A the natural transformation v : w(P @ Q) — w(P) @ w(Q) is the identity which
makes w a C-monoidal functor.

(6) is a special case of (5). O

A corresponding result holds by duality for the category Ag of modules over a
bialgebra B in A.

2.4. Rigid categories.

2.4.1.  Another important categorical notion is that of a (right) dual object. This
is a generalization of finite-dimensional vector spaces. An object X € C is rigid or
has a dual (X*,ev) where X* € C and ev : X* @ X — [ is called the evaluation, if
there is a morphism db : I — X ® X*, the dual basis, such that
X Yo X o X 2 X) =1y,
(X2 X o X @ X 29 X7) = 1.

The monoidal category C is rigid or a tensor category if every object of C has a
dual. The full subcategory of objects in C having duals is denoted by Cy. An adjoint
functor argument shows that the dual of an object is unique up to isomorphism if
it exists.

2.4.2. Ifw:B — Ais a monoidal functor and P € B is rigid then w(P) € A is
rigid with dual object w(P*), evaluation w(P*)Qw(P) = w(P*@P) — w(lp) = 14,
and dual basis [4 2 w(lz) — w(P @ P*) 2 w(P) @ w(P~).

Proposition 2.11. Let C be a braided monoidal category. Then the full subcategory
Co of rigid objects in C is a rigid braided monoidal category.

Proof. If the evaluation resp. the dual basis are morphisms represented by

X X
O M
XX~

then the conditions are

nj( )\( X[ﬂ )T
X X* X*

X
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If X € C has a dual (X*,ev) then X* has the dual (X,ev o ox x+) with the dual

basis U)_(}X* o db. The corresponding morphisms for X* are

XX~

5§

X*X
and the relations are

)-B-o| L3 Ba
EREAE -

X X X X X X X X
If X and Y are in Cy then X @ Y has the dual (Y* @ X* evy(ly« @ evx @ ly)).
The reader may try the easy graphic and the diagrammatic proofs. Thus Cy is a full
monoidal subcategory of C which inherits the braiding and contains the duals for
every object. [

2.5. Coadjoint coactions.

2.5.1. Let A be a braided monoidal category. Let ' be a coalgebra in A, H be a
Hopf algebra in A4 and z : ' — H be a coalgebra homomorphism. We define a
right coadjoint coaction of H on C' by

ad := (le @my)(le @ S @ 1g)loge @ 1y)

Proposition 2.12. C with the right coadjoint coaction is an H-comodule coalgebra.

Proof. In graphical notation the right coadjoint coaction is

R

CH

The right coadjoint action is a counary action by

i

C

C
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The coaction is coassociative:

C C C C C C
ad
= = = = =
ad|

CHH ¢C HH CHH C H HCH H CHH CHH

The comultiplication is an H-comodule morphism by

O

Now we want to slightly generalize the notion of a right coadjoint coaction to the
case where H is only a bialgebra.

Lemma 2.13. Let H be a Hopf algebra, C be a coalgebra, and z : €' — H be

a coalgebra morphism. A right coaction ad : C — C ® H is the right coadjoint
coaction iff

Proof. If ad is the right coadjoint coaction then the equation of the lemma holds by
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C C C C

il -
( (

¢ H C H C H CH

Conversely if this equality holds then the right coaction ad : ¢' — €' ® H is the
right coadjoint coaction since

C C
% N
0 C H CH

2.5.2. We say that a coaction ad : (' — (' @ B for a given z : (' — B, B a
bialgebra, is a right coadjoint coaction if the equation in Lemma 2.13 holds.

More generally if z : ' — B is «-invertible then a coadjoint coaction can be
constructed in the same way as above. We don’t know if there are more general
conditions for z : €' — B such that a right coadjoint coaction exists nor whether
it is unique then.

2.5.3.  In the dual situation let f : H — A be an algebra homomorphism with a
Hopf algebra H. The right adjoint action ah = 3 f(S(h1))-a- f(hz) is characterized

by the equation 3_ f(hy) - (ahsy) = a - f(h).

2.6. Cp-generated coalgebras. We still need another somewhat more general
setup. Let C be a monoidal category, Cy be a full monoidal subcategory of C. In this
situation we consider a special type of coalgebra in C.

Definition 2.14. Let C' € C be a coalgebra satisfying the following conditions:

(1) C is a colimit in C of a diagram of objects C; in Cy.

(2) All morphisms X @, @M : X@C;@ M — X @C @ M are monomorphisms
in C where X € Cy, M € C and the ¢; : ; — (' are the injections of the
colimit diagram.

(3) Every C; is a subcoalgebra of C via ¢; : C; — C.

(4) If (P,ép: P — P®C)is a comodule over C' and P € Cy, then there exists
a C; in the diagram for C' and a morphism ép; : P — P @ C; such that

P i P o C;
N
PaC
commutes.

Then (' is called a Cy-generated coalgebra.
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2.6.1. IfCy = C then the conditions in the previous definition are trivially satisfied.
If C = Vec and (Cy = vec, the category of finite-dimensional vector spaces, then
every coalgebra in C is a Cy-generated coalgebra by the fundamental theorem for
coalgebras ([Sw69] Thm. 2.2.1) and its generalization to the fundamental theorem
for comodules.

2.6.2. We denote by C§ the category of C-comodules in Cy. Then C§ is a Co-
category and the forgetful functor w : C§ — Cp is a Co-functor.

2.6.3. It is an easy exercise to show for a Cyp-generated coalgebra, that the (P, dp; :
P — P @ C;) are comodules.

3. RECONSTRUCTION PROPERTIES

For the rest of this paper let the control category C be a braided monoidal category
and the base category A be a C-monoidal category.

3.1. Reconstruction of coalgebras.

Definition 3.1. We define the category A(C) of all C-categories “over” A as follows.
The objects are pairs (B, w) consisting of a C-category B and of a C-functor w : B —
A. A morphism [y, (] : (B,w) — (B’,&') is an equivalence class of pairs (x, () with
X : B — B’ a C-functor and ( : w — w'x a C-isomorphism. Two such pairs (y, ()
and (x’, (") are equivalent if there is a C-isomorphism ¢ : x — x’ with (' = w'po (.
Composition is given by [x',¢'] o [x, (] = [X'x,("x o ¢].

Let 2(C) be a full subcategory of 2(C).

3.1.1.  Theorem 2.10 defines a functor A~ : A-coalg — 2A(C) by A (C) := (AY,w)
where w is the forgetful functor. Furthermore A (z) := [A?,id].

3.1.2. If Ap is a full C-monoidal subcategory of A, then we define the full subcate-
gory 2y (C) of A(C) to consist of those C-categories B over A whose forgetful functor
w: B — A factors through A,.

3.1.3.  In this case we obtain a functor Aj : A-coalg — A(C) by A;(C) := (A§,w)
where A denotes the full subcategory of A of those C-comodules whose underlying
object is in Aj.

Now we address the question which properties of an algebra A or a coalgebra
C' in a monoidal category A can be recovered from the category of its modules
Ay resp. comodules AY. Since reconstruction of coalgebras is somewhat simpler
(see Theorem 4.7) we will perform the reconstruction of a coalgebra C from A“
explicitly and derive the reconstruction of an algebra by duality. As we remarked
in the introduction C is not uniquely determined by A“. But if we use additional
information about the forgetful C-functor w : A — A we can reconstruct C' up to
isomorphism with its full structure.

In many cases we can actually “reconstruct” a coalgebra (' from an fairly arbitrary
C-functor w : B — A. We will postpone the discussion of how to obtain the object
C' € A from a functor w : B — A to the next section. In this section we will give
the general definition and discuss the structure of such a reconstructed object C'.

A different point of view is how to find a left adjoint functor to the functor
A 0 A-coalg — A(C). If such a left adjoint functor does not exist “globally”, it
might still exist “locally”, i.e. a certain functor is representable.
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Definition 3.2. Let B be a C-category and w : B — A be a C-functor. Then the
sets Nate(w,w @ M) depend functorially on M € A, i.e. we have a functor

Nate(w,w @ —) : A —> Set.

If this functor is representable then the representing object will be denoted by
coende(w). It is unique up to isomorphism. (In the dual situation a representing
object for Nate(w @ — w) will be denoted by end¢(w).) So we have

Nate(w,w @ M) =2 A(coende(w), M).
The universal arrow for this functor
d:w— w® coende(w)

is a C-morphism, the image of the identity in A(coend¢(w), coende(w)). It solves
the following universal problem

o for every M € A and every C-morphism ¢ : w — w @ M there is a unique
morphism f : C' — M such that

w—5>w®0

le
w M

commutes.

This universal property is in fact equivalent to the representability of Nate(w,w @ —)
and induces a universal factorization of w through the category of comodules A“.

The study of C-functors as conducted here has many properties in common with
similar results for general functors. In fact general categories, functors and nat-
ural transformations may also be considered as C-categories, C-functors, resp. C-
morphisms for the monoidal category C with one object I and one morphism id;.

Many of the following propositions are well known for the case of a monoidal
category C = {[} and can be proved by standard universal abstract nonsense. So
we only sketch the idea of the proofs. There are, however, subtle difficulties and
restrictions with respect to braidings that do not occur in the case of a symmetric
control category C.

Proposition 3.3. [f Nate(w,w @ —) is representable, then the representing object
C = coend¢(w) is a coalgebra in A. This coalgebra is uniquely determined up to
isomorphisms of coalgebras.

Furthermore every object w(P) € A with P € B is a C-comodule via ¢ : w(P) —
w(P)® C and every morphism w(f) is a morphism of C-comodules.

Fvery object w(X @ P) € A with X € C and P € B is isomorphic as a C'-comodule
to X @ w(P) with the structure induced by w(P).

Proof. The comultiplication A and counit ¢ are uniquely defined by (1, ® A)d =
(6 @1¢)d and (1, @ €)§ = p;'. The last claim follows since ¢ is a C-morphism. [

We will encounter situations of comodules (P,¢ : P — P @ C') in A where we
want to know if this comodule comes about as in the previous Proposition. So we

define
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Definition 3.4. Let Natc(w,w @ —) be representable by C' € A. Then a comodule
(P, : P— P®C)in A can be lifted along w if there is an object ) € B and a
comodule isomorphism (w(Q),d) = (P,9). In this case the comodule (P, ) is called
liftable along w and Q) € B a lifting.

3.2. Reconstruction of bialgebras. Assume now, that the base category A is
a C-braided C-monoidal category. (It will be clear from the context which tensor
product is being used, so we simply use @ for the tensor product in A.)

Consider a C-functor w : B — A. Then the bifunctors w®@w =w? : BxB — A
and w? @ M : B x B — A are C-bifunctors as can be easily checked. The sets
Nate(w?, w? @ M) of C-bimorphisms depend functorially on M, i.e. we have a functor

Natc(wz,wz ®@-): A — Set.

Let Nate(w,w @ —) be representable with universal C-morphism § : w — w @ C. In
general the morphism

62 1= (L @ Gcoende(w)w @ Leoende(w))(§ @ 6) : w? — w?® @ coende(w)?

will not be a C-bimorphism. This is, however, the case if C' = coend¢(w) is C-central
(see Definition 2.9). Similarly 6" is a C-multimorphism if C' is C-central.

Definition 3.5. If the functor Nate¢(w,w @ —) is representable with universal C-
morphism § : w — w @ C, if C' is C-central and if Nate(w?,w? @ —) is also repre-
sentable with the special universal C-bimorphism

dri=(1u®R0ocu @)@ wAW—wWwRWwR(CC

then we say that Nate(w,w @ —) is birepresentable.
In a similar way we proceed for the multifunctor w®...®@w = w". If C'is C-central
and the functor Nate(w™, w™ ® —) is representable with the universal morphism

50— T0®@...®00):w" — W @ coend¢(w)"”

with the obvious choice of 7 € By,, the Artin braid group, then we say that
Nate(w,w @ —) is n-representable. If this holds for all n € N we say that the functor
Nate(w,w @ —) is multirepresentable (fully representable in [Mj93a)).

Proposition 3.6. Let A be C-braided C-monoidal, B be C-monoidal and w : B —
A be a C-monoidal functor. If Nate(w,w @ —) is multirepresentable, then B :=
coende(w) is a bialgebra in A. This bialgebra is uniquely determined up to isomor-
phisms of bialgebras.

If in addition B is C-braided (w will usually not preserve the braiding), then
coende(w) is coquasitriangular in A.

If w factors through the full subcategory Ay of rigid objects in A then coendc(w)
is a Hopf algebra in A.

Furthermore for any objects P, Q) € B the B-comodule structure on '(P)@w'(Q)
is defined by the multiplication on B.

Proof. Similar to [Mj94a] Theorem 3.2. resp. 3.11. We check only that the relevant
morphisms that are factorized through the universal morphisms are C-morphisms.
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The multiplication of B is defined by the C-bimorphism dpg, : w(P) @ w(Q) =
w(PRQ) — w(PRQ)® B as the uniquely determined morphism mp : B@ B — B
such that

(Lupy @ Loy @ m)(Lupy @ 0B @ 1B)(6p @ dg) = dpgg-

The morphism 53?@@@1% cw(P)2w(Q)@w(R) — w(P®Q ® R) @ B responsible
for associativity is a C-trimorphism.

The coquasitriangular structure r : B @ B — [ is defined by the C-bimorphism
oM (w(Q),w(P)w(os(P,Q)) : w(P) @ w(Q) — w(P) @ w(Q)® I and the braid

equation

where the braid marked with a circle represents the braiding of the category B. This
diagram represents the equation

03! (w(Q),w(P))w(o5(P,Q)) = (lup)@lu@)@7)(lurp) @oa(B,w(Q))©15)(5p@dg).

Observe that the braiding of AP for a braided bialgebra B is described by the

equation

Finally the antipode is defined by the morphism (w(evp) @0 p ) (Lup) @dup)x@
Lopy)(Lupy @ w(dbp)) : w(P) — w(P) @ B. To show that this is a C-morphism,
we first show the following claim. If P € B defines a trivial B-comodule then w(P)*
is also trivial. This follows from

* * * * * *

P*B P*B P B P B P*B P*B
Observe that we have X @ P 2 X @ (I @ P) = (X @) ©P=X&Pin B for
X = X @ I which gives trivial B-comodules w(j(v) = X @w(l) and w()?)* So the
diagram (where X denotes w(X) and P denotes w(P))
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e ERE
| M M W

shows that the morphism (w(evp) @ o u(p))(lu(p) @ du(py @ lupy ) (Lupy @w(dbp))
w(P) — w(P)® B is a C-morphism. O

Further interesting properties of A resp. w for reconstruction may be found in

[Dr89, KT92, Ye90]
3.3. Reconstruction of morphisms.

3.3.1. Let (B,w) and (B’,w’) be objects in A(C) and let [y, (] : (B,w) — (B',w)
be a morphism in A(C). Then w: B — A, &' : B' — A, and x : B — B’ are
C-functors, and ( : w = W'y is a C-isomorphism for the diagram:

B——p

w\ /w,
A.

Let § : w — w®C and 9 : W' — W' @C" be universal C-morphisms. Since ¢ : w —
W'y is a C-isomorphism there is a unique morphism coend¢([y,(]) =2z : C — "’
such that

S vo@C

W’X 9x w/X®C/

commutes. If (', () and (x’, (") are equivalent (representatives of [y, (]) by ¢ : x —
Y’ with ' = w'¢ o ( then the diagram

w 5 w®C

\

¢ W’X X W’X® C/ '@z

/w'ap w'ap@l\
ax’

w/X/

commutes. By the uniqueness of the induced morphism from C' to C’ we get z = 2/,
hence z is uniquely defined by the class [y, (].

It is easy to see that z is a coalgebra morphism.

Observe that w(P) BLIN w(P)aC 19 w(P) @ C" defines a C'-coaction on w(P)
for every P € B.
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3.3.2.  Let Abe aC-braided C-monoidal category. Let [y, (] : (B,w) — (B’,«w’) and
d and @ be as before. Furthermore let B’ be a C-monoidal category and &’ : B’ — A
be a C-monoidal functor. Assume that Nate(w',w’ @ —) is multirepresentable with
the universal morphism 0 : W' — &’ @ B. By Proposition 3.6 B is a bialgebra.

We call Nate(w,w @ —) : B — Set w’-representable if there is an object C € B’
and a C-morphism d : Y — Y @ C such that the induced morphism y : ¢ — w'C
in the commutative diagram

1Qy ~

w w®C w®o'C
| | can
w’XW—/CLw’(X(EQC')—U»w’X@w’C'

is an isomorphism. Equivalently the morphism
¢ roow'd N v ' rA TRl s
w—=— Wy —=uw(x®C) —uWxQuwWwl — weuwdC
is a universal C-morphism.

3.3.3. Observe that every morphism f in B induces a C-comodule morphism w( f)
in A, and that every morphism ¢ in B’ induces a B-comodule morphism «'(¢) in
A. In particular w'(d) = § is a B-comodule morphism in A. Furthermore ( is a
B-comodule isomorphism with the B-comodule structure on w as defined in 3.3.1.

Let ad : C — C @ B denote the coaction
L w(0) D)o BY o B

Proposition 3.7. Under the conditions of 3.3.2 [x, (] induces a coalgebra morphism
z:C'— B and the coaction of B on C s a right coadjoint coaction.

Proof. The induced coalgebra morphism was defined in 3.3.1. For every P € BB and
P’ = w(P) we get

PCB PCB PCB POCB
where the first and last equalities arise from the coassociativity of the cooperation
d and the middle equality is the fact that (the left lower resp. right upper) ¢ is
a B-comodule morphism, the coaction of B on P’ as in 3.3.1 and on P’ ® C' via
the multiplication of B. Since the natural transformation w’y LN Wy ®C —
W'y ® C @ B given by the above graphic diagram induces precisely one morphism
C — C @ B we get (2.5.2) that ad : C — C' @ B is a right coadjoint coaction.
Furthermore we know that ¢' = w'(C) is a B-comodule. [

The previous Proposition says in particular that C' with the given (coadjoint)
B-comodule structure can be lifted along w’: B’ — A.
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Corollary 3.8. Under the conditions of Proposition 3.7 if B is a Hopf algebra in
A then C is a B-comodule coalgebra under the right coadjoint coaction defined by
z:C — B.

Proof. By Lemma 2.13 ad : ' — (' ® B is the uniquely defined coadjoint coaction
which by Proposition 2.12 makes ' a B-comodule coalgebra. [

3.3.4. If coend¢(w) exists for all objects (B,w) in A(C) then we have a functor
coend : 2A(C) — A-coalg. If furthermore all full comodule categories A® together
with the forgetful functor w : A — A are objects in 24(C) then coendc : 2(C) —
A-coalg is left adjoint to A : A-coalg — A(C) (from 3.1.1).

3.4. Applications.

3.4.1.  We specialize C to the case of a one-element category. We call this case full
reconstruction. Let w : B — A be a functor. Let § : w — w @ C be a universal
morphism. Then the propositions of this section specialize to:

If Nat(w,w @ —) is representable, then the representing object C' = coend(w) is
a coalgebra in A. This coalgebra is uniquely determined up to isomorphisms of
coalgebras.

Furthermore every object w(P) € A with P € B is a C-comodule via § : w(P) —
w(P) ® C and every morphism w(f) is a C-comodule morphism.

Let A be braided monoidal, B be monoidal and w : B — A be a monoidal
functor. If Nat(w,w @ —) is multirepresentable, then B = coend(w) is a bialgebra in
A. This bialgebra is uniquely determined up to isomorphisms of bialgebras.

If in addition B is braided, then coend(w) is coquasitriangular in A.

If B is rigid then coend(w) is a Hopf algebra in A.

Furthermore for any objects P, () € B the B-comodule structure on w(P) @ w(Q)
is defined by the multiplication on coend(w).

3.4.2. We specialize C = Ay with A a braided monoidal category and Ay a full
(braided) monoidal subcategory. We will call this case restricted reconstruction. Let
w: B — Ay be an Ag-functor. Let § : w — w ® C be a universal Ag-morphism.
Then the propositions of this section specialize to:

If Nat 4, (w,w @ —) is representable, then the representing object €' = coend 4, (w)
is a coalgebra in A. This coalgebra is uniquely determined up to isomorphisms of
coalgebras.

Furthermore every object w(P) € A with P € B is a C-comodule via § : w(P) —
w(P) ® C and every morphism w(f) is a C-comodule morphism.

Let B be Ap-monoidal and w : B — Ay be an Ag-monoidal functor. If Nat 4, (w,
w®—) is multirepresentable, then B = coend 4,(w) is a bialgebra in A. This bialgebra
is uniquely determined up to isomorphisms of bialgebras.

If in addition B is Ag-braided, then coend 4,(w) is coquasitriangular in A.

If B is rigid then coend 4,(w) is a Hopf algebra in A.

Furthermore for any objects P, () € B the B-comodule structure on w(P) @ w(Q)
is defined by the multiplication on coend 4,(w).
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4. EXISTENCE THEOREMS IN RECONSTRUCTION THEORY

4.1. Restricted reconstruction. In this section we will study reconstruction of
a given coalgebra C' with help of the functor Nate,(w,w @ —). We call this restricted
reconstruction.

For this purpose let C be a braided monoidal category and Cy be a full (braided)
monoidal subcategory of C. For a Hopf algebra H in C, a coalgebra €' in C and a
coalgebra morphism z : ' — H we know that C is a coalgebra in C* with respect
to the right coadjoint coaction ad : ¢ — C' @ H by Proposition 2.12. If (' is a
Co-generated coalgebra then the subcoalgebras C; are also in C¥ (actually in CZ') by
the coadjoint action. We consider the underlying functor w : C§ — CH.

Theorem 4.1. Let C' be a Cy-generated coalgebra in C and H be a Hopf algebra in

C. Let z : C — H be a coalgebra morphism. Let w :=CZ : C§ — CH C CH be the
functor induced by z. Then

Nate, (w,w @ -) = CH — Set

is representable by the coalgebra C' = coendc,(w) in CH with the canonical morphism
brw—wC.
Proof. We define maps

¥ CH(C, M) — Nate,(w,w @ M)
and

IT : Nate, (w,w @ M) — CH(C M).
The first map is defined by L(f)(P,dp) :=(1lp @ f)dp: P — P C — P @ M.
Then X(f)(P,ép) : P — P @ M is an H-comodule morphism since the following

diagram commutes

p—2r . pgC 107 PoM
5P®adl 15P®5M
5p PoCoCoH Y poco Mol
102011 l l 102011
1®1®f®1
PoC PoHoCoH2YYlpomoMeH
1®cr®1l ll@a@l
162 PoCoHoHY " poMoHOH
1®1®mHl ll@l@mH
PoH2 pocoH —Y . poMeoH

where the left hand side commutes by

P

o |

4

PC
which follows from Lemma 2.13. Hence ¥(f) : w — w @ M is a natural transfor-
mation. Furthermore we have X(f)(X @ (P,dp)) = (1xar @ f)dxer = (lx @ 1p @
Hllx @dp) =1x @ X(f)(P,dp), so X(f) is a Co-morphism.

EF

QA—
=

P

@
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To define the map Il let ¢ : w — w @ M be given. Define lim p(C;) = ¢(C) :
C — ' ® M as the uniquely determined morphism so that

CZM’CZ(@M

Lil lb,‘@lM

9 oM

commutes and let
H(p) :=(e@1ly)e(C): C — COM — M.

Since C}; is a subcoalgebra of C' it is an H-subcomodule by the coadjoint coaction
induced by the coalgebra morphism z¢; : ¢; — H. Hence, C is a colimit of
H-comodule coalgebras and ¢(C') : ¢ — C @ M is an H-comodule morphism.
Consequently I(¢) is in CH.

We have IX(f) = (e®1n) im((1e,@f)di) = (e@ly)(lo@f)A = fe@le)Ac = f.

Now observe that ép : P — P ® C is a ('-comodule morphism with the C-
structure on P ® C' coming from the one of C'. Thus we get (1 @ §;)dp; = (dp; @
l¢)op for the morphism ép; : P — P @ C; which exists by the assumptions
about a Cy-generated coalgebra. So dp; is a C-comodule morphism as well, hence

QQ(P X C]‘, 1p X (S]‘)(SR]‘ = ((SR]‘ X 1M)99(P, (Sp) From this we get

Sl(e)(P,op) = (Lp @ (e @ 1a)e(C))dp

= (lp @ e @ Ly)(1p @ limp(C5))(1p @ ¢;)dp,
=(lp@e@1p)(lp @¢; @ 1a)(1p @ @(C}))op;
(lp @ e @ 1y)(1p @ 1; @ lar)p(P @ C; )5P,J

= (lp@e@1a)(1p @1 @ 1ar)(6p; @ IMMP)

— o(P,bp).

So ¥ and II are inverses of each other. The claim about the coalgebra structure is
clear from the uniqueness of the reconstructed coalgebra. [

4.1.1.  Observe that in general the set of all natural transformations — not just the
C-morphisms — from w to w @ M is too large for the reconstruction of C' as we have
seen in 2.1.10. By Proposition 6.4, however, this difference does not occur if the
base category C is the category of vector spaces Vec over K. This explains the usual
full reconstruction with the functor Nat(w,w @ —) like in [DM82, U189, Mj94a].

Examples of natural transformations which are not C-morphisms can be derived
from 2.1.10.

Now assume that C is a cocomplete braided monoidal category and Cy is a (braided)
full monoidal subcategory of C. Furthermore assume that the tensor product in C
preserves arbitrary colimits in both variables.

Theorem 4.2. Let B be a Cy-generated coalgebra in C and a Cy-central bialgebra,
let H be a braided Co-central Hopf algebra in C. Let z : B — H be a bialgebra
morphism. Let w = C; : C8 — CI C CH be the functor induced by z. Then
Nate, (w,w @ —) : CH — Set is multirepresentable by the bialgebra coende,(w) in
CH which is equal to B as an H-comodule coalgebra under the coadjoint coaction,
but carries a different multiplicative structure mg : B @ B — B, the transmuted
multiplication.
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Proof. We extend the proof of 4.1 to w?. Define maps
by :CH(B®B,M) — Natey(w @ w,w @w @ M)

and

II : Nate, (w @ w,w @ w @ M) —>CH(B®B,M).

The first map is given by X(f)((P,0p),(Q,q)) := (1peo @ f)(lp @ oo @ 18)(dp @
dg)  P2Q — PRBR®QO®B —PRQ@B®B — P®Q®M. Then
S(HUPP),(Q,00)) : PRQ — P®Q ® M is an H-comodule morphism by a
similar proof as in 4.1 replacing P by P @ (). Hence ¥(f) :w@w — w@uwad M
is a natural transformation. To show that X(f) is a Co-morphism we observe that

£:w(X ®@P)— X @w(P) is the identity. So we have

Z(f)(X ® (Pv 5P>7 (Qv(SQ))
=(lx@1lp@1le® fHlx @ 1p @ op,g @ 1p)(1x @ dp @ dg)
=1lx@(1p@1log® f)(lp @ oo @ 1)(ép @ dg)
=1lx® Z(f)((Pv 5P>7 (Qv(SQ))v

(ory @ loam)E(f)((P,6p), Y @ (Q,dg))
= (opy @ lgam)(1rayeq @ f)(lp @ oByeq @ 1B)(dp @ dyeq)
= (lyersg @ f)(lyer @ oo @ 1g)(ly @ dp @dg)(opy @ 1g)
= (ly @ X(N)((P,dp), (Q,dq)))(epy @ 1g)

or as a braid diagram

and

Z(f)((Pv 5P>7 Y@ (Qv 5@))(UY,P ® 1@)
= (lreveg @ f)(1p @ opyeq @ 15)(dp @ dyeq)(ov,r @ 1g)
= (lreveg @ f)(1p @ opyeq @ 1B)(oy.res @ loer)(ly @ dp @ dg)
= (lpgyveg @ f)(lpgy @ oo @ 15)(1p @ (cByoys @ lggn))
(oy,p @ lpgoes)(ly @ ép @ dg)
)

= (lpaveg @ f)(lpey @ oBg @ 1B)(oyv,p @ legoer)(ly @ dp @ dg)

= (lpaveg @ f)lov.p @ opg @ 18)(ly @ dp @ &q)

= (ov,p @ loam)(lyereq © f)(lvarosq ®@ 15)(ly @ dp @ dg)

= (ov,p @ loanm)(1y @ X(f)((F,dp), (Q,dq))
or as a braid diagram

XP X P Q X P
J |

J | [ & ]

g

PXQ M PXQM PXQ M

¢
o |
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since B is Co-central in C. Thus X(f) is a Co-morphism.
Now we construct the second map II. Let ¢ : W@ w — w ® w ® M. Define
limp(Bi, B;) = ¢(B,B) : B& B — B® B ® M as the uniquely determined

morphism so that
B; o BB o B, o M
L @ty i@y Q1

BoBEEE poBoM

commutes. Observe that B @ B is the colimit of the B; @ B; since by assumption
the tensor product preserves colimits. Let

H(p) =(e@e@ Ipm)e(B,B): B&B— BB M — M.

As in the proof of 4.1 () is an H-comodule morphism.

We have HZ(f) == (6 ® e ® 1M)(1B®B X f)(lB X OB.B & 13)(AB & AB) = f(é &
€ @ 1pap)Apgs = f. Observe that dp : P — P @ B is a B-comodule morphism
with the B-structure on P @ B coming from the one of B. So we have

H(S‘Q ((Pv 5P>7 (Qv(SQ))

= (lpgg D e@ €@ Ly

= (lpeg @ €@ e® 1y
(lp®opg @ 1B)(dp @ dg)

= (lpeg @ €@ e @ 1y) lim[(1pag @ w( Bk, Bi))(1p @ 0B, @ 15,)]
(lp @6 @ lg @ ¢;)(dp; @ 6g,)

= (lpeg @ €@ e @ 1y )(lrpgg @ 4 @ j @ 1a)
(lreg @ ¢(Bi, Bj))(1p © 0B, @ 15,)|(dp; @ dg,;)

= (lpag @et; @ ey @ 1y )(lp @ 0B, @ 1p; @ 1ar)
(1p @ (B, Q @ B;))(dpi @ dg.;)

= (lp @ et; @ 1g @ et; @ La)p(P @ B, Q @ B;)(dp; @ dg,;)

= (lp® e @l @ e; @ 1n)(0pi @ 8q,; @ 1ar)p(P, Q)

= S‘Q((Pv 5P>7 (Qv(SQ))

Thus ¥ and II are inverses of each other.
The multiplicative structure mp of B in C¥ is now the uniquely determined
morphism which makes the diagram

(lrag @ w(B, B))(1p @ opq @ 1p)(dp @ dq)
(1peg @ lim p(By, Br))

e TN e e

PoQ2%PoQoBeB
lreq lpgo®mp

PoQrepoQanB

commutative, since wQw = w(-@-) LN w(-®-)® B is a Co-bimorphism of bifunctors.
The unit is given by A : [ — [ @ B = B. The new multiplication can be described
by the braid diagram

re rg
[o]Lo] [&][d]
(7| (=
PQ B PQ B
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where the braid morphism on the left is the one in C and the braid morphism one
the right is the one in C1.

The proof shows that the universal morphism is (1p ® opg @ 1lg)(dp @ dg) :
WRW — wRWRB®B. An analogous result holds for multifunctors w®@...Q@w = w”
and Cop-morphisms @ : w" — w” @ M. This proves that with a suitable element
7 € B, in the Artin braid group the morphism

Op =70 W — W R B”
is the universal Co-morphism for all n € N, in particular coend¢, (w”) = B*. O

4.1.2. The proof of 4.1 resp. 4.2 provides a proof for the “representability as-
sumption for modules” (in [Mj90] 3.2) in a very general setting for the functor
Nate, (W™, w™ @—) instead of the functor Nat(w”,w” @—). A special case of Theorem
4.2 is [Mj93a] Proposition A.4 if one uses C = Vec.

We have reason to make a few additional comments on the existing literature. In
[Mj93b] (Theorem 2.2) the following theorem is given: Let C be a monoidal category
and V a rigid braided monoidal category cocomplete over C. Let F': C — V be a
monoidal functor. Then there exists a V-bialgebra, A = Aut(C, F,V), such that F
factorizes monoidally as C — AV — V. ... A is universal with this property. . ..

Although Majid considers this theorem “a significant generalization of usual Tan-
naka-Krein ideas” (hep-th 9504007) it does not even specialize to other known cases
of Tannaka-Krein reconstruction such as [U190] Proposition 2.4. Observe that the
formation of big colimits will usually destroy rigidity. In fact the full subcategory
vec of rigid objects in Vec, that is the category of finite dimensional vector spaces,
is only cocomplete over finite categories C. There are no nontrivial infinite direct
sums in this category.

This is why in reconstruction theorems one usually assumes that the rigid category
V is a subcategory of a bigger cocomplete monoidal category in which the universal
bialgebra A is then reconstructed as a colimit of a diagram in V.

Furthermore the theorem quoted above only allows to reconstruct rigid bialgebras,
e.g. finite dimensional bialgebras in the case ¥V = vec. The proof of this theorem
cannot just simply be extended to the more general case because the rigidity of
the reconstructed object is explicitly used in the proof of the algebra property, in
particular in [Mj93b] Lemma 2.3. A hypothesis on the tensor product of ¥V, namely
that it preserves colimits, in order to obtain a bialgebra structure in the more general
case, does not become clear in the vague discussion that follows p.205 of [Mj93b].

Theorems 4.1 and 4.2 of [Mj93b] again are only proved under the restriction of
finite dimensionality. The discussion of the infinite dimensional situation is not sat-
isfactory (see p. 209). In fact in the dual situation Vec” one reconstructs essentially
linearly compact algebras, which are also ordinary algebras, but the bialgebra struc-
ture does not live in Vec any more, due to the fact that tensor products do not
preserve limits.

So our Theorem 4.2 together with Proposition 3.6 remedy these shortcomings.
Through the use of control categories they are clearly much more general.

The following is a generalization of [Pa78], Corollary 6.4.

Corollary 4.3. Let C be a Cy-generated coalgebra in the braided monoidal category
C and let w : C§ — C be the forgetful functor. Then Nate,(w,w @ —) : C — Set is
representable and C' = coende,(w) as coalgebras in C.
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Proof. Use H = K in the above theorem. []

Corollary 4.4. Let w : Co — C be the embedding functor. Then Nate,(w,w @ —) :
C — Set is representable and coendg,(w) = I.
In particular coende(Ide) = I for any monoidal category C.

Proof. Use C' = K in the above Corollary. [

As we remarked after the definition of Cy-generated coalgebras, the condition that
C' is Co-generated becomes vacuous in the case Cy = C.

Corollary 4.5. Let B be a Cy-central bialgebra in C which is Cy-generated as a
coalgebra, let A := CB, and let w : CB — C be the forgetful functor. Then
Nate, (w,w @ =) is multirepresentable and coende,(w) = B as bialgebras.

By dualization of Proposition 4.1 one gets

Corollary 4.6. Let A be a Cy-generated algebra in C, and let w : Cos — C be
the forgetful functor. Then Nate,(w ® —w) is representable and A = ende,(w) as
algebras in C.

4.1.3. Later on we will need the notion of cosmash products in A. So we define it
here and show an important property. If B is a bialgebra and € is a B-comodule-
coalgebra in A then we can construct a cosmash product B#°C' where the cosmash
comultiplication is defined by

5/
A:BoC2E%8 BoBococ 2 BoBaCoBeC
18998 pocoBeBoC 22" BeCc o BoC.

It is easy to see that B#°C' is a coalgebra in A.

4.1.4.  Let H be a braided Hopf algebra in C, z : B — H be a bialgebra morphism
in C and B be the transmuted bialgebra in C¥ (as in Theorem 4.2). Let C' be a
B-comodule-coalgebra in A := C¥. Then we can form the cosmash product B#¢C
in C11.

Since B is a bialgebra in C and C is a coalgebra in C, (' is also a B-comodule-
coalgebra by

ccB CC B CC B

So there is a second way to define a cosmash product B#°C' this time in C. These
two coalgebra structures on B (', however, coincide as the following diagram shows

B C B C

BC B C BC B (.
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4.2. Finite reconstruction. In the previous section we started with an algebra A
or a coalgebra ' in C and reconstructed them from w : C4 — C resp. w : CY — C.
If, however, an arbitrary C-functor w : B — A is given it is not clear if Nate(w, w®@—)
is a representable functor or if coend¢(w) exists in C. It is customary to call the
construction of coende¢(w) also in this situation “re” construction, although we do not
start with an algebra or a coalgebra in C and then reconstruct is from its category
of representations.

In one particular situation the (restricted) reconstruction is possible and well
known, namely in the case of C = Vec and a functor w : B — vec C Vec into the
category of finite-dimensional vector spaces. Various generalizations of this result
are known. We will lift this result to braided monoidal categories C.

Let C be a cocomplete braided monoidal category and Cy be the full (rigid braided
monoidal) subcategory of rigid objects. Furthermore assume that the tensor product
in C preserves arbitrary colimits in both variables. Let B be a small category and
w: B —+ Cy CC be a functor.

Theorem 4.7. (1) The functor Nat(w,w @ M) is multirepresentable:
Nat(w,w @ M) = C(coend(w), M),

(2) If B is a Co-category and w : B — Cq is a Co-functor, then the functor
Nate, (w,w @ M) is representable:
Nate, (w,w @ M) =2 C(coendg, (w), M).
If B := coendc,(w) is Co-central then Nate,(w,w @ M) is multirepresentable.
Proof. (1) The existence of a representing object for the functor Nat(w,w @ M) is
well known (see [Pa93]). We recall the main steps of its construction, since they
play a role in the second part of the proof. The representing object €' = coend(w)
is obtained as colimit of the diagram consisting of all wedges for all morphisms
f:P— @ in B:
w(P)* @ w(P)

w(Q) ®w(Q)
Any (cone-) morphism from this diagram to an object M € C
w(P) @w(P)
w(f)*@m/' \MPl
(1) w(@) @ w(P)
T~ @

M

w(Q)* @w(Q)

is given by a natural transformation ¢ : w — w @ M:
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The one-to-one correspondence between morphisms @) and morphisms ¢ is given,
using the evaluation ev,py : W(P)* @ w(P) — I and the dual basis dbyp) : [ —
w(P) @ w(P)*, as
P(P) = (evupy @ L) (lu(p)s @ p(P))
and
P(P) = (Lupy @ 0 (P))(dbu(py @ Lup))-
Given ¢ the morphisms ¢(P) form a natural transformation since

dby,(py®1u(p) Ly (p)®(P)

w(P)

Lu(@)@w(f)*®@1y(p) w(f)®1y(p)*®Ly(p)

()| w(@)Pw(@) @w(P)—w(Q)@w(P) @w(P) |whHelu
Lu(@)®@Llu (g @w(f Lu(Q)®@¥(P

W(Q) Frgang (@) @ w@Q) @w@) WW(Q) © M

commutes where the left upper part of the diagram commutes by the definition of
the adjoint morphism w(f)*. Conversely given ¢ : w — w @ M the diagram

dby,(g)®1u(p)

w() ()®‘P() *®w

)*@L, / W(f)* 1y (p) @1
Q)*@o(P

(Q) Qw(P)o M

Q)*Qw f\\ w(Q )*®W(f)®1M evy(Q)®lum
_le@*89(@)

w(@) @w(@) @M

P)®1ar

/

commutes.

Now we show that the functor Nat(w,w @ —) is multirepresentable. We restrict
our attention just to the case n = 2. As before there is a bijective correspondence
between the natural transformations (P, Q) : w(P) @ w(Q) — w(P) @ w(Q) @ M
and cones (P, Q) : w(Q) @w(P) @w(P)@w(@) — M.

Let § : w — w @ coend(w) be the universal morphism and abbreviate B :=
coend(w). Let 0(P) : w(P)* @ w(P) — B be the induced morphism. In the com-
mutative diagram (colimit of a wedge in the sense used above) induced by morphisms

f:P— Randg:Q — S inB

Py*guw(p)®

(Q) *®wﬁ)®MQ%ﬂw() w(P) @ w(@Q) ®w(Q)
w(g)*® w(Q) \P

( *®wﬂ)®MQ) B®B (2)
To(s)y* *®w \ w(R)®1W(S) 6(R)®

(S) *@w(R)® w(R)" @ w(R) ® w( (5)

B ® B is a colimit w1th
O(P,Q) = (0(P) @ 0(Q)) 050y w(pyauwr) © Lu(@)

since tensor products preserve colimits. We have to show that the induced morphism

0(--) twOw — wRAWRB®Bisequal to (1,00p,,@15)(0®J) : w? — W B®B.
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We use graphic calculus and observe that the correspondence between the morphisms

@ and ) is given by

wB w B
Then we get (writing P and @ mstead of w(P) resp. w(Q))
PO P 0
\ _

(9100 (
PQ B B PQ B B PQBB.

(2) To describe the second isomorphism of the theorem the property of Co-trans-
formation for ¢ : w — w @ M is given by the commutative diagram

wXoP) 2 xeP) oM

C(X,P) lC(va)@)lM

X ©w(P) 22D X g w(P)o M

which translates into

w

WPy ® X 0wX o P) XD (X o ProwX e
P(XQP)

(3) Lu(p)r BC(X,P) |

\/

WPy @ X* 0 X @ w(P) 200 4y p)

So the colimit coend¢,(w) exists and is described (similar to the way given in
[Pa93] Definition 2.2) as [Ipeobs) w(P)* @ w(P) modulo the relations given by all
f: P — @ as in the construction of coend(w) plus the relations for any pair (X, P)
given above.

In particular 6 : w — w @ B with B := coendc,(w) is a universal Co-morphism.

Now we assume that B = coendc,(w) is Cp-central and show that the functor
Nate, (w,w ® —) is multirepresentable. We restrict our attention again just to the
case n = 2. Since &y := (1, @ 0B, @ 1)(0 @§) : w? — w? @ B? is a Cy-bimorphism
— B is Cy-central — we can show that B @ B = coend¢,(w @ w) with the universal
Co-bimorphism d3. We first show that there is a one-to-one correspondence between
Co-bimorphisms (P, Q) : w(P) @ w(Q) — w(P) @ w(Q) @ M and cones (P, Q) :
w(@Q) Qw(P) @w(P)®w(@Q) — M satisfying certain relations given below. We
saw earlier for two variables (see diagram (2)) that ¢ is a natural transformation iff
Y is a cone. So we have to translate the conditions for the Cy-structure. It is an easy
exercise to show that under the correspondence between ¢ and 1 the conditions
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XP XP PX PX XP XP
||? I? IIC%| \f ><? ?
¥

|so|:|so||¢:(so||¢
T T ) TTT T TTT T
XPQM XPQM XPQM XPQM PX

are equivalent to the following conditions

UAKAR GeiREAL)
w1
X*P*P X *P* XNP*PX XP*PX
ﬁu Tﬁmf T TR
¢ ¢ | % h; %
M M M M

In particular the induced cone 5 : w(Q)* Qw(P)* Qw(P)Dw(Q) — B® B satisfies
the conditions (a), (b), and (c). Observe that condition (b) for ¢ = §; implies
condition (c) for &y since B is Co-central. In fact (b) implies

1 R L

IS

PXQBB PXQBB PXQBB PXQBB

hence

XPQ XP Qf Xf XP

|h %5 5]=
TIT T3] 1]

PXQBB PXQBB PXQBB PXQBB PXQBB
So condition (b) for ¢» = 6y implies condition (c) for 6. Now we show that 6, :
w(@)* @w(P) @w(P)®w(@) — B® B is the injection morphism of a colimit.
Then é3 : w @ w — w@w @ B ® B is a universal Co-morphism.

We have already seen that diagram (2) is a tensor product of wedges and cone
morphisms of the type of diagram (1). Now we show that the relations (a) and
(b) come about as tensor products of relations for B. We don’t have to consider
condition (c¢) which is automatically satisfied. The diagrams

Q*P*X*XP *P*X*XP *P*X*X P *P*XC))(P ()

e W W

| L0 | L0
BB B B B B BB

[}

and
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@TX*P*PXT XPPX QL*P*PX
|~

== 8at011 80110

L0, 2
I?II 0 |0|| <|9 H
BB B B B B BB

show that relations (a) and (b) are tensor products with the relation

PX*XP PX*XP

I

| ? | = I?I
B B

used in the construction of B (up to a preceding isomorphism). Since we are now
considering a tensor product of two diagrams and the colimit thereof and since tensor
products preserve colimits we have proved the claimed result. [

XP*PX
\ J

4.2.1.  Using the results of section 3 we obtain uniquely determined coalgebra, bial-
gebra, and Hopf algebra structures (depending on the given functor) on coend(w)
and coende, (w).

5. HIDDEN SYMMETRIES

In section 4.1 we studied under which circumstances coalgebras and bialgebras
(possibly with a transmuted multiplication) can be reconstructed from their cate-
gories of comodules and the functor w : C¢ — C. We saw that they are obtained
as the representing object coend¢(w) of Nate(w,w @ —) : C — Set. In this section
we will see that this reconstruction depends strongly on the choice of the control
category C. If C is decreased to a category D then the representing (reconstructed)
object coendp(w) becomes larger. We will see that under certain conditions the re-
constructed object decomposes into a cosmash product where one factor represents
the “hidden symmetries”.

5.1. Functors of control categories. We consider of a braided monoidal functor
F : D — C of control categories.

5.1.1. If B is a C-category via @ : C x B —» B, then B becomes a D-category by

@:DxBZLeoxB -8B

with associativity morphism (v @ 1) : (X ®@Y)® P — X @ (Y @ P) and unary
action m(¢® 1) : I[p®@ P — P for X, Y € D and P € B.

5.1.2. If v : B — B’ is a C-functor, then y becomes also a D-functor. If y :
B x B" — B” is a C-bifunctor, then y becomes also a D-bifunctor. In both cases
the structure morphisms ( resp. 7 remain unchanged.

If v,y : B — B’ are C-functors and ( : y — x’ is a C-morphism, then ( is also
a D-morphism.

5.1.3. If A is a C-monoidal category, then it becomes also a D-monoidal category.
The above observations give immediately

Proposition 5.1. I[f F : D — C is a braided monoidal functor, then it induces an
“underlying” functor A(F) : A(C) — A(D).
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5.1.4. Let (B,w) € A(C) and consider A(F)(B,w) = (B,w) with the induced struc-
ture morphisms. Assume that Nate(w,w @ —) and Natp(w,w @ —) are representable
by coend¢(w) resp. coendp(w). Then A(coende(w), M) = Nate(w,w @ M) C
Natp(w,w @ M) = A(coendp(w), M) as functors in M € A hence there is an
epimorphism of the representing objects coendz(w) : coendp(w) — coende(w).

Theorem 5.2. Let F : D — C be a braided monoidal functor. Let A be a C-
monoidal category, B a C-category and w : B — A a C-functor. Assume that
coende(w) and coendp(w) exist. Then there is an induced epimorphism of coalgebras
coendz(w) : coendp(w) — coend¢(w) in C.

If in addition the comodule (coende(w), A) is liftable along w then coendr(w) :
coendp(w) — coende(w) is a retraction of objects in C.

Proof. Let C := coend¢(w) and D := coendp(w). Let § : w — w ® C and 9 :
w — w @ D be the universal morphisms. Write C? := C ©@ C, D* = D ® D, and
f = coendz(w). Then the commutativity of

w® D

1®f
Tu}@c

w@D w®D2
1®f®?\

5®1

and

w® I

show that f: D — (' is a coalgebra morphism.
Let g : w(C) — C be a C-comodule isomorphism. Then the following diagram
commutes

w(C) 2w @D 1eD=D

J ; J1®f

C w(CYeC 1ef !

el
CRC——I100C=C(C.

The lower morphism of the diagram is the identity hence f is a retraction in A. O

5.1.5.  Observe that the morphism coendz(w) : coendp(w) — coend¢(w) is the
uniquely defined morphism such that (1, @ coendz(w))o d = 4.
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5.1.6.  The preceding theorem shows that the reconstructed coalgebra D w.r.t. D
is larger than C'. We consider the additional part in D as hidden symmetries in the
sense described in the introduction. It is responsible for D-morphisms ¢ : w —»
w® M which are not C-morphisms or for certain elements in Natp(w,w @ M) which
are not contained in Nate(w,w @ M). As we have seen this part of D tends to split
off.

5.1.7. An example of a hidden symmetry can be obtained for superalgebra repre-
sentations. This is dual to the above considerations. Given an algebra A considered
as a superalgebra (A,0). Consider A = C, the category of super vector spaces
(KZ4-Comod), the category B = Cy4 of super A-modules, and the forgetful functor
w:C4 —> C. Let F: D= Vec — C be the functor which sends each vector space
V' to the super vector space (V,0). Any D-morphism ¢ : w — w is described by
its image under ¢ € Natp(w @ [,w) =2 A(l,endp(w)).

The natural transformation ¢ : P — P given by (po,p1) — (po,—p1) is a
symmetry for all representations of A (a natural automorphism of w), which is
not induced by the multiplication with any element of A. A multiplication with an
element « = (a,0) € A on A-modules (Fy, Py) in C4 would have to satisfy (po, p1)a =
(poa, pra) = (po, —p1) for all choices of (po, p1) which is not possible. The natural
transformation ¢ is, however, a D-morphism and thus comes from multiplication
with an element b € endp(w), in fact from the element e; — e; € (KZ4)* C endp(w)
where €y, €, is the dual basis to 1,¢ € K[¢]/(¢* — 1) = KZ,.

5.1.8.  We apply the preceding example in representation theory of groups. If we
consider representations of a group (' in vector spaces over a field K, i.e. the
category Mg, then each element ¢ € (G induces a C-monoidal automorphism ¢, :
w — w with ¢,(p) := pg, where w : Mgg — M = Vec = C is the forgetful
functor. Observe that any natural transformation of functors into C is a C-morphism
by Theorem 6.4. Conversely given any C-monoidal automorphism ¢ : w — w
there is precisely one ¢ € GG with ¢ = ¢,. Thus G can be reconstructed from its
representations, i.e. from w : Mgg — M.

Now consider representations of G in super vector spaces over K i.e. the category
A of two-graded vector spaces. Let C = M¥ 22 = A F: D = Vec — C = M¥22,
and w : Agg — A. We may consider KG' as a Hopf algebra (KG,0) in A and
have (po,p1)g = (pog, p1g) with a suitable G-structure on Py and P; separately.
Then each element ¢ € GG induces a C-monoidal automorphism ¢, : w — w. For
any C-monoidal automorphism there is precisely one ¢ € GG with ¢ = ¢,. For the
D-monoidal automorphism ¢ : w — w with (P, P1)(po,p1) := (po, —p1) there
is, however, no ¢ € ¢ with ¢ = ¢,. So in this case the group of symmetries (of
monoidal automorphisms of w) is a bigger group than the one we started out with.
The given ¢ is an example of a hidden symmetry.

5.1.9.  We consider now the situation of a morphism [y, (] : (B,w) — (B',&) in
2A(C) together with a braided monoidal functor F : D — C. Assume the universal
objects and morphisms §d :w — w®C,0:w —w® D, §:w — W ®@C' and
J:w — W ® D" exist. Then by 3.3.1 we get induced morphisms z : ' — ("’ and
y: D — D" such that ((®z)od=4§x0o( and (( @y)od =y o(. Furthermore
by Theorem 5.2 there are induced morphisms f := coendz(w) : D — C and
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f' = coendr(w') : D' — €’ such that (1, @ f)od = § and (1, @ f)od =4
Hence by the universal property of d the diagram

w w® D
W
¢ (®y
w®C
W’X X, W’X @ D'
(®=z
X 10/
w/X ® C/

commutes and from (@ zf = ((@2)(1 @ f) = (1@ fH(Ry) = (@ fly and

the uniqueness of induced morphisms we get a commutative diagram of coalgebra

morphisms
p—L-c
’ l l
e
or

coende([y, (])coendr(w) = coendr(w')coendp([x, (]).

In particular we have proved

Theorem 5.3. Let F : D — C be a braided monoidal functor. Assume that the
functors coende : A(C) — A-coalg and coendp : A(C) — A-coalg exist. Then
coendr : coendp — coende is a natural epimorphism of functors from 2A(C) to
A-coalg.

5.1.10. Assume now that B is C-monoidal, that w : B — A is a C-monoidal
functor and that Nate(w,w @ —) and Natp(w,w ® —) are multirepresentable. Then
z = coende([x,(]) : D — C' is a bialgebra morphism. The multiplicativity follows
from the commutative diagram

w@wﬁ»w@@w@l)@l)

3 1RfRf
1®mp \\>
wRQurCoC
T wRw®D
1®T)’LC
1®f
U_1®1
wRwC

U_1®1
10f

w®C

(where w(®@)(P,Q) := w(P ® @)) and the unary property is proved similarly.

If the bialgebras €7 and D’ are Hopf algebras then by Corollary 3.8 (' is a C'-
comodule coalgebra by the coadjoint coaction w.r.t. the induced coalgebra morphism
z:(C — C"and D is a D'-comodule coalgebra by the coadjoint coaction w.r.t. the
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induced coalgebra morphism y : D — D’. Furthermore f' : D' — (C’ is an
epimorphism and a bialgebra (Hopf algebra) morphism.

5.2. Hidden symmetries of the base category. Consider a braided monoidal
functor F : D — C and a morphism [y, (] : (B,w) — (B’,w’) in A(C). Assume
that B’ is a C-monoidal category and «’ is a C-monoidal functor. Let § : w — w®@ D
be a universal D-morphism. Let D’ be a bialgebra in A and let ' : 0w’ — W' @ D’ be
a D-morphism compatible with the bialgebra structure of D’ (e.g. ¢ is a universal
D-morphism). Let E be a coalgebra in B" and let 1 : x — x ® E be a C-morphism
compatible with the structure of E (e.g. a universal C-morphism).

Theorem 5.4. In the setup given above D' QW'E carries the structure of a cosmash
product D'#°W'E and there is a canonical coalgebra morphism f: D — D'#°%W'E.

Proof. We first observe that w'FE is a coalgebra in A since v’ is a monoidal functor.
Furthermore w'F is a D’-comodule coalgebra by the morphism ¢'F : w'F — W' E®
D

Consider the following induced morphism f: D — D'#°%W'FE defined by

5

w w® D

cl ll®f

W'y w@D @WE
w'ul l@l
’ v ’ ’ §'x®1 ! ’ /
ViY@ E) Wy QWE Wy D @WE.

Since the composition along the lower edge of the square is a D-morphism w —
w® D' @w'E the morphism [ is uniquely determined. We show that f is a coalgebra
morphism with D' @ W'E = D'#°W'E the cosmash product. For this purpose define
a morphism

1®m 2

Do E Y D ol EeD S W E9D @D JE® D,

Then the following diagram of D-morphisms commutes

W'y Wi w’(x@E)Lw’x@w’E%w’X®D’®w’E

108'E
Wy D @WE®D
8'x §'"(xQF) 100®1
WyRWE®D @D
18m o

W’X QD w'p®1 w/(X Q E) QD v@1 W/X QWE®D
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by the very fact that the bialgebra structure of D’ is compatible with §’. Hence with
suitable identifications we get the commutative diagram

!

w'y - Wy @wE

lS'x@l

§'x Wy D @WE
|12
wx®D’ wx®w’E®D’
Now consider the commutative diagram
w'y S wWwxy® D fol Wwx@D®D
w'p 18f l
W' @1 1@f@1

Wy @wlE ——- o1 ——— VYD @JE
X@w’E@D®£w’x®D’®w’E®D

w'u@l
10f J1®1®f

w'u@l

wx®w’E®D’@w’E—»wx®D’®w’E®D’®w’E
1®7o®1 1®7o®1

WD QD @WE@WE

Wy @wE ®w’E5/L®lw’X QD QWEQWE
From it we get that all morphismsw’'y — W'y®@ D' @wW'E® D' @w'E in the following
diagram are equal

®Ap

W'y J Wy ® D — Wxy®@D®D
w'p 1®fl
et W' p@1 1@ /@1
WY RWE———u' 0D @uWF
X@w’E@D®£w’x®D’®w’E®D
w n®1
g 10/ Jl@l@f
1®Aw/E Wlﬂf@l 1®Aw/E
wx®w’E®D’@w’E—»wx®D’®w’E®D’®w’E
1®7o®1 1®7o®1
w’X®w’E®w’E5/X ®D’®w’E®w’E wx®D’®D’®w’E®wE

We define
Apowp: DO E "2 " D oD 0w EowE' Y D' owEe D @W'E

and observe that ¢ : W'y — W'y ® D is a universal D-morphism. Hence the diagram

of induced morphisms

D 2o D®D

! fof
' y 2 BDigw' B 1 ' ' '
D@ulb——D @JEoD @WE
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commutes. It is now easy to see that D' @w'F with Apigwg and e : D' @wW'E = Ly
is a coalgebra, the cosmash product D'#°W'FE, and that f : D — D' @ W'F is a
coalgebra morphism. [

A special application of the theorem is the following

Corollary 5.5. Let (B,w) be in A(C) and let F : D — C be a braided monoidal
functor. If coendp(w), coende(w), and coendp(id4) (with Natp(ida,ida @ =) mul-

tirepresentable) exist then there is a canonical coalgebra morphism
f: coendp(w) — coendp(id4)# coende(w).

In certain cases the canonical morphism of the preceding corollary is an isomor-
phism. If this is the case then we have identified the hidden symmetries of the
functor w: B — A as the component D' = coendp(id4) in the cosmash product.

Theorem 5.6. Let D be a braided monoidal category and H be a braided Hopf
algebra in D. Let A=C =DH. Let C be a coalgebra in A and w : AY — A be the
forgetful functor. Then with coendp(id4)# coende(w) the cosmash product in A

f: coendp(w) — coendp(idA)%ﬁccoendc (w)

is an isomorphism of coalgebras in A.

AC—— 4
u\ /d
A

where w : A — A is the forgetful functor together with the functor F : D —
C induced by u : I — H. Tt is easy to check that A° = (DH)“ and DH#C
are isomorphic D-categories with the cosmash product formed in D (for cosmash
products and transmutation see also 4.1.4) by sending each object (P,u : P —

P ®C)in A% to the object (P,6:P HepoCc S el — P H®C)in pH#C (see
2.1.7), where the cosmash comultiplication is defined by

Proof. We consider the diagram

A H@CAH®A0H®H®C®CI®C® HoHoQCoHOC

'"HocoHoHoC MM " Heco HaeC.

The morphism z = 1 ® e : H#°C' — H is a coalgebra morphism. It induces a
D-functor D? : DH#°¢ — DH which can be identified with w : AY — A.

By Theorem 4.1 we get coendp(w) = H#°C, the cosmash product defined in D
as above.

From Theorem 4.2 we get coendp(id4) = H as a coalgebra but with the new
multiplication my : H @ H — H as defined in Proposition 3.6 by the braid
diagram

re rg
[o]Lo] [&][d]
(7| (=
PQ H PQH
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In particular my : H @ H — H is a morphism of H-comodules under the coad-
joint coaction. (This morphism has been studied in [Mj93b] under the notion of
transmutation.)

Furthermore we have coend¢(w) = C as coalgebras in A again by Theorem 4.1.

By Theorem 5.4 we thus get a canonical coalgebra morphism f : H#°C —
H#<C where the first cosmash product was described above and the second cosmash
product comes from the transmutation multiplication on H and the braiding in
A =DH. As observed in 4.1.4 these two cosmash products are the same.

With these coalgebras the canonical morphism f is defined as in the proof of

Theorem 5.4 by
w J w @ H#C
o

wo OB Lo He O

with § = (8w @ 1) as above, so that the uniquely determined morphism f under
the given identifications is the identity. O

Example 5.7. Let H be a coquasitriangular Hopf algebra over the field K and let
C be an H-comodule coalgebra. Let w : (MH)Y —s MH he the forgetful functor.
Then

coend(w) = H#°C.

Proof. Use Proposition 6.4 to show coend(w) = coenda(w). This special case can
also be derived from [Mj94b] without the use of control categories. [

The last example shows that the hidden symmetries as given in 5.1.8 are repre-
sented by the Hopf algebra H (with the transmutation multiplication), i.e. H =
coenda(id : M — M),

6. APPENDIX ON K-ADDITIVE CATEGORIES AND C-CATEGORIES

Let K be a commutative ring and let C := K-mod be the category of finitely gen-
erated projective K-modules. Then C is a symmetric monoidal K-abelian category.

Let A be a category with splitting idempotents, i.e. for a morphism f: X — X
with f? = f there are morphisms ¢ : X — P and j : P — X with j¢ = [ and
qj = lp. Then ¢: X — P is a coequalizer of (1x, f) and ¢ and j are unique up to
isomorphisms of P.

Lemma 6.1. Let f : X — X and g : X — X be idempotents with fg = gf
and splittings (P,q,7) of f and (P',q',7") of g. Let (R,q",3") be a splitting of the
idempotent jgq. Then (R,q"q,jj") is a splitting of fg: X — X.

Proof. qgj is idempotent since qgjqg9; = q9fg; = q99fi = q9jqj = qgj, so a
splitting (R, ¢",7") exists with qgj = j"¢" and ¢"j" "

= 1. Then ¢"¢jj" = ¢"j" = 1r
and jj"q"q = jagiq = f9f = ffg=fg. O
The following theorem is a generalization of [Sch92a] Lemma 2.2.2.

Theorem 6.2. Let A be a K-additive category with splitting idempotents. Then A
is a C-category.
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Proof. Let A be a K-additive category. Then the following hold for o € K and f, g
morphisms in A: a(f +¢g) = af + ag, a(fg) = (af)g = f(ag) and o[ @ g) =
(af) © (ag).

We define the functor (K@ —-: A — A):= (Id4 : A — A). This is a K-additive
functor. For n > 0 we define (K* @ -: A — A) := (Id" : A — A) (so for an
object P € A we have K" ® P = P") which again is a K-additive functor.

Let f : K" — K" be a morphism in C. Then f = }7;; aj;e;; where the e;; are
given by the compositions e;; := K* 2% K AN K™, the canonical basis of the
matrix space Homyg (K™, K"*).

Since A is additive, we have corresponding natural transformations

ei(P): pm Ly p Ly pr

For f : K" — K" we define f®@ P : P™ — P" by f®@ P := 3, a;¢;. Then
it i1s easy to verify, that f @ - : K* ® - — K" ® — is a natural transformation.
Furthermore it is easy to see that fg®@- = (f®-)(¢®-) and id®- =id. If C~ is the
full subcategory of C with the objects K”, then @ : C~ x A — A is a K-bilinear
bifunctor.

Now let X be a finitely generated projective K-module. Then there are homomor-
phisms 7 : X — K" and ¢ : K* — X for some n € N with ¢gj = 1x. For P € A
the morphism jq@ P : K* @ P — K" @ P is an idempotent (¢ ® P)* = jq@ P so
there is a splitting @ P K"@P — X@Pand j@ P: X@P — K" ® P (thus
defining ¢ @ P, j @ P and X @ P) with

(V@ P)qg@ P)=jq@ P and (q& P)(j @ P) = lxgp.
In particular @ P : K*@P — X® P is a cokernelof (1—jq)@ P : K'@P — K'@P

and we have a commutative diagram

(1-jg)®P

K* @ P Ko P X@P
J9QFP jq®PJ QP l:
K P20 gm0 p a9 x o p

Let j: X — K", ¢: K" — X and 7/ : X — K” and ¢ : K — X be two
choices of a representation of X as a direct summand of a free K-modules. Then
the following diagram commutes

(1-7g)

Kr o p 0000 gm0 p 120 o p

j'q®’P/ qu@P j'q®’]/ qu@P%
(1

K @ p LD gm o pUERIX @ 'P] | ixen

jzﬂ@& J jq’®x J =
(1-j9)®P

K* @ P Ko P xop

and the isomorphisms between X @ P and [X @ P] (the corresponding object for
the second representation of X) arise from this and the symmetric diagram with
(7,4, K") and (j', ¢, K™) interchanged.

Since the morphism (1 — j¢) @ P is a natural transformation it commutes with
morphisms f : P — ) and thus induces uniquely determined morphisms on the
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cokernels X @ f: X @ P — X ® @), so that the following diagram commutes:

K*®f K@ f lX(X)f

K" % Q (1-79)®Q K ©0Q—X&0.
In particular one sees that X ® —: A — A is a K-additive functor.

Now let f: X — X’ be a homomorphism. Choose j: X — K", ¢: K" — X,
J X' — K", and ¢ : K — X’ with ¢j = 1x and ¢'j’ = 1x.. Then by the
cokernel property there is a unique morphism f ® P which makes the following
diagram commutative:

7' fq®P lj’fg@P lf@P

Km®Pm,Km®P—>X’®P‘

By the universal property of the cokernel we get, that f@ P : X @ P — X' ® P is
a natural transformation. Furthermore we get fg@- = (f®-)(¢®-) and id®- = id.
In particular we have that @ : C x A — A is a K-bilinear bifunctor.

We sketch the construction of the associativity morphism f: (X @ Y)® P —
X @ (Y @P). We first observe that K* @ (K™ @ P) = P" = (K* @ K™)®@ P, which
defines 3 in the free case. Now consider representations ¢ : K* — X, 57 : X — K~
and ¢ : K" — Y, 7/ : Y — K. Then

f=jq21lel ' KeK"oP —Xa(K'oP) —K oK"®P

g =127¢d21:K'K"oP —-K'@(YoP) —K K" P
are idempotents with fg = (j¢@ 1@ 1)1 ®@j'¢ @ 1) = j¢@ 3¢ @1 = gf. So
we can apply Lemma 6.1. Since (1@ ¢ @ 1) (g2 1al1) : K9 K"® P —
XoEK*eoP) —XoYeoPad(jolohleojyel): XY oP) —
X@(K"®P)— K @K"® P is a splitting of (j @1 @ 1)g(g @ 1@ 1), we get
a splitting K" @ K" @ P — X @ (Y ® P) — K* @ K™ @ P which defines up to
unique isomorphism the object (X @ Y)®@ P,so f: (X @Y)@ P=Z X ® (Y @ P).
By the uniqueness this isomorphism is a natural transformation and coherent.

Hence A is a C-category. [

Proposition 6.3. Let A and B be K-additive categories with splitting idempotents
with the C-structure derived in Theorem 6.2 and let w : B — A be a K-additive
functor. Then w is a C-functor.

If w and &' are K-additive functors from B to A and ¢ : w — &' is a natural
transformation then ¢ is a C-morphism.

Proof. An object in C is given as above by the splitting j : X — K" and ¢ : K* —
X. Then the tensor product with X is given as the splitting ;@1 : X@P — K*®@ P
with q@1 : K"®@ P — X @ P. We define £ : w(X @ P) = X ®@w(P) as the uniquely
defined morphism by the isomorphic splittings

w(X @ P) =+ X @ w(P)

[

w(K* ® P) "+ K" @ w(P)
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We leave it to the reader to check naturality and coherence of .
The following commutative diagram shows that ¢ is a C-morphism

w(X @ P)—+ X @ w(P)

o (XQP) X Qp(P)
I w’(X@P)«H-X@w’ P)
w = w & — & w =w
(Pr) = w(krep) K our) [[=ury
O(P™) > S % Sae(P)”
J(P) = JK 9 P)—K @0 (P) =P

O

Theorem 6.4. Let C be a full monoidal subcategory of M = K-Mod and A be a
C-category. Let w,w’ : A — C be C-functors. Then every natural transformation
¢ :w—> W' is a C-morphism.

Proof. Since
w(EeP)

wK® P) W(K® P)
lw(ﬂ'p) Jw/(ﬂ'p)
w(P) — (P
3! 3!

P P

K w(P) 2L K@ w'/(P)
commutes and the vertical morphisms are by coherence the canonical morphisms
EwKaP)—Kw(P)resp. ¢ :w'(K@P)— KW (P). Forx e X €C let
fr : K — X be the homomorphism with f,(1) = x. Then the following diagram
commutes, possibly with the exception of the front face

o(KgP)

V(Ko P) V(K@ P)
N wlh:1) xor) /\‘w(fm@)l)
w(X ®@ P) W(X @ P)
¢ '3
¢ '3
!
f.r@l\ f.r@l\
S0 Jor 4 € w(P) we gt #(X @ Pl W®@= AX 8 PS8 L) =
M 1x @ (PO (@)1 ®@q) =€ (1x @ ¢ )( q). This holds for all + € X
and aH q € w(P) so that (X @ P)¢™' = (¢ @ )(1x @ ¢(P)) and ¢ is a C-
morphism. [J
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