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Abstract

We introduce the notion of ‘bar category’ by which we mean a monoidal category
equipped with additional structure induced by complex conjugation. Examples of our
theory include bimodules over a *-algebra, modules over a conventional Hopf x-algebra
and modules over a more general object which call a ‘quasi-*-Hopf algebra’ and for
which examples include the standard quantum groups u,(g) at g a root of unity (these
are well-known not to be a usual *-Hopf algebra). We also provide examples of strictly
quasiassociative bar categories, including modules over ‘x-quasiHopf algebras’ and a
construction based on finite subgroups H C G of a finite group. Inside a bar category
one has natural notions of ‘x-algebra’ and ‘unitary object’ therefore extending these
concepts to a variety of new situations. We study braidings and duals in bar categories
and x-braided groups (Hopf algebras) in braided-bar categories. Examples include the
transmutation B(H) of a quasitriangular Hopf x-algebra and the quantum plane (Cg

at certain roots of unity ¢ in the bar category uq(suq)-modules. We use our methods
to provide a natural quasi-associative C*-algebra structure on the octonions @ and on
a coset example. In the appendix we extend the Tannaka-Krein reconstruction theory
to bar categories in relation of Hopf x-algebras.

1 Introduction

One of the key ingredients in an operator algebra approach to noncommmutative geometry
is that of complex conjugation and its extension to adjoints, *-involutions on algebras and
other form of structure. Here commutative unital C*-algebras correspond by the theorem
of Gelfand and Naimark to compact Hausdorf spaces and many geometric ideas extend



from this point of view to noncommutative C*-algebras. Even if one is not concerned with
C*-completions one may be concerned with the properties of x-algebras at an algebraic
level and associated concepts. Thus for example there is an established abstract notion
of x-Hopf algebras over C which in some cases can be completed to a compact quantum
group [17]. When one introduces constructions in *-noncommutative geometry one needs
* to be respected and this is usually possible in the context of hilbert spaces and adjoints.
However, even in this case the notion of bar category that we introduce is useful as a book
keeping device to make explicit the idea of conjugate objects and antilinear maps in various
contexts relating to bimodules and conjugate representations.

The framework of bar category moreover allows such concepts to be extended from the
familiar case of bimodules over x-algebras or (co)modules over a x-Hopf algebra to other
situations were the corresponding notions of conjugation would otherwise not be clear.
The most important of these we believe is to standard quantum groups C4[G] or u4(g) at
|g| = 1. These are not standard *-Hopf algebras but we show that their modules still form
a bar catgeory. We also introduce a theory of *-structures for Drinfeld’s quasiHopf algebras
[10] such that the category of modules is a bar category, and a construction for obtaining
these by twisting a *-Hopf algebra. Another application is to quasi-associative algebras [1]
where without a categorical framework it would not be clear how to define concepts such
as conjugation of bimodules or ‘skew-linear inner products’ to define Hilbert spaces.

The related idea of star operation x for objects in a bar category is introduced. Quantum
planes at |g| = 1, the octonions and our coset quasi-associative algebra example are all
shown to be a star algebras in a very natural way, though the star operations in the first
and last case do not square to the identity. The quantum plane example in fact turns out
to be a braided x-Hopf algebra (in a braided bar category). The coset example is closely
related to ideas in [6], which is concerned with applications to mathematical physics. Other
motivation comes from earlier attempts at such notions in the specific context of braided
linear spaces [15, 14].

One of the original motivations for this work was noncommutative Riemannian ge-
ometry, where we require *-structures in noncommutative differential forms[8], projective
modules etc. and this will appear in a sequel. It is also related to the ‘type A’ and ‘type
B’ morphisms mentioned in [3].

An outline of the paper is as follows. The basic definition is given in Section 2, with
elementary examples such as the bar category Vect of vector spaces with conjguation
and the bimodule, module and comodule categories. Section 3 contains new examples of
bar categories beyond the standard settings. Section 4 covers braiding in bar categories.
Section 5 covers x-algebras and x-Hopf algebras in (braided) bar categories. Section 6
concludes with the natural notion of dual objects in a bar category. A main result here is
that in a bar category a left-dual implies a right-dual.

In the appendix we show that a #-Hopf algebra can be reconstructed from its (bar)
category of modules, showing that in some sense, this is the ‘correct’ notion of bar category
[16].



The reader should note that this material is very different, both in definition and
application, from the idea of *-autonomous category given in [4]. For one thing, there
is a functor rather than a natural transformation. The % functor in [4] is contravariant,
rather than the covariant bar functor described here. The reader should also not confuse
‘quasi-*-Hopf algebras’ and ‘*-quasiHopf algebras’, both of which we introduce in the paper.

The paper was written during the visit July-December 2006 of the authors to the Isaac
Newton Institute. We thank the institute for their support.

2 Bar categories

Here we give the abstract definition that we propose, and the elementary ‘model’ examples
that justify the definitions. We recall that a monoidal category (C,®,®,15,1,7) means a
category, with a functor ® : C x C — C, a natural equivalence ® : (® )® ) — ( ®( ®))
subject to Mac Lane’s pentagon coherence identity and an identity object 1 and associated
natural isomorpisms [ : id — id® 1o and r : id — 1p ® id compatible with ®. We refer to
[12] for details. We recall that a monoidal functor F': C — D between monoidal categories
means a functor F' and a natural equivalence f: F( )® F( ) — F o ® with

fxyezo(d® fy,z) o ®px) riv)Fz) = F(Pxyz)ocxevzo (fxy ®id)

Flg) =1p, figx olex) = Flx),  fxaporrx = Frx)

for all objects X,Y, Z of C. Note that in a monoidal category the unit object is unique up
to isomorphism and consequently is it conventional without loss of generality to assume
strict equality in the last line above. If one wishes to be more precise it would be better
to say that there is an isomorphism f! with

flilp — F(lp), fip.x o (fr®@id) o lp(x) = F(lx), fxap0 (id® f1) orp) = F(rx)

for all X. Here f! if it exists is determined uniquely from (F, f) and we say that F is
monoidal with induced unit isomorphism f'.

A natural equivalence means that the natural transformation in question is invertible.
We recall that a natural transformation means that the collection of morphisms is functorial
with respect to morphisms in the domain of the relevant functors.

2.1 The definition of a bar category

We denote typical objects of a bar category by X,Y, Z etc. We denote by flip the functor
from C x C to C x C sending (X,Y) to (Y, X).

Definition 2.1.1 A bar category is a tensor category (C,®,1¢,l,r,®) together with the
following data:



1) A functor bar : C — C (written as X — X ).
2) A natural equivalence bb between the identity and the bar o bar functors on C.
3) An invertible morphism x : 1¢ — 1¢.
4) A natural equivalence Y (capital upsilon) between baro® and ® o(bar x bar) oflip from
C x C to C. These are required to obey the rules:
a) Fk=Dbby, :1lc— 1c.
b) The following compositions are r and l5 respectively:
I T 1l I
X li>X®1@ ﬂc 1c®X*—®>ld 1c®X ,
— Tx 7T1C7X7 7id®*71*
X S51eX — Xl — X®1¢.
¢) The following condition is satisfied by Y and the associator ®:
S -1 . -1 -1 -1 o -1
CxyzTxeyz(d@Txy) = Tyyez(Tyz®id) P75+

d) The following square commutes:

bbx ® bby — _—

XY X®Y
bbxoy| R

Txy ——

XY Y®oX

e) bbx =bbg:X X .

The natural transformation property for T is explicitly that, given morphisms 6 : X —
B and ¢:Y — C, we have

Ypc(@®d) = (020)Txy : XY -C®B.
The natural transformation property of bb is similarly stated for any morphism 6 as
bbp 0 = 6o bby.

Remark 2.1.2 We can define C°P to be the same monoidal category as C with opposite
tensor product, the same unit object 17 and the induced remaining structures. Then a bar
category means:

1) a monoidal category C equipped with a monoidal functor bar : C — CP with associated
natural equivalence Y1 and induced unit isomorphism * : g —1¢

2) a natural equivalence bb : id — bar o bar such that 4)a),d)e) hold.



2.2 Basic Example: Vector spaces over C

Given a complex vector space V we define V to be the same Abelian group as V but with
a conjugate action of C so

AT = v, vEV,AeC.

Here T denotes the same element v € V but viewed in V. This defines a functor from the
category of complex vector spaces to itself. Objects are sent as above, and a morphism
¢:V — Wissent to ¢:V — W with ¢(7) = ¢(v) for all v € V.

Vector spaces over any field form a monoidal category with ®, 1, r trivial and unit object
the field. In our case the unit object is 1o = C and x is given by complex conjugation

which we also denote as usual. One may easily verify all the axioms with the trivial choices
bby(v) =7, Twy(wev) =70w. (1)

In this way the category Vect of complex vector spaces becomes a bar category.

2.3 Basic Example: Bimodules over a star algebra

Let A be an algebra. The category 4 M 4 of A-bimodules and A-bimodule maps forms a
monoidal category in the usual way. The left/right action on a tensor product of bimodules
is given by multiplication on the left/right most factor. The associator is trivial and the
identity object is A.

Now suppose that A is a x-algebra over C (or over some other field with involution) in
the sense of an antilinear order reversing involution a — a*. For an A-bimodule E, define
another A-bimodule E as follows: As Abelian groups E is identified with E (as for the
bar-category Vect; as there we use an overline to distinguish € € E from e € E.)

Define left and right actions of A on E by a.€ = e.a* and €.a = a*.e. The functor
bar : AM4 — a4 My is defined on objects by E — E and on morphisms by ¢ — &, where
5(2) = 9(e).

Considering A as an A-bimodule, define the morphism
x:A— A, a— a*.

Similarly, define Ypg : FQ4E — E®AF, by Ypp(f®ae) = e®@a f. It is easily seen
that Y g is an invertible morphism in 4 M 4:

T((f(%e).a) = T(a*.f%e) = E%W = é%?.a ,

and likewise for the left multiplication.

Finally, the isomorphism bbg : E — F is given by bbg(e) = €, and this is a natural
transformation between the identity and the bar? functor. Hence the monoidal category
of bimodules becomes a bar category in a natural way. The *-structure appears naturally
as the x isomorphism on A viewed as unit object.



2.4 Basic Example: (co)modules over x-Hopf algebras

Let H be a Hopf algebra over a field k£ in the usual sense, with coproduct A: H — H® H,
counit € : H — k, and antipode S : H — H. We refer to [13] for details and we use the
‘Sweedler notation” Ah = h() ® h,) for all h € H. The category My of right H-modules
is given the tensor product action of H on tensor products, i.e.

(v@w)<h = vah) @wah(y) -

A natural notion over C (or over any field with involution) is that H is a *-algebra and
that A is a x-algebra map
Aox=(x®x%)oA.

From this it follows that S is necessarily invertible and
S(h)* =S~ Hh*) .

We say that H in this case is a Hopf *-algebra. The notion has been used notably by
Woronowicz as an algebraic notion that can in some cases be completed to a compact
quantum group[17]. There are other possibilities (see Section 3.2 and 3.3 later).

In this case My can be made into a bar category as follows: As in 2.3 we identify V
with V as sets, using overline to distinguish ¥ € V from v € V. Then the action < of H on
V is given by

v<h = vaSTH(h¥) .

We take the same trivial T,bb as in (1) for Vect and the same x on the unit object C
given by complex conjugation. We check that bb is a right module map:

bb(v)<h = v<h = v1S~1(h*)
= vaS((5(h))
— vah = bb(v<h) .

We also check that T is a right module map,

Y(w@v)ah) = T((wwv)aS—I(h*))
T(waS—1(h*) (1) @vaS™Hh*) ()
= T(waS~(hfy) ®vaS~I(hF)))
= SQSfl(h@)(@qufl(h?g))

— Uqudh(g)

Analogous results hold for the category g M of left H-modules. Here tensor product
of modules is given now by the left action of Ah. We specify the left action on V by

o = S=Hh* ) .



and again the trivial forms for x, T, bb.

Since Hopf algebras are in a certain sense ‘self dual’ under arrow reversal there are
analogous results for comodule categories. Thus the category M of right H-comodules
(say) has objects which are comodules (V, py) where

ple—>V®H, P(U):U[()]@’Um

is a coaction in an explicit notation. Again we identify V and V as sets, and define %, bb, T
as in for Vect. The coaction on V is given by

p(v) = V@ v -
We check that bb is a right comodule map:

pbb(v) = p@) = W[O]@@)FI]

= U @) = Yo ®vpy
We also check that T is a right comodule map,

(Teid)p(wev) = T(wev)g)@(wv);y)"
T (wpo) @ vyop) @(wpryvp)”
Ulo] ® o] ® VW
PT(wev) = p(dew)

= Tjo] W] @ vy wiy

In this way M*H becomes a bar category when H is a Hopf *-algebra. Similarly for the
category M of left comodules.

2.5 Functors between bar categories

Definition 2.5.1 Given two bar categories C and D, a functor from C to D is a monoidal
functor F' : C — D with the additional properties:

(1) There is a natural equivalence fb between the functors bar F' and F bar, i.e. fby :

F(Y)— F(Y).
(2) For the unit, F(1) = F(1), and for the x : 1 — 1 morphism, x = F(*).
(4) The following diagram commutes, where we recall that the definition of a monoidal

functor involves a natural equivalence fxy : F(X)® F(Y) — F(X ®Y') which respects the
associator:

SN v ¥ G
F(X®Y) FX)@F(Y)——F(Y)®F(X)
be®Yl lfby®fbx

F(T) - —1 r o
F(X®Y) FYeX) XX . FPY)oFX)




Proposition 2.5.2 Given a monoidal bar functor (F, f) between bar categories C and D
as i 2.5.1, the following diagram commutes:

fb _

F(X) F(X)
F(bb) l - l bb

— B =L

F(X) F(X)

Proof: By using (3) from 2.5.1 and (e) from 2.1.1, the diagram can be rewritten as:

b -
F(X) F(X)
bb l _ l bb
= tb —
F(X) F(X)

This commutes as bb is a natural transformation between the identity and bar?. [

Clearly, an example of a bar functor is the forgetful functor to Vect from any of the
above four bar categories associated to a Hopf s-algebra H. This forgets the (co)action of
H. In the appendix we prove the converse that if a bar functor to Vect when restricted to
objects with duals is representable, it factors through such a construction for some Hopf
x-algebra which may be reconstructed.

Proposition 2.5.3 If the monoidal functor (F, f) from C to D is a 1-1 correspondence
of both objects and morphisms, and C is a bar category, then we can make D into a bar
category so that (F, f) is a functor of bar categories as follows: Define

1) F(X)=F(X) for all objects X in C.

2) 1b is a natural transformation from F o bar to itself.

3) F(¢) = fhy' o F(@) ofbx for all morphisms ¢: X — Y in C.

4) * = F(%) on the unit object.

5) bbpx) = by bt F(bbx) for all objects X in C.

6) TF(X),F(Y) = (fb;l ®fb)_(1) ;yl)—( F(T)Qy) be®ym fO’I“ all objects X,Y in C.

Proof:
2.6 x-Objects in a bar-category
In any bar category it makes sense to ask if an object X is isomorphic to X.

Definition 2.6.1 An object X in a bar category is called a star object if it is equipped with
a morphism xx : X — X with the following properties:



a) *x o%xx = bbx.
b) (xx®id)rx =rg*x and (Id@*x)lx =g *x.

Clearly 15 is always an example.

Example 2.6.2 In the bar category Vect a x object structure on a vector space V is given
by an antilinear map J : V. — V such that J* = id. Here x(v) = J(v) is J viewed as a
linear map V. — V. We will usually write J(v) = v*.

Example 2.6.3 In gM (see 2.4) a * structure is given in the same way as in Vect but
with J covariant in the sense J(h>v) = (Sh)*>J(v). This is the notion of a “«-action’ or
unitary action in [13] (where J is denoted by *).

Example 2.6.4 In sMy (see 2.3) we again use the identification of X as_a bimodule
with the Abelian group X but reverse bimodule structures. Then xx : X — X takes the
form e — J(e) where J? = id and now J : X — X is a skew bimodule map in the sense

J(a.e) = J(e).a* and J(e.a) = a*.J(e) fora € A and e € X.

We can also write some other related definitions in any bar category.

Definition 2.6.5 An inner product on an object X a bar category means a morphism
(,): X®X — 1p such that

xo(, )={, )oY o(id®bbx)

(This is just the usual conjugate symmetry for many examples.) It will also be convenient
to have the opposite definition with the bar on the second copy of X.

Example 2.6.6 In Vect this becomes a usual sequilinear inner product ( , ) on a vector
space V' that is antilinear in its first input and which is symmetric in the skew sense

(v,w) = (w,v), v,weV

where the bar on the left denotes usual complex conjugation (it is * in Vect). One should
add a positivity requirement to have a (pre)-Hilbert space.

Example 2.6.7 In bimodules 4 M 4 over a x-algebra A it means an A-valued inner product
(, ) on a bimodule E obeying

(e, )" =(f,e), (e,fla= (e, [.a), (a’.e, [)=(e,a.f)

The first two conditions are those of a right (pre) Hilbert module if one adds a positivity
requirement. Given the first, the second condition can also be written as ale, f) = (e.a*, f).
The last condition applies in our bimodule setting and says that additional left action of
A is adjointed by { , ) in a way that agrees with * (a ‘unitary’ representation in some
sense). From our point of view it is the condition that the map E x E — A descends to
EosE — A.



Example 2.6.8 In the case gM for a x-Hopf algebra it means a sesquilinear inner product
as for Vect which is covariant under the action of H on V ® V. A short computation shows
that this last is equivalent to

(h'>v,w) = (w,h>w), he H, vyweV

i.e. that the action of H is adjointed by ( , ) in a way that agrees with * (i.e. ‘unitary’ in
some sense).

Definition 2.6.9 B is a star algebra in the bar category C if there is a product p: B& B —
B making B into an algebra in C, and if B is also a star object so that

ﬁT;}B(*B ®@+p) = *pi: BB — B .
If n:1p — B is a unit for the product, we require o x = xpg o 1.

It is intended here that the product is associative with respect to a possibly non-trivial
associator ® in the category.

Example 2.6.10 In the case of Vect this means that B is an ordinary x-algebra with
x(b) = b*, i.e. the antilinear map J above is antimultiplicative with respect to the product
(and in this context denoted x). An example is of course bounded operators B(H) on a
Hilbert space H, with x given by the adjoint operation.

Example 2.6.11 An algebra B in 4M means a bimodule B and a product map u :
B®4 B — B which need be associative only when one takes the tensor product over A. A
unit means a bimodule map A — B, determined by the image of the identity, and forming
a unit for u. We provide the notion of a x-involution on such an algebraic structure.

Example 2.6.12 In the case g M, an algebra B means an H-module algebra in the sense
h>(be) = (haypb)(hy>c) and bl = e(h)1. We require further that B is a *-algebra in the
usual sense as for Vect and that (h>b)* = (Sh)*>b* as above. This is the usual notion for
a *-Hopf algebra acting on a x-algebra [13]. Here we again have x(b) = b*.

There is obviously a dual notion of a coalgebra C in a bar category C as a coalgebra
with coproduct A : €' — C'® C' and counit € : C' — 1, which are coassociative and counital
in in the monoidal category, now with C' a x-object such that

TC,COZO*C:(*C(@*C)OAa * 0 € = €0 %(.
This is not the only possible equation, we could add a braiding or similar map.

Example 2.6.13 A coalgebra in 4M 4 means a ‘coring’[7]. Hence the above is a natural
notion of x-structure on a coring.

This completes the basic definitions and ‘elementary examples’ in the sense that one
does not need the notion of a bar category to formulate these examples. Rather it is a
useful idea to unify various notions and to keep track of the book-keeping.

10



3 New examples of bar categories

Until now we have tested our ideas out on ‘standard’ settings where one knows in any case
how conjugation etc. should proceed. In that case our bar notion serves only to unify some
slightly different contexts. In this section we give some genuinely new examples where
the definitions would not be so clear without a categorical context. The first one is only
slightly new (it is known in some form) but included for completeness.

3.1 Example: Crossed or Drinfeld-Yetter modules over x-Hopf algebras

X
For any Hopf algebra the category of right ‘crossed’ or Drinfeld-Yetter modules Mg for H
consists of right H-modules and right H-comodules satisfying the consistency condition

,0('U<lh> = U[O]dh(g) & S(h(l)) U[q h(g) YveV  Vae H. (2)

In the case of H finite-dimensional a crossed module is just the same as a right module for
the Drinfeld quantum double Hopf algebra D(H) = H >1 H*°P and its properties tend to
be in line with those known for this. In the finite-dimensional case it was shown [15] that
D(H) for H a x-Hopf algebra inherits a natural Hopf x-algebra structure. In the general
case:

Proposition 3.1.1 Let H be a x-Hopf algebra. The category of right H-crossed module or
‘Drinfeld- Yetter’ modules is a bar category with V defined as for My and M separately,
i.e. V=V as an Abelian group and with action and coaction on V given by

p(V) = Vg ®vfyy, V<h = vaSTH(R¥) .

Proof: We only have to check that V is again a crossed or Drinfeld-Yetter module, i.e.

p(v<h) = p(vaS—L(h¥))
= (©3S~1(h*)) o @((vaS ™ (B*))y)*
= ST (h) ) ®(S(STHB) ay) oy S~ () g)*
= ”[O}QS L(hfy)) @ (hizv S~ (hjy)*

Uoj<h2) @ S(hpy)viyhs) -
The rest of the axioms hold as inherited from Vect.

3.2 Example: Bimodules over flip-x-Hopf algebras

Sometimes one has Hopf algebras which are simply not *-Hopf algebras but for which x
still behaves well with respect to the coproduct. The most common ‘nonstandard’ variant
is:

11



Definition 3.2.1 A flip-x-Hopf algebra is a Hopf algebra which is a *-algebra and for
which the coproduct and counit obey

Aox=(x@x*)ToA, e(h)=-¢€(h")
In this case it follows that S(h)* = S(h*).

A simple commutative example is the polynomial algebra C[u’;] (1 < i, j < n) with the
relation det(u) = 1, coproduct, counit and x*

Au’j = Zu’k QU 7 euzj = 5Zj, (uzj) = uji.
k

This is a non-standard real form of C[SL,| which does not correspond to any group but
to set of hermitian matrices of determinant 1. For n = 2 it is the x-algebra of regular
functions on the mass hyperboloid in Minkowski space R'3 (and it is the ¢ = 1 limit of the
hyperboloid in an approach to g-deformed Minkowski space based on braided groups[13].)

Proposition 3.2.2 For any Hopf algebra one has a category gMpg of H-bimodules with
tensor product defined by A. If H is a flip-x-Hopf algebra this can made into a bar category
by V =V as Abelian groups, right and left actions on V given by

h>v = v<h* , v<h = h*>v .
and bb and Y as in (1).

Proof:  We need to check that bb and T give morphisms, leaving some of this calculation
to the reader.

h>bb(v) = h>v
= w<h* = h**p>v

Yvew) = h(wev)
= h(l)D@@)h(Q)Dﬁ

*

1)* ® v<1h(2)

= w<1h*(2) & vqh*(l) ,
T((v®w)<h*)
T(vqh*(l) ® w<1h*(2))
= w<h ) ® vah*

= w<1h(

T(ho(ow))

"2 (1) -
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3.3 Example: Modules over quasi-x Hopf algebras

We recall [13] that a 2-cocycle on a Hopf algebra H is an invertible element ¥ € H ® H
such that
F12(A®id)(F) = Fa3(id®@ A)(F), (e®id)F =1

Given such an element, one may conjugate the coproduct of H to a new Hopf algebra H F
which an equivalent category of modules. Here we give a different application of such a
cocycle. It is not directly related to but to but in the same spirit as the notion of quasi-*
Hopf algebra introduced in [15] to describe g-deformed inhomogeneous quantum groups for
real g. Our version will be more applicable to |q| = 1.

Definition 3.3.1 A quasi-x Hopf algebra is a quadruple (H,*,F,~) where H is a Hopf
algebra and x-algebra, F € H® H is a 2-cocycle and v € H is an invertible element such
that

ARy =F HA R F, eh) =eh), ST W) =~""(Sh)" v, Y®7y=FaFAy
for all h € H, where F = (x®%)(S ® S)(F).

Remark 3.3.2 If F = f;ll we say that the quasi-x+ Hopf algebra is of real type. In this
case v is grouplike, i.e. Ay =~vR7.

Theorem 3.3.3 The category g M of left modules of a quasi-« Hopf algebra (H,*,]ify)
can be made into a bar category as follows: Again, for V an object in gM, we define V to
be V as a set, with

h>v = (Sh)*>v .

We define Yy : VW — V@W and bby : V — V by

Tywweow) = FOrweFlby,

bby(v) = 350 . (3)
Proof: First show that bby : V — V defined in (3) is a morphism in g M.

gebby (v) = g
= S(g)*>ypv

= S(5(9) ) v,

and by definition of  we have v g = S(S(g)*)* . Next show that Ty : VoW - WaV
defined in (3) is a morphism in g M.

pwew) = S(g)>vew)

13



= S(g)*(l)bv ® S(g)*(Q)Dw :

From 3.3.1, this gives, where F~ is an independent copy of F 1,

pew) = F-US(ge) FUrve F-@8(gq) F@suw,
T(g(wew)) = S(ga)* FObwe S(ge)* Fbv
— o (FOrwe FOpo)
= pT(vew).

Next show that the compatibility condition between T and the associator is satisfied.

T wer) = FObve F-@bw

we calculate

Touw (T )@eEev) = Tygyw@eF-Osee F-Cbu)

= ﬁ_(l)b(}’:_(l)bvtgf_@)bu)®]:"_(2)>w

= (F O F e F N, F-Ceu) o F-@buw
Tohew (Yo @i (@en)®@1) = Ty Ooue F-Obw )

= FWpy@ F-@s(F- Wby @ F~-Obw)

= FWeve(F ) FWoue 7 %), F-@ow) .

As the original category has trivial associator, this is implied by

(1) (1) o 70 @) o 72 _ 1) o 7@ (1) 5 72 (2
FonF URF T F T YeFTY = FUQF T FURF T,

which is the cocycle condition for 7 € H ® H. Finally, show that T satisfies the compati-
bility condition with bb. Begin with

ToT(mw) - T(f(2)>w®f(1)>v)
= FOu(FOpv) @ FOo(F@bw)

— S(F@)FOey e S(FD) FOsw

Next we have

y>(v®w)
= Y)PU &Y (2)Pw ,

bb(v ®@ w)

so the condition becomes

PooPpw = S(FOPFFOyqypoeS(FO)PFOygpuw
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which is satisfied by 3.3.1. O
To give a simple class of examples, we recall [9] that a Hopf algebra H is quasitriangular
if there is an invertible element R € H ® H such that

(A®id)R = Ri13Ra3, (Id@A)R =Ri3Ria, 7oA =TR(A)R™!
(which then obeys the YBE or braid relations in H®3). In this case the elements
u = (SR(2>)R(1), v = R(l)(SR@))

implement S? and S~2 respectively by conjugation. A ribbon Hopf algebra is a quasitrian-
gular one for which the central element vu has a square root v € H (the ribbon element)
such that

Av =R 'Ry vev)., e=1 Sv=v

An exposition with required identities can be found in [13].

Proposition 3.3.4 A ribbon Hopf algebra (H,R,v) which is a flip-x-Hopf algebra such

that R*®* = Rz_ll can be viewed as a quasi-x-Hopf algebra with F = R and v = v~ v.

Proof: Since we have assumed both parts of
(Ag)*®* = 7A(g%), TAg=TR(AgR™*,

where 7 is transposition, it is clear that F = R plays the role required. It remains only to
find y. We start by noting that for a flip-+-Hopf algebra, S(h*) = (Sh)* while (S® S)(R) =
R for any quasitriangular Hopf algebra[13]. Hence under the reality condition on R the
defining properties for v € H becomes, for all g € H

Yy = S%(g), Y®7=Ay (4)

From general analysis on quasi-triangular Hopf algebras [13], the first equation in (4) is
satisfied by v = ™" or v = v*. However these choices may not satisfy the second equation.
Since R*®* = ’R;ll, we have u* = v~ and v* = v~! hence if we have a ribbon element,
~v = v~ v is grouplike and still implements S? as required.

Example 3.3.5 The anyon Hopf algebra [13] for q a primitive l-th root of unity (I =
2k + 1> 1 an odd integer) has a single invertible generator K for which

Kl=1, AK=K®K, ¢K)=1 S(K)=K!

This Hopf algebra is ribbon, with quasitriangular and associated elements

-1 -1
1

q—2ab K@ ® Kb, v=u=1v = = E q—za(a—T’) KT (5)
l

a,b=0 a,r=0

Rk =

~| =

15



We take the star structure to be K* = K1, and then R*®* =R~ = R2_11 and we have a
quasi-x Hopf algebra as an example of 3.5.4 with v = 1.

The bar category of modules of this quasi-x+ Hopf algebra is that of anyonic or Z;-graded
complex vector spaces (here Kpv = ¢I'lv acting in an element of degree |v]). Morphisms
are degree-preserving linear maps and

bby(v) =7, Tvwow) =" wes
on homogeneous elements.

Example 3.3.6 As another example of the structure given in 3.8.4, take the example of
uq(SU(2)), where q is a primitive Ith oot of unity (for odd integer I > 1). The algebra is
defined as generated by 1, K*', E and F, subject to relations

K—-K!

KE=¢{EK, KF=q*FK, [EF]= —
q—q

, El=0=F', K'=1.
The coproduct on the generators is given by
AE=E®K+1QE, AF=Fl+K'9F, AK=KQK .
The counit is defined by
e(1)=e(KT) =1, ¢(E)=¢F) =0,
and the antipode by
S(K*)y=KT!  §(E)=-FEK™', S(F)=—-KF .

This Hopf algebra is known to be ribbon with quasitriangular and related structures

)
n=0 n:q ]
L o) S (a—a7)" 2
v = l( Z q2m > [n,q_2]| qf(lJrl)(nfafl) /2 E"K*F"
m=0 n,a=0 ! ’

where R is defined in (5). It is also known that this is made into a flip-x-Hopf algebra by
(qu)*:qu ’ E*:—F, F*=_F .

Applying the star to R gives R*®* = (R™1)a1 as required to apply the above results. Hence

we have a quasi-+ Hopf algebra with v = v~ 'v.
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Example 3.3.7 As yet another example of the structure given in 3.3.4, take the example of

uq(SU(2)), where q is a primitive [th root of unity (for odd integer | > 1). This is a central
extension of uq(SU(2)) by an invertible generator K satisfying the anyonic relations. Then
we have a new quasitriangular structure:

and the same element v as in 3.3.6.

3.4 Example: Modules over x-quasi Hopf algebras and twisting

We first recall the Drinfeld twist theory. Take M to be the category of left modules of a
Hopf algebra H. For a cochain F € H® H we can twist the coproduct by Arx = FA F~!
to give a quasiHopf algebra [10] which we denote H F. For simplicity we assume that
(id®e)F = (e®id)F = 1. This construction can be thought of as twisting the tensor
product in g M to a new category C = i FM connected by a monoidal ‘twisting functor’
F: gM — C [16, 13]. Here F is the identity on objects and morphisms, C has a tensor
product, and the tensor products on the two categories are related by

fxy i FX)@F(Y) = F(X®Y), F@)@F(y)— FF DoroF Coy) |

Here since F' is the identity on objects we extend its notation to the identity operation
on elements, which is a useful convention to allow us to give concise formulae. Thus F'(x)
denotes z € X viewed in F(X). In terms of this notation, h>F(z) = F(h>x). A brief
calculation shows that, even though M has trivial associator, the new category C in
general needs an associator ® : (F(X)@F(Y))®F(Z) — F(X)®(F(Y)® F(Z)), given
by the action of the following element ¢ € H®3:

¢ = (I[doF) ([doA)F) (A=id)F ) (Fleid) .

The condition that this is the identity is exactly that F is a cocycle, but we shall keep to
the general case for the moment.

Now we suppose that H is a x-Hopf algebra, and thus that ;M becomes a bar category
with the notations given earlier in 2.4. The problem is how to make zrM into a bar
category. We use the following conventions for operations on p=M:

bb(F()) = F(pu),
b(F(2) = F(@T) .
TF@eF(y) = FGPy)0FGsa) (6)

for some p € H and G € H® H.



Theorem 3.4.1 Suppose that H is a x-Hopf algebra, and F € H ® H is an invertible
element with (e®id)F = (id®e)F = 1. Then yrM is a bar category such that the
identity map from gM to M is a morphism of bar categories if and only if

y=9 (S, G = SFD) oy F Ve (SFOY gy F (1)
obey

vy = (SG@) M FW ) FO g (SGM) GO F@) ) FoO) (8)

(S)* GO FO G ) 7= g5y G0 F 1 gB | F=0) g (5@ gl

= g @ g g O gl | F-@g=) g g FO) gl | F-g=0) ()
7= (5", (10)
(o) =1. (11)

Proof: We calculate bb from the following formula:

bbpx)(F(z)) = fb;(lofb;—(loF(be)(F(:L‘))

The diagram for T gives

T(Fz)®F(y) = (b tebh!

(b '@t
= ('@ ) (FFWspq F-@by) @ F(F@bpq) F-Obr))
= F(p~1(SFM)* ©2) F-@py) @ F(p~1 (SF@)* e F-pg) .

I
El
|
—
X
|
—
N~ ~—~ ~—~— ~— ~—

Now we look at 2.1.1 (d):

TTbb(F(z)@F(y)) = TYT(F(FWyq F-Opr)@ F(F yg F-Gpy))

(F(G®2) F2) Y@) F-@py)o F(GH FO) Y1) F-Wpr))
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= F((SG2)x g FO) Yy F~ V)
R F((SGM)* G2 F@) ) F-@py)

and as this must be bb ® bb we have the first condition.
The condition in 2.1.1 with T and the associators gives the equality of the following
expressions:

¢ (Y ®id) T (F(z) ®(F(y) ® F(2)))
- <I>(T®id)( (]—'(1)9(2) F-p )®F(}"(2)Q(2) o F~@p2) @ F(GDb))
= ®((FGDFRIGY, F Coz) @ F(G ()(nf*(”»y))@F(gﬂ»x)),
e T) Y (Fl) 9(F () <>>>

(
= ([d@T) T ((F(¢~Wez) @ F(¢~Pry)) @ F(¢~Pr2))
(id@ ) (F(G® ¢~ 3)>z)®F(}'(1)g(1)( F- <1)¢ ()DQC)@F( (2>g<1> F-@p-@py))

= F(G® ¢~ ®pz)a(F(G2) FO W ) F-Clg-@y) @ F(GW FO GV F-Wg-Woa)) |

so we deduce the second condition. Then 2.1.1 (e) gives the third condition, and the
conditions on [ and r give the fourth. [

Proposition 3.4.2 Suppose that H is a cocommutative Hopf algebra and that F is a
cocycle (i.e. g =1@1®1 in (6)) for which (e®id)F = (id®€e)F =1 and ((S® S)F)*®* =
F. Then we can set ¢ =1 and G = Fo1 F~ 1, and all the conditions for 3.4.1 are satisfied.

Proof: Substituting the given conditions into (7), we find v = 1 and G = Fo; F 1. Now
as Go1 = G~1 we see that (7) holds. Using the equation for the ¢ (6) and cocommutativity
shows that 9 holds. O

Now we look at this from a different point of view. Suppose that we are just given a
quasi-Hopf algebra, without a description of how it was obtained by twisting (i.e. we do
not know F or ¢ in the discussion above). However we do know rA, as it is just the
coproduct in the quasi-Hopf algebra. We describe a quasi *-Hopf algebra via an antilinear
algebra map T : H — H which obeys

(TR®T)Ah = Go (TA(T(h))) Gop' -
[For a usual x-Hopf algebra, this is just T'(h) = (Sh)*.]
Definition 3.4.3 A quasi x-Hopf algebra is (H, A, ¢, T,~,G) where

Y@y = (T®T)G)G Ay,
v o= T(),
(TOTT)s321) (12G) ((id® A)G) (Go1) (A®id)G) ot .
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Proposition 3.4.4 A quasi x-Hopf algebra (see 3.4.3) has g M which is a bar category.
Proof: Check the equations (8), (10) and (9). O

Remark 3.4.5 Clearly one can factor out the antipode S of a quasi-Hopf algebra and look
at the formal properties of ¥ = T o S~' in line with usual x-Hopf algebras but this is not
particularly convenient in the quasi-Hopf algebra case.

We will later give a concrete example of this theory applied to the Octonions.

3.5 Example: The coset representative category

Suppose that G is a subgroup of a finite group X. The set G\ X consists of the equivalence
classes of X under left translation by elements of G, i.e. the left cosets. The subgroup G
acts on G\ X by right translation, which we write as <: G\X x G — G\ X (i.e. p<u € G\X
for p e G\X and u € G).

Definition 3.5.1 The category Cs consists of all finite dimensional vector spaces over a
field K, whose objects are right representations of the group G and possess G\ X -gradings,
i.e. an object V' decomposes as a direct sum of subspaces V. = @pcq\xVp, with a compat-
ibility condition between the action and the grading. If & € V,, for some p € G\X we say
that & is a homogenous element of V, with grade (§) = p.

We write the action for the representation as < : V. x G — V. The compatibility
condition is ({<u) = (&)<w.

The morphisms are linear maps which preserve both the grading and the action, i.e. for
a morphism ¢ : V. — W we have (¢(§)) = () and ¢(&)Iu = 0(£<u) for all homogenous
EeVandu € G.

The category has not yet been given a tensor product operation, and to do this we need
to make a choice of coset representatives. This is a subset M C X such that for every
x € X there is a unique s € M so that x € Gs. We shall call the decomposition x = us
for u € G and s € M the unique factorisation of x. For convenience, we identify the coset
representatives with the cosets. The identity in X will be denoted e, and we assume that
eec M.

Definition 3.5.2 Given s,t € M, define 7(s,t) € G and s-t € M by the unique factorisa-
tion st =7(s,t)(s-t) in X. We also define functions>: M xG — G and <: M x G — M
by the unique factorisation su = (sbu)(s<u) for s,s<u € M and u, sbu € G.

The assumption that e € M gives the binary operation (M, -) a 2-sided identity. Also
there is a unique left inverse t for every t € M, satisfying the equation t& -t = e. We will
assume that there is also a unique right inverse t, satisfying t - t® = e. For the identities
relating the binary operation and the ‘cochain’ 7, see [5].
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Proposition 3.5.3 Given a set of coset representatives M, we can make Cyq into a tensor
category by taking V QW to be the usual vector space tensor product, with actions and
gradings given by

(@n) =) (n) and (£®n)u=EA((n)>u) @ nu .

For morphisms 0 : V. — V and ¢ : W — W we define the morphism 0@¢ : VW —
VoW by (00¢)(ERn) = 0(€) @¢(n), which is just the usual vector space formula.

The identity for the tensor operation is just the vector space K with trivial G-action
and grade e € M. For any object V' the morphismsly : V - VK andry : V - KV
are given by the formulae ly(§) = E€®1 and ry(§) = 1®E, where 1 is the multiplicative
identity in k.

This tensor product is not consistent with the usual idea of ignoring the brackets in
tensor products. The non-trivial associator Pyyw : (UQV)@W — U ® (VW) is given
by

O(((@n)®() = &ar((n), () @ (&) .

We can make Cu into a bar category as follows. Again we identify objects V and V as
sets. The grading and action on V' are given by

@) = (), 3w = va((v)Bou) .

It is left to the reader to show that this formula gives a right G-action, and that the
compatibility condition is satisfied. Then the morphism bby : V — V is given by

bby (v) = var((v)L, (v))~1 .

We also have the following formula for T;Vlv VoW -WaeV,

Ty @ew) = wir((v)ar(v)f, (w)F), (W) R (w)F) 1 @ var((v)F, (w)F)
(w3r((v), (v)) 7 @v)ar ()7, (w) ")

4 Braided bar categories

We recall that monoidal category is braided if there is a natural equivalence ¥ : ® — ®°P
obeying two natural ‘hexagon coherence identities’ with respect to ® of each factor. These
are sufficient to ensure the Yang-Baxter or representation of the braid relations between
any three objects. There is also compatibility with [, . We refer to [12, 11] for details and
[13] for our notations.
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4.1 Real and hermitian braidings

If the bar category C is also braided, we can ask how the braiding ¥ behaves under the bar
functor. In particular we can highlight two cases:

Definition 4.1.1 If the braiding in a bar category C fits the following diagram:
1\

X
\I;ﬂzl l

XY

>
|
|
=

®

T -1

-1
YoX

and the sign is +1, we call the braiding real. If the sign is —1, we call the braiding antireal.

Clearly the two notions coincide in the symmetric case where U2 = id. In this case we
say that the bar category is symmetric. Clearly Vect is an elementary example with ¥
the usual flip on tensor products.

Example 4.1.2 Consider modules gM over a x-Hopf algebra H (see 2.4), where H is
also quasitriangular, with R € H® H. If we write R = RM @ R(?) (summation implicit),
then the braiding in gM is defined as

Tywwow) = RPbwoRWsy .

In the literature there are two cases for RMW* @ R* singled out, and we will consider
the effect on the braiding of both of these possibilities. The reader should remember that
(S®S)R =TR.

Case 1 - the real case - the braiding is real: RW* @ RE* = R @ RM

Uyw@ew) = REwwe RO
= RUObw@R@bo .

Case 2 - the antireal case - the braiding is antireal: RW* @ RA* = R-1,

Uy w(@ew) = REDweRWw
(RH@bwe (R1) Wby .

Example 4.1.3 For Yetter Drinfeld modules over x-Hopf algebras (see 3.1), there is a
braiding given by

V(v@w) = wj @ vdwy) -
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This is antireal, as can be seen by the following calculation:

\I/(@ ® @) = @[0} X 54@[1}
Wi @ mwﬁ]

Wio @ vaS~Hwyy)
v<15*1(w[1]) @ wg)
U Hw®w)

= U T ' (vew)

T v (wew)

Example 4.1.4 For the example of uq(SU(2)), where q is a primitive lth root of unity
(for odd integer | > 1) (see 3.3.6) the braiding defined by

Uyw(vew) = RPbwe RWsy

is antireal. Note that Y is non-trivial in this case.

4.2 Real forms of bar categories

Definition 4.2.1 A star bar category is a bar category C such that

a) There is a natural transformation x from the identity to the bar functor, making every
object into a star object (see 2.6). (For the identity object this is the same as the x in the
definition of bar category.)

b) *xg=%x:X — X.

¢) There is an invertible natural transformation T between the functors @ and ® oflip
from C x C — C so that the following diagram commutes:

* @ *

>
3~

XY &
I'y x T i
*

Y®X XY

-1

d) The following diagram commutes:

(XoY)gz XeNeZ

‘I)X,Y,Zl
XY ®2)

(XeY)®Z

l Oxy,z
XaY ®2)

*X QY ® Z)

Let us pause to unpack this definition. Firstly, the choice of the morphisms % is natural
in the sense that, for any morphism ¢ : X — Y we have ¢poxx = xyo¢ : X — Y. Secondly,
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we have two obvious morphisms from X to ?, x5 and *x, and we insist that these are

the same. Thirdly, we have two obvious morphisms from X to X, bby and xg¢*x, and we
insist that these are the same. In the example of the bimodule category, we could write
*xp: B — E as e — e*, and we would then have e** = e, which is a rather more familiar
way of writing an involution. There are some immediate deductions which we can make
from the definition.

Proposition 4.2.2 Given the rest of the definition, the following condition is implied by
4.2.1part (b): TY1=7"I'1: XY - XQVY.

Proof: We can rewrite the equation *x gy *x 9 v = bbx ¢ v, using the definition of I' on
one side and the definition of bar category on the other, to give

T1H@OTT I x@/)D = TITHFERR) (xQ4) .
Yrom the naturality of I', (x @) ' =T" (¥ ® %), so
TIx@/)TY M@+ = TITIFRF) (x0%),
and some cancellation gives
xR ITYID = Y l1GFew).

Yrom the naturality of T, Y=! (*®%) = (*x®%) Y™, and using this we get the result. [

Proposition 4.2.3 Given the rest of the definition, the following condition is equivalent
to 4.2.1 part (d):

0] (Fyz ®id) FX,Y@Z = (id@r)gy) FX®Y,Z (I)_l : X ®(Y® Z) — Z®(Y®X) .

Proof: Yirst consider x(x ¢ y)gz. Yrom the definition of I' we can rewrite this as
*XeY)eZ = T)_<1®Y,Z (*z@*xxev)xev,z
and applying this again,
XXQY)9Z = T)_(1®Y,Z (id® T)_(,ly) (kz @y @*x)) ([d@Txy) Txgy,z -
Now we rewrite *x gy @ z) using I', as
*xevez) = Txyez(Tyy®id) ((kz@xy)®@+x) Tyz@id) Txy ez

Yrom the definition of bar category, we have

Cxyzrxeviezs = Txyez(Tyz®id) @75 ¢ (k2 @0y ®xx)) ([d@Txy)Mxev.z
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and by naturality of ®,

Sxyvzrxxoviez = Txyerz(Tyy®id) ((kz®@+y)@xx) @,y x ([dOTxy) Txev.z -

If we substitute this into the condition in 4.2.1 part (d), we can cancel terms to give the
equivalence. [

The following result is motivated by connections on bimodules in noncommutative
Riemannian geometry:

Proposition 4.2.4 Suppose that C is a bar category, and a braided category, in which the
braiding ¥ is antireal (see 2.6.1). Also suppose that

a) There is a natural transformation x from the identity to the bar functor, making every
object into a star object (see 2.6).

b) *xg =%x: X - X.

¢) For all objects X and Y, where U is the braiding,

veox = ¥xy T)_gly (ky ®*x) = Ty_/,lx (*x ®*Y)‘I’)_(,1Y :

[The last two expressions are equal as the braiding is antireal.]

Then C is a star bar category, with T = ¥~1,

Proof: We just have to verify 4.2.1 parts (c) and (d). These follow from 4.2.2 (using the
antireal property) and 4.2.3 (using the usual properties of braidings). [

5 *-Algebras and x-Hopf algebras in (braided) bar categories

We already introduced the notions of algebras and coalgebras in bar categories. In this
section we give some nontrivial examples and, in the braided case, bring the two notions
together to the study of Hopf algebras in braided bar categories. We recall that a Hopf
algebra in a braided category means an object B which is both a unital algebra, a counital
algebra, A is multiplicative for the braided tensor product algebra on B ® B, € is is mul-
tiplicative for which there exists an antipode S : B — B defined as for Hopf algebras. We
refer to [13] for details.

5.1 Braided x-Hopf algebras

Definition 5.1.1 A braided Hopf algebra B in a braided category C which is also a star
category with antireal braiding is a braided x-Hopf algebra if:

1) B is a star algebra in C.

2) The coproduct satisfies

Ax =0T ' (x®%)A:B—-B®B .
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Proposition 5.1.2 If B is a braided x-Hopf algebra, then for the antipode S, S = *1_315_1*3.
Proof: We use the uniqueness of the antipode. First, from the definition of star algebra,

p(x5' S Txp @id)A = *G'EY (S 1xp®@%p)A
= x5 u(ide S HY Hxp@*p)A .

Now, from the coproduct rule in 5.1.1,

p(x5 S g @id)A = x5 u(ide@ ST LA g .
Now, in a purely braided Hopf algebra calculation,

Sp(ide S THT A = pU(S®S)(ide s Hw A
p¥(S®id) A
u(id@S)A = lpg.c.

From this,

,u(*ng—l *B ®id)A = *gllB.E*B
= 1pg.€ *El *p = lp.€,

where we have used the fact that xp is a natural transformation and that 1p.€ is a morphism
from B to B. [

We shall give some examples of this definition. For the first we refer back to 3.3.6, the
example of u,(SU(2)), where ¢ is a primitive {th root of unity (for odd integer [ = 2k +1 >
1). We shall look at (Cg in the category of left u,(SU(2)) modules where the quantum
group is viewed as a quasi-x-Hopf algebra.

Lemma 5.1.3 In 3.3 a x-algebra in the category of modules of a quasi-+ Hopf algebra
means a module algebra A and a map *: A — A (written a — a*) such that

(h>a)* = (Sh)*>a*, a** =qpa, (ab)* = (F~Web*)(F~Ppa*)
for all a,b e A.

Proposition 5.1.4 The algebra (Cg with generators x,y with relations yxr = qry is a *-
algebra in the category of ug(SU(2)) modules, where

($myn)* _ q—(m+n)(m+n—1)(k+1)/2 q(n—m)/2 qnm$nym )
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Proof: The algebra (Cg has generators x,y with relations yx = qry. We define a left
action of u,(SU(2)) by

1/2

Kvrx=qu, Ky=q ly, Ebx =0=Fvoy, Eby=q Y%z, Fbx:ql/Qy.

The braiding in the category M is given by ¥(v®@w) = RPpw @ RMev, which in this
case gives (using 1 +2 =k + 1 modulo 1)

V(rer)=¢dTrer, I(yoy) = yey, Veoy) =y,
V(yer)=¢dzoy+d"1-qg )y . (12)

We can make a star object from (Cg by

*

Tt = Zq—l/Q *

y, v =z2q¢"x,

where z is a complex parameter with |z| = 1. We immediately set z = 1 for simplicity!
Of course, this only defines star on the generators, we need to define it on all monomials
x™y™. The hint for this is that the cocycle giving Y is the same as R which gives the
braiding, so the condition for a star algebra can be rewritten as

(ab)* = pU~a*@b%) .

This is combined with pU~!(a®b) = ¢~ 19llbl(E+1) ¢ b where |a| and |b| are the orders of a
and b respectively. Then, supposing that we can extend to a star algebra, we get the rule
on a normal ordered basis:
(xmyn)* _ q—(m+n)(m+n—1)(k+1)/2 q(n—m)/Q gy

A quick induction on order shows that this is consistent with the rule (gov)* = (Sg)*pv*,
in that if it works for v = a and v = b, then it works for v = ab. Thus we get a genuine
star operation and star algebra. [

A much more interesting question is whether (Cg can be made into a braided Hopf
algebra, with some sort of star structure. The answer without the star structure has been
known for some time [13]. There is a coproduct

A(xmyn) _ Z [ m :| [ n :| qs(mfr) xrys®xmfrynfs ,
q q

r S

where the g-binomial coefficients are defined in terms of g-factorials by
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and the g-factorials are recursively defined in terms of g-integers [m], = (¢*™ —1)/(¢*> — 1)
by

0], =1, [n+1] = [n+1]4n] .
If we normalise the quasitriangular structure to R, giving braiding

V(rwezr)=¢zozr, YV(yoy) =Cyey, ¥(rRy) =qyo,

I(yer)=qroy+d(l-q )y, (13)

then this gives a braided Hopf algebra. First we note that for ¢ a primitive cube root of
unity (k = 1), no renormalisation is necessary. For the other roots, the best way to carry
out this renormalisation is to introduce the central extension of u,(SU(2)) described in
3.3.7. We suppose that K acts as ¢° on both z and y. Then, as explained in 3.3.5, the
extra factor R introduces an extra factor of ¢* 2 into (12), so to get (13) we need 32 = 3
mod [. This is obviously satisfied by 8 = 0 if [ = 3, so as already noted no extension is
necessary. For | > 3 the existence of a 8 with 32 = 3 mod [ is well studied in number
theory. If there is such a 3, then 3 is said to be a quadratic residue for [. For [ prime, this
is summarised in the Legendre symbol:

3y | +1 38 : 3% =3 mod I
1) 1 -1 33:52=3mod!

The list of those primes in the first hundred prime numbers for which 3 is a quadratic
residue is:

11, 13, 23, 37, 47, 59, 61, 71, 73, 83, 97, 107, 109, 131, 157, 167, 179, 181, 191, 193
9227, 229, 239, 241, 251, 263, 277, 311, 313, 337, 347, 349, 359, 373, 383, 397, 409
419, 421, 431, 433, 443, 457, 467, 479, 491, 503, 541 .

For example, in the first case on the list, 5> = 3 mod 11.

Theorem 5.1.5 In the following cases the coproduct

A(xmyn) _ Z |: m :| |: n :| qs(m—r) xrys®$m—7’yn—s
q q

r S

makes (Cg mto a x-braided Hopf algebra, with braiding

V(ror)=dror, UVyey) =dyey, V(zy) =qy®,

\If(y®x):qx®y+q2(1—q’2)y®:c. (14)

and the star operation

(n—m)/2 nm,_n, m )

(z™y")* = g (mAmlmin=l) g ¢y
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Case 1: | =3 and we use the usual uy(SU(2)).

Case 2: We use the centrally extended ug(SU(2)), and restrict to the case where 3 is a
quadratic residue mod 1. The central generator K acts as ¢° on x and y, where 32 = 3
mod 1.

Proof: Explicit calculation, using examples 3.3.6 and 3.3.7. [

5.2 Transmutation of Hopf algebras

We recall that the transmutation of a quasitriangular Hopf algebra H is a braided Hopf
algebra in the braided category g M of left H-modules. It is defined by BH being H as a
left H module (under the left adjoint action h>b = h(;)bS(h(2)), and has the same algebra,
unit and counit as H. For the braided coalgebra, we have

Ab = by S(RP)@RWpbp) ,  S(b) = R S(RWsb) .

We shall see that, under some quite common restrictions, the transmutation of a Hopf
algebra with star operation gives a braided x-Hopf algebra.

Theorem 5.2.1 Suppose that H is a quasitriangular *-Hopf algebra, and that R*®* =
R~L. Then if we define x: BH — BH by b b* (using the star operation from H ), then
BH is a braided *-Hopf algebra.

Proof: The reader should remember that in this case * preserves the order of coproduct
and switches S and S~!. First check that x : BH — BH is a morphism in gM:

*(hbb) = (hl>b)* = (h(l)bS(h(Q)))*

= S(h@)*b*hy)
ho(xb) = S(R)h = S b S(S(h)y)
= S(hp) )* (S(h ) )
S(h))*b*S=1(S(hy))* -

Next for the coproduct,

(r@)Ab = SRO) b © (RWeb)”
= S(R®) by, @ SR oy,
= RO @ RO,

T x@%)Ab = ROBbE, @R,
R-Wpbr, @ R=(2)bf

)

Y ' x@x)Ab = RO(R- @y,

(1)

DR —(1)uh*
)© ROR- (Wb,
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= R(2>>(R—(2)b*

(M
_ R® « gD
= R¥R-@b SR

DR —(1)uh*
)© ROR- (Wb,

D — (1) h*
)® ROR-(br, .

(2)

Now from the definition of quasitriangular structure use (id ® A)R = Ri3R12 to get

TY L (x@%)Ab = b

" S(R®) @ RWpb;

(2 -
Finally we check the antipode,

Sb) = R SRWsp)

and using (A ®id)R = Ri13Ra23,

Sk) = RURESAHRW)S(b)S(RW)
= fe@) *S()S( “)
= Ry tsp)yr~W
(Sb)* = RWSB)* v *RA |

S((8b)) = R<2>52(R<1> ) SRW SB) u= RA) SR )
- R@)s?m(”z) S(RP) S(u)v SRW) SR, )
= RERESARO)SRE) 517 SR S(RY)
- RO —15( @) S(w™)b* S(RW) S(R
— R® G ROy IS(u_*)b*S(R(l) ( RW)

_ R(Q)S (Rz))u 15’( Vb S(R(l R(l)

= u_ls(u_*)b*. O

Theorem 5.2.2 Suppose that H is a quasitriangular flip-+-Hopf algebra, and that R*©* =
R;ll. Then if we define x: BH — BH by

xb = R-Wp*S—1(R-2)S~1(u) .
(using the star operation from H ), then BH is a braided x-Hopf algebra.

Proof: The reader should remember that in this case * flips the order of the coproduct
and S(h*) = S(h)*. First we check that x is a morphism:

hexb = S(h)7 RS~ H(R=) S (u)S(S(R)" )
= S(h*u)R-Db*5~1(R-®)51(u)S2(h" )
= S(STH R )b 5~ (R-@)h7 5—1(u)

(1)
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S(R=W* ) )b R~ h*
S(h* R~ h*

S(R=D)S(h* )b

where we have used (S® S)R = R.
Next, we do x twice:

*%b (R Wp*S— 1(R U)S—l(u))

D
DS-

u-1NS—2(R 1))

W)bR
D)HR2) S
)bR<2>7é (2)S-1(u)

(

u

1y~ S-1(ROR
(u)

S)YR =R. As v = v~ v is grouplike, we get

)5 2(R
u)S (ROS
()57
(b5

—1(y=1)bS—

®O)(Qt0(0ﬁzﬁz

using v* = u~! and (S

voy
v lwby!

A>b

v =v ',

L) = 0.

using v central. Now use S~

Now check that we get a star algebra. The following expression should be x(ab):

Y HR-MWa*S—1(R-2)S~1(u) @ R <1>b*5 LR=2)5-1(u))
= (R-Wn(R-Wprs- (R )57 (w)) (R=P(R-Wars~1(R=?)S1(u)))
= R R-ObS-Y(R-)S 1 (u)S(R™ (” B R WarS YRS w)S(R™P )
= R R-Ob S Y R-2)S 1 (u) S(R™ (” B DR Wars (R R-2) 51 (u)

From the usual rules for the quasitriangular structure we get
(A®A)R = R1aR13R24Ro3 ,
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— ROR-W g s (w)SR- VR V)R- OR-O) g @R~
_ ROR-0 g § L) S(R-M) S (= yR-) g R-AIR-2)
- RORWgs IR D)yR-® gR- R

— ROR-W g g (SR DR-V) g R- @R

- ROR- g g I ROR-W)gR- @R

Now, substitute this back into the expression we hope is x(ab) to get:

ROR-MR-Wp*S-1(R-(2)S-HRAR-M)R-Dag*S—1(R-AR-AR~(2))S~1(u)
= ROR-MR-WpS-1(ROR-MDR-@)R-Wg*S-L{(R-QR-DR-2)S-1(v) .

From this we have, using the braid relations,
R12Ro3R13R 1 = RizRoas

which gives, as required,

R-WpS—1H(R-DYR-Wg*S—1H(R-POR-AR~(2)5-1(u)
R-WprROR-Da*S—1(R~ <2>7z< IR-()S~1(u)
R-Wb*a*S—1(R~(2)S~1(u)

= x(ab) .

Now we check the rule for the coproduct: Using Q@ = R21R,

TOTAxa = R W 0" S HR)1)S 1 (u) 1) S(RD)
@ ROB(R™W 5 % ) SHR) () 51 () )
)S~HQ~®)S 1 (u)S(R®)
(R™P1)SHQ- W)L w)S(RY )
)S~HQ~®)SH(R®) S (u)
e RO RO 0 SR P )s1Q-W)s(RT )51(w)
= R 0 STHROQ-® (2)(2))5’*1(10
®7@(1)(1)7%*(1)(2)&*(2)571(7%(1)(2)@—(1)73*(2)(1))571(u)
— R*(l)(l)a*(l)s—l (7@(2)73*(2)(2)@—(2))5—1 (u)
Rf(Q)(l)Q—(l))S_l(u) 7

)

[ ) e —
= R e )S R
1 *

(

-

1
2)
-1
)

1

(1
5(1) —(1)
R (1)72 2% 2

)
= R )@ s

S
2)
)

(
(2

2)
)S
2)
)S

®7€(1) R*(l) * S—l(']é(l)

¥ @%@ @)
where we have used the fact that () commutes with coproducts. Now we use the braid
relations again:

(12(A®IR)(ASAR H1I®1®Q™") = RuRsuRuRuRERLRLRE
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= 7?2:37%347?{37?{473:;47323
= 7—‘)'2372147213724:’)-

On substitution we get

YU 1Axa = R_(l)ﬁ_(l)a*(l)S_l(R_(Q)ﬁ_(l))S_l(u)
©R-Wa*, S~HR-AR-AR- )51 (u)
)
)

= R-OR-Wa* [, R-DSL(R-®) 5~ (u
@R-Wa* p R-DS-1(R-®)5-1(R-

— R*(l)Rf(l)Rf(l)a*(Q)Sfl(R*(2))S*1(u)
)

@ R-DR-2)g* (1)5—1(7%(2))571(7%*(2

)51 (u)

)5~ H(u) .
Now apply the inverse of *:

G lox HTTTAxa = (7@*(1)72*(1)@*(2))* ®(7i*(2)a*(1)3*1(7é*(2)))*
1)73(2)7':’,(2) ® 5_1(7%(1))@(2)7?,(1)
1)5(7v2(2))5(7é(2)) & 7%(1)&(2)5(7%(1))
1)5(7@(2)72(2)) Q ﬁ(l)a@)g(ﬁ(l))

HSRM) @ RY apSRY )

a. U

= a

—~

I
£

= a

—~

)

|
>.2

5.3 Example: The octonians

We construct these as a % algebra using the setting of Theorem 3.4.1 and the following
immediate corollary:

Proposition 5.3.1 Given the conditions in theorem 3.4.1, if there is an star algebra A
in the category gM, then F(A) is a star algebra A in the category prM, where we set
x: F(a) — F(p~lpa*).

Proof: Using Theorem 3.4.1, we apply the twisting functor the any commutative diagram
in g M to obtain one in H]:/\/l . O

In particular, consider H = C(G), the functions on a finite group. This has basis
of delta-functions {d,} labelled by a € G and coproduct Ad, = ) ,._, 0 ®J., counit
€dy = 04, and antipode S6, = d,-1. Here e is the group identity. A cochain on H is a
suitable 7 € H® H i.e. a nowhere vanishing 2-argument function F(a,b) on the group
with value 1 when either argument is the group identity e. Then

F(b,c)F(a,bc)

®(a,b,c) = F(ab,c)F(a,b)
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is the usual group-cohomology coboundary of F' and is a group 3-cocycle. Then H F is the
same algebra and coalgebra as H but is viewed as a quasi-Hopf algebra with this .

We next take A = CG, the group algebra of G. This has basis {e,} labelled again by
group elements. The product is just the product of G, so eqep, = eq. This is covariant
under C(G) with action

(Sal>€b = 5a756b.

Applying the twisting functor gives the twisted group algebra A with the new product
ea®ey,=F1(a,b)eq

An example is G = Z3 which we write additively as 3-vectors @ with entries in Zy. We
take

1 1 1
a’| 0 1 1 |b+aibobsz+biasbs+biboas
0 0 1

—.

F(a,b) = (-1) (a5, = (—1)FEx)

The new product

—.

eq ® ey = F(d, b)ed+5

is that of the octonions O as explained in [1]. This is the by-now well-known construction
of the octonions as a quasi-algebra obtained by twisiting.

Proposition 5.3.2 The cochain F obeys the conditions of Proposition 3.4.2 and hence the
category above of Z3-graded spaces is a bar category with

~1 0 vl # | £0

bby(v) =2, Tywwew)=10w { 1 else

on elements of homogeneous degree in objects V,W. Moreover, the Octonions Q are a
x-algebra in this category with e = e_gz in the above basis.

Proof:  The element G = Fo1F is also the element that makes the category symmetric
and was computed in [1] to give the above. The ¢ is trivial hence the * operation is the
same as that on CZ3.

5.4 A nontrivially associated C* algebra

There is an algebra Ay, in the category Cu defined as follows. It has vector space basis
0s®@u for all s € M and uw € G. The grade is defined to be the unique solution to
s+ (0s ®@u) = s<u, and if we set a = (J; ® u), the action is given by

(0s @u)Iv = sq(ap) ®@(apv) tuw . (15)
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The formula for the product u for Ay, consistent with the action above is
(55 ® u)((st ® U) - 5t,s<1u 5s<1‘r(a,b) ® T(a, b)iluv s
where a = (0s ® u) and b = (0; ® v). There is a unit and counit defined by

I = Zét®e, €(ds®@u) = bse -
¢

The reader should refer to [5] for the details of the construction

Proposition 5.4.1 The following morphism % : Awqy — Apq makes Auq into a star object
in Csq, where a = (05 @u):

x(0s@u) = (0sQu)* = (dsqu @u17(a,al?))ar(a,al)~1 . (16)

Proof: Begin with

(squ)-af* = (s-a)-af* = s<r(a,a?)-(a-a®) = sar(a,al?) .

This means that 6sq, ® u~'7(a, a®) has grade a®®. Now we use the formula a” = af<7(a, a’*) ™!

to see that the following element, which we define to be (6s ® u)*, has grade a’:
(bs@u)* = (bsqu@u'7(a,a®))ar(a,a®)™
= Osqur(a,a)-1 ®T(aL, a)u™t .

To get the last equality we use a">7(a, af*)™! = 7(a’, a)™'. Now we define a map * : Apy —

Apq by

#(0s @u) = (0s@u)* = (Jsqu @ ut7(a,al?))dr(a,al?t)=t . (17)
By construction this preserves grade (since (a”)® = a), and now we show that it also
preserves the G-action, and is thus a morphism in Cy.

#((0s ®@u)w) = *(5s<(a>v) ®(a>v)_1uv)
(0squp @ v 1u1 (apv) 7 (a<w, (a<w) )37 (a<w, (a<w) )1
= (Osquo @ v u"tav(a<w)R)ar (a<w, (a<w) ) =1
(x(0s@u))v = ((dsqu@u~l7(a,al))dr(a,a?)~Hw
(0squ @ u=t7(a, al?))Ir(a,al®) =1 (a>v) .

To show that these are the same, we first calculate
7(aw, (aw)®)Ha>v) " (a,af) = (a<w)(aw) " (apv) Laal
= (aw)BF v 1a®
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so we have to show the following equality:
Ssaun @V u " tav(aw)® = (Jsqu @ u'7(a, a®))2a o (aww) (18)
Now we use the factorisation (remembering that a®'v(a<w)f € G)
afta® o(aw)® = v(aw)® = (af>al?Lo(aw)?)(aP<a® v(aw)?)
to apply the formula for the action on Ay,
(0squ @u " 7(a,a™))3a I (aw)? = Sequ @ v a7 (a, a)al 1o (aw)? .

This verifies (18), and completes the proof. [

Proposition 5.4.2 Ay, is a star algebra in the category Cu.

Proof: Set r=0;®u and y = d; ®v, and set () = a and (y) = b. Now
Y '@FoyF) = plyar(er,a)-'®@a*)3r(a,b)
= (Oravr(vr p)- 1®T( ,b)o1)ar(at,a)7t)
(Osqur(at a)=1 ®T(aL a)u~")3r(a, b)
= (6t<1v7(bL b)~L(pLer(al,a)-1) @OF>T(ak, a) ") 71T (b, b)o~iT(at, a)7T)
(Osqur(al,a)—1 @ 7(al, a)u=t)ar(a,b) . (19)

The grade of the first factor in this product we label as ¢ = b<r(a”,a)™'. Then we
continue with the product:

ﬁT_l(x*(g)y*) = 5s<1u‘r(aL,a)—1,t<17'(aL,a)—1 (5t<1vT(bL,b)—1(bLDT(aL,a)—l)T(c,aL) ®
7(e,a) 71 (bloT(al, a)~ 1) "7 (bE, b)vtu=1)3r(a, b)

- 5s<1u,t 5t<w7'(bL,b)*1(bLDT(aL,a)*l)T(c,aL)w ®
wlr (e, al)"1(bE>T(al, a)= 1)~ 17 (bl b)v—lu"17(a,b) ,

1
S
=3 T2
c o~
Q“\-Q =)
|
L= -
S o~
&=
\_/S
L
ﬁ
—
B
S
N—

This means that

HT_I(F(@f) = 5s<1u,t 5t<1v7((a-b)L,a-b)_1®T((a'b)Laa'b)viluilT(aab)
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= 55<1u,t 5s<1uv'r((a-b)L,a~b)—1 ® T((a‘b)L7 a’b)U_lu_lT(CL, b) .
We compare this with
*M(x ®y) = 5S<1u,t * (5547(&[;) & T(CL, b)fluv) ,

which gives exactly the same result. [

There is also an object K(M) with basis elements J; for all s € M, and grade and
action given by (ds) = s and Js<w = Js,. This has a star operation defined by *ds = 0,r.
To check that this star is a morphism, we have

0erdu = 0,2A(sDU) = Ogig(epu) = O(sau)t -

Proposition 5.4.3 There is a nondegenerate inner product given by a morphism ((,)) :

K(M)®K(M) — 1¢, defined by (0, ds)) = 0s¢. It is symmetric, in the sense that

Y Hbb®id) = () : K(M)®K(M) - K .
Proof: The definition is designed to preserve grades. For the actions,

<<6t<](<675>[>u)a675<m>> = <<5t<1(sR>u)>5s<l(sRl>u)>> = 5t<1(sRl>u),s<1(sRl>u) = 675,5 :

To check the symmetry of the inner product on K(M):

Tﬁl(bb((ss) ®57t) = Tﬁl((ssQT(sL,s)*l ®57t)
= (5t<17'(p,pR)*1 X 5s<1’r(sL,s)*1 )<]T(pR7 tR)

where p = (0,4, (52 5)-1) = (s97(s”,5) 71 = 5L It follows that

m T! (bb(és) ® Xt) - <<5t<17-(p,pR)*1 » Usar(sh,s)—1 )>>
6t<17'(sL,s)*1,s<lT(sL,s)*1

= %,. O

For any object V' in Cu, there is a right action of Ay, on V given by
V(s @ u) = Opyy VMW
Further <: V ® Apq — V is a morphism in Cpu.

Definition 5.4.4 Eor H in Cy, the action < : H® Axq — H is compatible with an inner
product ((,)) : H® H — 1¢ if

(Meeid) = (NideIT (x4 ©id): (HoA)©H — l¢ .
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Proposition 5.4.5 The usual action < : K(M) ® Awq — K(M) is compatible with the inner
product.

Proof: Let a = (§; ®u).

(A®id)((6, ®(6s @ u)) @ dy) Op.s-Opau @ Og B
(4 @0+ @id)D((B, (6, D) 08) = Fpor(agn B0 B1) ©F,)
= 5p<1‘r(a,qR) ®((5 ) ®4 )
where s’ = saur(a”,a)~" and v’ = 7(a”,a)u~". Following on from this,
Opar(a,gh) ©I0 0y @) ®dg) = Opar(aqh) ®
A(Ogar(at,a)-1 ®(0s @u'))<r(a, g%))
= Opar(agh) ©

((5q<17'(aL,a)—1<](5s/ ® ul))QT(av qR))
58’,q<7’(aL,a)*1 -Opar(a,qft) ®
5q<1T(aL,a)*1u’<]T(a7 qR)

= 5s<1u,q-5p<17'(a,qR) ®m

Now apply the inner product. O

6 Duals

6.1 Rigid tensor categories

The left dual is a contravariant functor from C to C, written as X — X’. For every object
X in C there are morphisms evX X'® X — 1¢ (evaluation) and coevX le - XX
(coevaluation) so that

I (id®@evy)®(coevy ®@id)ry = idy: X — X,
r(evy @id)d H(id @ coevX)ly = idy : X' — X'

Further evl and coev’ obey the following properties for every morphism ¢ : X — Y
(we are prevented from making a simpler statement about being a natural transformation
because of the contravariant nature of dual).

id® ¢
Y X Y'®RY
! 2 id l levL
’ evk '
X' X 1c
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L

coev
1o Y Yoy
coevk l l id® ¢’
®id
XX Y oX'

We could also have a right dual, which would be a contravariant functor from C to C,
written as X — X°. For every object X in C there are morphisms ev% Y X®X°—1¢
(evaluation) obeying the opposite versions of the rules for the left dual.

Definition 6.1.1 A tensor category is called left rigid if every object has a left dual, and
right rigid if every object has a right dual.
6.2 Making right duals using bar

Proposition 6.2.1 Suppose that we have a left rigid category which is also a bar category.
Then

X° = (7)/7
evll = «levE Y7 (bb®id): X®X° — X |
coevll = (id@bb™!) Tcoev%* 1 - XX .

makes the bar category right rigid.

Proof: We have to see if these obey the required properties for right rigidity, beginning
with the following composition being the identity:

id R
xR xext e X) S (Xe X)X X X | (20)
If we substitute in the various definitions, we have
XEXLX@@lld@*X@l XX e X (X)) 1d®TX®((X) ®X)
—_—— — %1 Ii®1d ey -
P XeoX))exX S4X)yexex X7 eXLX®L x .

Now we use the left and right identity properties in the definition of bar category to rewrite
this as

L

pr— = pr— ® — (i pr— pr— pr—
XY L ilex T XeX))ex DT X o(X) 0 X)
= YT 1 (’r 1 ® i ) id®ev§‘? 1—71 bb71

T XeoX))eX
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Now we can use another rule in the definition of bar category to simplify this to

— 7coev ®id — — — 3 = — — 1d®evX7
XX Tiex X (X(X))oX — Xo(X)eX) — X®l
-1 == bb~!
—>X—>X

and by right rigidity this simplifies to the identity on X.
The other required result, that the following composition is the identity, is left to the
reader:

coev§ ® id id® ev§
—_— —_—

X° (X°®X)®X° -2 X°3(X @ X°) X° .

Remark 6.2.2 Given left and right rigid structures, we can define a morphism X — X°
as follows:

id® Coev

XL xe1 TN xex o x) 2 (X e X0) o X L8 g xo T x| (21)
and this morphism has inverse given by

: R
id ® coev’y

X L xo 1 N X g xe o x) 20 (XY o X)) o X “L8d 1o x T x . (22)

A Reconstruction theorem

The reconstruction theory involves a representable functor F' from a braided bar category
to Vectc (with its usual bar structure and braiding implemented by transposition). There
are two versions of this theory, one which reconstructs a Hopf algebra via its comodules
and which is technically superior, and the other via its modules which is less useful but
easier for most readers. In keeping with the line taken in the paper we focus on the module
case but the other has identical proofs with arrows reversed as for example in [16, 13].

This representable here means that there is a vector space H with linear maps Lin(V, H)
in natural 1-1 correspendence with natural transformations between the functors V ® F’ and
F for every vector space V. [The functor V® F maps X to V® F(X).] We begin with
ax : H® F(X) — F(X), which corresponds to the identity id € Lin(H, H), which may be
more recognisable after reconstruction as the action of H on F'(X). Thus we also write ax
as h® x — h>x. Using the bar structure, we have the following natural transformation g
between H ® F and F:

Y-t ax bb—1

HoFX)“HeFX) "5 HeoF(X) 25 F(X) 2 F(X)
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where ax is given by the composition

——i - ax o Bt ——
HeoFX) 28 o px) 25 p(X) 25 FX) .

(The reader should note that we have only used the braiding in Vectc, i.e. transposition.)
The natural transformation § will correspond to a map 1" : H — H so that:

_ Bx

H®F(X) F(X)
T®id l i id

He F(X)— . F(X)

As we are operating in Vect where both the braiding ¥ and T are transpositions (with
approptiate bars in the case of 1),

ax(h®z) = T(h)pw ,

and the definition of T" simplifies to T'(h)> being the following composition:

FX) 22 P -2 X 2 RE) P F P R (23)
Proposition A.0.3 T'(hh/)>=T(h)T (R )>.
Proof: By applying 23 twice. 0
Proposition A.0.4 T(ﬁb = h>.
Proof: The following composition gives T(T(h)>:
Fx) 2 FE) 2 mE) T RE) P EX) B R

and if we use the definition of T" again we get

FX) 22 F) 2 X 2 ) 2 rx) B R P R P FOX)
bFX) P F(X) .
By using property (5) in the definition, this becomes
— b = o — -1 _
FX) 22 o0 1 pE) 2 pao) PO FOO P F(X)
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and by the functorial property of h> (as « is functorial), we get

S bb—1

% 2P F(X)

F(X) — F(X)

and as bb is a natural transformation, this is just

F(X)™ Fx). O

The coproduct is reconstructed from the following diagram, where we have used Ah>(z ®@ y) =

h)pr @ hPy
he>
F(X®Y) F(X®Y)
¢ l l ¢
Ahp>
F(X)®F(Y) F(X)®F(Y)

Proposition A.0.5 T'(h)y>®@T(h) 2> = T(hz)>@ T (hq))>.

Proof: The following composition gives T'(h)> on F(X ®Y):

FXeY) 2 Fxay) 2 FXay) 5 FXey) P Fxay) 22 F(XeY) .

By functoriality this is the same as

(X®Y)—>F(X®Y)—>F(X®Y)(—QF(Y®X) (Y)@F(Y

FV)oFX) S rFrex) S rXey) o Fxey) 2 F(XeY).

) 2%

Now we use the definition of T' to get

F(Xey) 2 FXey) £ FXey) WPV eX) = FT)e Fx) » =

W (hu))'ﬁ)( h(2))>

F(Y) Q@ F(X) = F(?) ® F(X)
L Fvex) U rFEen) P FX ey 22 F(XaY) .

fb®fb

By property (4) this is the same as

FXeY) 2 FX oY) o FX) e FY) % F(Y) ® F(X)

T(h))> @ T (b))
—

FOV) e FX) S FX)eFY) = FXay) 2o F(XaY).
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Using the functorial property of T gives

FX®Y) 2 FXeY) ot F(X)®F(Y)

T(h(Q) )D ® T(h(l) )l>
—_—

FXN oY) S FXeY) 2 FXeY).

Now as bb is a natural transformation we get

F(XoY) S F(X)oF(Y) 2 F(X) o F(Y)

T(h(2))>® T (h(1))> ————== bb— ¢

which, for the same reason, becomes

(k) > & T(hr) >
—

FIX®Y) <5 F(X) @ F(Y) FIX)oF(Y) - F(XoY). O

The antipode is reconstructed using the left dual structure from the following diagram
for S(h)>:

V) @i “lei i i
F(X) F(eoev?) ®id F(X®X')®F(X)CﬁdF(X)@F(X’)(gF(X) d@h>®id

F(X)® F(X) @ F(X) 99 F(X) o F(X @ X) 22 pix) . (24)

From the right dual structure we also have the following diagram for S—1(h)w:

i coevl® i - : j
F(X) d® F(eo )F(X)®F(X°®X) dﬁ)lF(X)@F(Xo)@F(X) deh>®id
i vE @i
F(X)®F(Xo)® F(X) c®id F(X® Xo)® F(X) Flev oid F(X) . 25)

That these really are mutually inverse can be seen either by explicit calculation, using the
functoriality of a;, or by quoting the uniqueness of antipode in a Hopf algebra.

Proposition A.0.6 S(T(h))> is the same as p>: F(X) — F(X) where p = T~ (S7(h)).
Proof: If we replace X by X in (24), we get (using the functoriality of a):

—. ¢ 1 F(coev)®id _ — id®fb~! F(bb) ®id —_—
— —

F(X) F(X)®F((X))®F(X) F(X)®F(X°)® F(X)
id®T(h)>®id F(X) @ F(Xo) ® F(X) id®F(bb_—1>)fb®id F(X) e F(X)) @ F(X) id®i(c)v)cF(Y) ,

where we have used the fact that bb : (X)" — X°. Now, using the fact that T(T'(h)> = hp,

we see that S(T'(h))> is given by the composition

c ! F(coevg)®id _ — — —, de®b 1Fbb)®id _ ,— —
— —

F(X) FX)oF(X))® F(X) FX)®@ F(X°)® F(X)
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id® h>®id 1d®F(bb Hfb®id ideF(evg)c

F(X)® F(X°)® F(X) FX)oF(X))® F(X) F(X)
26

(26)
We can rewrite this as
— ! F(coev%)@id — — _
FX) = 10PX) " X pX) e F(X)) @ F(X)
FX) @ FX) 0 ) 0 FOX X) 0 F(X7) o F(X) 9o

—_ _ _ id®F( _
FX)oF(X))® F(X) F(X)®1 —>F(X)

'@t ! F(bb) b1
—

Using the commutativity of the following diagram (from property (4) in 2.5.1) and the
definition of the right dual structures,

_ FM®b Hfbefb B
F(X°)® F(X) F(X))® F(X)
T * Fevk)c
l F(evl)c l X
F(X)® F(X°) - 1
this becomes
FE) S 1er®) O p®) e P e pE) O D

FX) e F(X*) o F(X) “22PY X)) o F(X°) @ F(X) o1

id® F(evl)c
—

1d®*

FX)oF(X)®F(X°) FX) el FX)e1 L FX)

Using the commutativity of the following diagram (from property (4) in 2.5.1) and the
definition of the right dual structures,

c ! F(coev

)

Nl

1
¢ F(coevit) l

F(X)eF((X))
l o' @ fb~L F(bb)
T

F(X°)® F(X) F(X°)® F(X)

So we get

(id ) ¢~ F(coevl) ®id Temh !
— =

F(X) ToFX)"

FX) @ F(X°) @ F(X) 4eeei e FX @ FX)

FE) o FX) o Fxe) *“ 9% p@) 01

F(X°)® F(X)® F(X)
fb®_T:1

4o pX) o1 s P(X)

From the axiom giving the behaviour of left and right identities under bar, this is
b1 1 T =
F(X) —>F(X) —>F(X)®1 —>1®F( )

¢ 1 F(coevl)®1i
Pl @i Brrey e F(X) @ F(X)
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LU PXY o F(X) @ F(X) 188 FiX) o F(X°) o F(X) 98% "

FX) o FX) e FXe) L F o1 10 Ta FX) 1o FX) -2 F(X)

The functoriality of T gives

b1 1 id®c~1 F(coev)
—

F(X)"—=F(X) —FX)®1
(Y ®id) T

- F(X)®F(X°)®@ F(X
F(X)®@ F(X°)® F(X) d@he Hid F(X)®F(X°) @ F(X) T g™

Flevl)c®id b —
=

1o F(X) = F(X) 2 F(X)

F(X)® F(X°)® F(X)

and by more functoriality and cancelling,

P PO ) L P a1 0 LY mix e Py @ FiX)

id®(h>) ®id i
—

) e FX) e FX) "2 g 7y 20 FX) = F(X)

By the definition of S~!, this is

X)W Ex) 2 PR |

FX) 2
By the definition of T, this is the same as p> : F(X) — F(X) where p = T-Y(S71(h)).
U

Theorem A.0.7 If we define x by T S™1 (allowing antilinear maps by dropping the bars),
then:

(1) (ab)* =b*a*

(2) a*=a

(3) A7) = Ah)©*

(4) Sty =510

Le. this x makes H into a x-Hopf algebra.

Proof: By the reconstruction, h,h’ € H are equal if and only if h> and h'> are identical
on all objects, so the previous propositions give these results (again, dropping the bars)
(a) T(hh')=T(h)T(h) (see A.0.3).

(b)  T? =1id (see A.0.4).

(c) T reverses order in the coproduct (see A.0.5).

(d) ST =T715"1 (see A.0.6).

As S reverses order in the product, (a) shows that * reverses order in the product (1).

As S reverses order in the coproduct, (c) shows that * preserves order in the product (3).
As (b) shows that T—! =T, from (d) we get TS™' T S~! =id (2).

This is sufficient to show that we have a x-Hopf algebra, and (4) follows automatically.
O
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Remark A.0.8 The reader may wonder why the reconstruction gives a x-Hopf algebra
rather than some of the other variants we have mentioned. The reason goes back to 2.5.1
where we defined the properties of the functor we were to use. In inserting an ‘up to
equivalence’ in some of there properties would give more freedom and allow other variants.
What the reconstruction shows is that the the definition of a bar category is reasonable
(otherwise the reconstruction would not have worked), and that Woronowicz was right to
pick out the x-Hopf algebras as, in a sense, the most obvious way to add * to a Hopf algebra
(as it uses the fewest ‘up to equivalence’ in the definition).

Remark A.0.9 Similarly if F' is multiplicative but not monoidal (see [16]), then we would
expect to be able to reconstruct a x-quasi Hopf algebra.
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