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ABSTRACT. We study super-braided Hopf algebras A primitively generated
by finite-dimensional right crossed (or Drinfeld-Radford-Yetter) modules Al
over a Hopf algebra A which are quotients of the augmentation ideal At as a
crossed module by right multiplication and the adjoint coaction. Here super-
bosonisation 2 = Ap<A provides a bicovariant differential graded algebra on A.
We introduce Apqq providing the maximal prolongation, while the canonical
braided-exterior algebra A,,;n, = B_ (Al) provides the Woronowicz exterior
calculus. In this context we introduce a Hodge star operator § by super-
braided Fourier transform on B_(A!) and left and right interior products by
braided partial derivatives. Our new approach to the Hodge star (a) differs
from previous approaches in that it is canonically determined by the differential
calculus and (b) differs on key examples, having order 3 in middle degree on
k[S3] with its 3D calculus and obeying the g-Hecke relation {2 = 1+ (q—q~ 1)t
in middle degree on kq[SL2] with its 4D calculus. Our work also provided a
Hodge map on quantum plane calculi and a new starting point for calculi on
coquasitriangular Hopf algebras A whereby any subcoalgebra £ C A defines a
sub-braided Lie algebra and Al C £* provides the required data AT — AL,

1. INTRODUCTION

Differential exterior algebras €2 on quantum groups were extensively studied in the
1990s since [39] and have a critical role as examples of noncommutative geometry
more generally. However, one problem which has remained open since that era is
the general construction of a Hodge star operator f in noncommutative geometry,
even in the quantum group case. Until now the Hodge operator has been treated
mainly in an ad-hoc manner in particular examples, motivated typically by #2 = +id
as a requirement, e.g. [33, 7]. We also note a framework[9] based on a pair of dif-
ferential structures and contraction with a generalised metric, and [12] in another
g-deformation framework. By contrast our new approach depends canonically on
the braided-Hopf algebra structure of the exterior algebra which applies at least for
bicovariant calculi on quantum groups and covariant calculi on quantum-braided
planes. Moreover, this new approach gives very different, and we think more in-
teresting, answers than the previous approaches. Specifically, Section 3.2 includes
the example of k(S3), the function algebra on the permutation group Ss, with its
2-cycle calculus, where f in middle degree obeys
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so that f as a whole has order 6. We also cover electromagnetism on this finite group
as in [33] but using the new Hodge star and again achieving a full diagonalisation of
the Laplace-Beltrami operator dd + dd. Similarly, Section 4.2 computes our Hodge
operator f§ for k,[SLo] with its standard 4D calculus[39] and in middle degree we
find, rather unexpectedly, that it obeys the well-known g-Hecke relation

2 =id+(g—q ")t
when suitably normalised. Both of these examples are very different from requiring
#2 = +id. While the nicest version of the theory assumes a central bi-invariant

metric and volume form, our Fourier approach is more general as illustrated in
Section 3.1 on the quantum plane A3~

Conceptually, we adopt a novel point of view[29, 17] on what the Hodge star is even
classically. Namely, at every point of a manifold of dimension n the exterior algebra
of differential forms has fibre the exterior algebra A(R™) with generators e; = dz* in
local coordinates and the usual ‘Grassmann algebra’ relations e;e; +eje; = 0. This
is a finite-dimensional super-Hopf algebra with super coproduct Ae; = e;@1+1Re;
and dual super-Hopf algebra A* of the same form with generators f*. It is well-
known that e;, ---e;, with 44 < iy < -+ < 4, m < n form a basis of A and one
can check that fim ... fi1 provide a dual basis where the product of A* is adjoint to
the coproduct of A. The reversal of order of the f? occurs here if we use categorical
conventions whereby A* @ A* ® A ® A — R is evaluated starting from the middle
factors. The canonical ‘identity’ element of A ® A* for this pairing is

n n
_ _ 1 . .
(L.1) DD e @ = Zﬁ% g @ fT e f
k=0 j1<--<j k=0 "
with summation of all repeated indices in the last expression. We also have the
Berezin integral [ Vol =1 where Vol = e; - - - e, and zero on lower degrees. With
these ingredients the super version of usual Hopf algebra Fourier transform F :
A— A*is

1 . )
f(eil e eim) — /(e’h e eim ( )|6j1 e ejn—m) ® f]n—m V. f]l

n—m)!
1 . _
= meilmimjl~~jn7mf]"”” e
where only k =n —m in (1.1) contributes and we sum over repeated indices. The
totally antisymmetric symbol defined by €15...,, = 1 takes care of the reordering
inside the integral. This construction extends to the whole manifold and in the
presence of a metric gives the classical Hodge operator f : Q™ — Q"™ aside from
a reversal of the order of products in the result, which amounts to a sign that
depends on m (and is due to our conventions on the duality pairing). This point of
view in [29, 17] was also recently used for the Hodge star on supermanifolds[4]. The
same approach will now be applied to bicovariant differential exterior algebras on
Hopf algebras. These are parallelizable via an exterior algebra A of left-invariant
differential forms forming a super-braided-Hopf algebra and we do super-braided
Fourier transform on this.

In algebraic terms, §2 in the bicovariant case is a super-Hopf algebra equipped with
a split super-Hopf algebra projection 2 — H. Hence by a super-version of the
Radford-Majid theorem [38, 23] one knows that Q2 Ap<A is the super-bosonisation
of A as a super-braided Hopf algebra in the braided category of crossed (or Drinfeld-
Radford-Yetter) modules [40, 38, 5, 41], where we assume that A has invertible
antipode. Moreover, in the standard setting €2 is generated by degrees 0,1 and
hence A has primitively generated by the subspace A! of degree 1. As a result
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we can focus on such primitively-generated super-braided Hopf algebras A and
translate elements of noncommutative geometry in these terms. Particularly, the
exterior derivative restricts to d : A — A to make A into a differential graded
algebra (but not within the category, d is not a morphism) and in Section 2 we give
an explicit construction of this in the case A = A4, corresponding to the maximal
prolongation of Q'. Any other exterior algebra corresponds to a quotient of this
and at the other extreme we revisit the more well-known case A = A,,;,, = B_(AY)
given by the canonical (super) braided-linear space associated to an object of an
Abelian braided category. This B4 (A!) construction appeared in the case where A*
is rigid in [27] while quadratic primitively generated braided-Hopf algebras appeared
in [24, 18]. The B, construction as an algebra is often called a ‘Nichols algebra’
cf[37] or ‘Nichols-Woronowicz algebra’ cf[39] but we note that neither of these works
considered By as braided-Hopf algebras, that structure being introduced following
the development of braided-Hopf algebras by the author. The super-braided Hopf
algebra interpretation of the Woronowicz construction of bicovariant differential
exterior algebras was in [29, 28] among other works. In this context the universal
property of B_ corresponds in some sense to the minimal relations needed to ensure
Poincaré duality, a remark that will be reflected in our approach to the Hodge star.
It was also observed recently [35] that the exterior derivative d on a bicovariant
exterior algebra is not only a super-derivation but also a super-coderivation in the
sense

Ad=(de@id+ (-1) e d)A

where | | is the degree operator and A is the super-coproduct. This turns out
to be key to going the other way of building (€2,d) from data d on A. Although
these matters are somewhat familiar, the braided approach to the differential struc-
ture requires proofs which we provide as part of a necessary systematic treatment.
Section 2.4 similarly provides a canonical construction for the differential exterior
algebra on B (A!) as a quantum-braided plane.

As part of this, and critical for Fourier transform on By (A!), is the notion of
braided-exponential in our approach to these algebras (being used notably in [27]
to inductivively build up the quasitriangular structure of quantum groups Uy,(g) as
a succession of g-exponentials). Here [27]

By (AY) = TeA'/ @, ker[m; £1]!

exp = Z:([m7 +U]I7! ® id)coevrem
m
are defined in terms of braided factorials [m, ¥]! as in [24, 18] and the latter gener-
alises (1.1). We recall this theory in Section 2.2. In the By case we have previously
proposed braided Fourier theory on the Fomin-Kirillov algebra and its super-version
as Hodge star in[29], but without a systematic treatment.

Our central results appear in Section 3. If we have a unique bi-invariant top degree
(say of degree n) then super-braided-Hopf algebra Fourier transform gives us a
map F : A" — A*("=) and in the presence of a quantum metric a Hodge star
map f : A™ — A" ™. This extends in the context above to the geometric § :
Q™ — Q"™ Proposition 3.8 establishes in some generality that § commutes
with the braided antipode S and is involutive in degrees 0,1,n — 1,n. This in
turn follows from some general results about the super-braided Fourier transform
in Section 3.1 which builds on our previous diagrammatic work, particularly[11].
Section 3.1 also covers the Hodge operator on the well-known quantum plane Ag,

where A = B_(A') = Aglz, the fermionic quantum plane.
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In Section 4 we focus on the case of coquastriangular Hopf algebras (A4, R) [5, 21, 18].
In line with the braided-Hopf algebra methods of the present paper, we first present
a starting point for the construction of A! itself, namely as the dual of a braided-
Lie algebra. We show that every subcoalgebra £ C A is a braided-Lie algebra in
the sense introduced in [26]. This gives a significantly cleaner result than previous
attempts such as [8] and builds on our recent work [35]. Everything is worked
out in detail for C,[SLs] recovering previous ‘R-matrix’ formulae when we take
the standard matrix subcoalgebra, including the 4D braided-Lie algebra[26] and
the Woronowicz 4D calculus[39] from A = £*. We then compute the canonical
braided-Fourier transform on the latter with results as described above.

We work over a general ground field k and ¢ € k. In examples, we will assume char-
acteristic zero for our calculations. We use the Sweedler notation Aa = a(1) ® a(z)
for coproducts and Arv = vy ® v(q) for right coactions (summations understood).
We denote the kernel of the counit by At and 7. : A — AT defined by 7.a = a—eca
is the counit projection. We will make extensive use of the theory of braided-Hopf
algebras [21] including the diagrammatic notation in [22, 19].

2. BRAIDED CONSTRUCTION OF EXTERIOR ALGEBRAS ON HOPF ALGEBRAS

In this preliminary section we give a self-contained braided-Hopf algebra approach
to bicovariant exterior algebras on Hopf algebras building on our recent work [35].
We recall first that a differential graded algebra means a graded algebra 2 = &, Q"
equipped with a super-derivation d increasing degree by 1 and squaring to 0. The
standard setting is where Q! is spanned by elements of the form adb where a,b €
A = Q% and Q is generated by degrees 0,1; in this case we say that we have an
exterior algebra over A. Any first order differential structure (Q!,d) over A can be
extended to a ‘maximal prolongation’ exterior algebra.

2.1. Maximal prolongation on a Hopf algebra. When A is a Hopf algebra
we can ask that left and right comultiplication extends to a bicomodule structure
with coactions Ap,Ar on Q! and d a bicomodule map. In this case it is known
that € becomes a super-Hopf algebra with coproduct that of A on degree zero and
A+ Apr on degree 1, see [3, 35]. In this case 7 :  — A which sends all degrees > 0
to zero and is the identity on degree 0, forms a Hopf algebra projection split by the
inclusion of A. As a result, assuming that the antipode of A is invertible and by a
super version of [38, 23], we have Q= Ap<A where A is a super-braided Hopf algebra
in the braided category of right A-crossed (or Drinfeld-Radford-Yetter) modules.
We recall that a right A-crossed module means a vector space A which is both a
right module and a right comodule such that

Ar(v<a) = v(gydae) @ (Saq))vaas), Yo € A, ac€ A

In this case there is an associated map ¥ : A'@A! — A'®@A! defined by ¥(v@w) =
w(gy ® v<aw(qy. A similar map for any pair of crossed modules makes the category
of these braided when the antipode S is invertible. Here A" = kere is itself a right
crossed module by right multiplication and coaction Adg(a) = a2) ® (Saq))as)
and the result in [39] that first order calculi (!, d) are classified by ad-stable right-
ideals can be viewed as saying that they are classified by surjective morphisms
w: AT — AL

This point of view was recently used in [35] to generalise beyond the standard
setting, where we do not assume that w is surjective. The exterior algebra is
similarly given as bosonisation of a pair (A, d) consisting of a primitively generated
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(by degree 1) super-braided Hopf algebra A in the crossed module category equipped
with a super-derivation (the restriction of d) which is a right A-comodule map and
obeys d? = 0. This is required to have the further characteristic properties|35]

(2.1) dwa + (wrea))(@wneag)) =0
(2.2) (dn)<a — d(n<a) = (wrean))nda@) — (—1)" (naq))wreac)

(23)  Adp-(deid+ (-1)! e d)Ay = (—1)“7@‘77(1)(@) ®@ (wmen ) (1)1 (2)

for all a € AT and n € A, where we underlined the braided-coproduct. It is
shown in [35] that given such (A,d), we obtain a bicovariant calculus (£2,d) with
da = aqywmagz) on degree 0 and that d is also a supercoderivation. Here (2.1) is
called the Maurer-Cartan equation cf[39]. These results also clarify the surjective
case:

Lemma 2.1. In the case where @ : AT — Al is surjective, if d is a super-derivation
on A with 4> = 0 and obeys the Maurer Cartan equation then (2.2)-(2.8) hold.

Proof. First, it is straightforward (but in the 2nd case somewhat involved) to check
that if (2.2)-(2.3) hold on w then they hold on wn for all n € A!. In both cases
we use the super-derivation rule to break down d(wn). For the second case we also
need the super-braided-homomorphism property of the coproduct, in the form

Awn) = way ® wyn + (D20 qyn6) ® weywa,

We use (2.3) on degree 1 in the form
Adnp=dn®1+1®dn— @) @ wren i)
in the start of the induction and so as to be able to similarly compute A(wdn). We
omit further details of the induction but we still need to establish both properties
on degree 1. Thus
(dwa)<b — d((wa)<ab) = —((wmea)) (@Teae)))<b + (wre(aq)b))) (@re(az)be)))
= (wweb(l))w(ab(g)) + (w(ab(l)))(wmb(g))
= (wn‘eb(l))(w(a)Qb(g)) + (w(a)ﬂb(l))(WWeb(g))
for all a € AT,b € A. We use 7c(ab) = (mca)b + (ea)mb for all a,b € A. For (2.3)
we check the degree 1 version as
Adwa = —A((wrean))(@wTeaz)))
=dwa® 1+ 1®dwa — wreaq) ® WTeaz) — (@Tea2))(5) @ (@Teaq))(w@mea)) (1)
=dwa® 14 1®dwa — wrea) ® Wreaz) — wreae) @ w((Tea))Sa2)a))
=dwa® 1+ 1®dwa — W (2) & wwe((Sa(l))a@))
for all a € A. The latter part of the calculation here amounts to the identity
(2.4) U(wme @ wme)A = (wme @ wne)(A — Adg)

for the crossed module braiding. O

Hence in order to construct (A,d) in the surjective case it suffices to take (2.1) as
a definition dwa := —(wnea())(wnea(z)) and show that this is well-defined and
extends as a super-derivation of square zero. This will then make (A, d) itself into
a differential graded algebra over k.
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Proposition 2.2. Let @ : At — Al be a surjective morphism in the category of
right crossed modules. Then

Amaw = TAl/((W’TFE & wwe)Akerw)

together with d defined by the Maurer-Cartan equation gives a super-braided Hopf
algebra in the category which is also a differential graded algebra obeying (2.2)-(2.3).
Its bosonisation Qpae = A<Mz @8 the mazximal prolongation differential calculus
extending (2%, d).

Proof. We quotient by the minimal subspace in degree 2 for which d : A — A% is
well-defined by the Maurer-Cartan equation. Let

0=> (1A, 9:A®™ - AR
Jj=1

be the usual cobar coboundary, where A; denotes the coproduct in the i’th position,
and define d on degree m by d.(wr.)" = — - (wr)®™*tV9. This is well-defined
for the same reason as before because 0 is the sum of terms each acting via the
the coproduct. Clearly 0 is a super-derivation and squares to 0, so d has the same
features. We also need to check that we have a super-braided Hopf algebra. Since
the algebra is quadratic, the main relation to check is that

A((wmeany)(@mea(e))) = (@rea))(@meap)) @ 14+ 1@ (wreag))(@wmeaz))
FwTean) ® WTeaz) — V(wnean) ® wreaz))
vanlshes whenever a € 7 = kerwm.. This is clear for the first two terms and for
the remaining two we use (2.4) to obtain (wm. ® wn.)Adg(a) (much as in the
proof of Lemma 2.1) which indeed vanishes as Z is Ad-stable because w was a
morphism. Hence by the lemma we have the required data (Ay,qz,d) and obtain a
bicovariant calculus after bosonisation, something one can also check directly from
7 an Ad-stable right ideal and the structure of Ap<A,,q.. It is also clear from the

construction, since we imposed the minimal relations compatible with the Maurer-
Cartan equation, that our calculus is isomorphic to the maximal prolongation. [J

2.2. Braided linear spaces. Here we take an aside to recall the theory of braided-
linear spaces introduced in [24, 18] but in a cleaner form as braided operators
rather than braided matrices. Braided linear spaces was our term for primitively
generated graded braided Hopf algebras, with particular emphasis in [27] on what
have later been called ‘Nichols-Woronowicz algebras’[1]. If V' is an object in an
Abelian braided category then it inherits a morphism ¥ = Uy : V@V VeV
obeying the braid relations. Our setting is categorical but we use only the pair
(V,¥) and tensor powers of V in the following definition.

Definition 2.3. [24, 18] Let (V, ¥) be an object in an Abelian monoidal category
and a braiding on it. The braided binomials here are defined recursively by

-1

|:n7\Ij:| = \Prqu+1 o \Ijn—l( |:n

T r—1

where 0 < r < n and ¥; denotes ¥ acting in the i,72 + 1 tensor factors. We also
define ‘braided integers’

;\11] ®id) + {"rl;\p} ®id, {g\p} - [qu}

n
1

and ‘braided factorials’ [n, ¥]! = (id ® [n — 1, U]))[n, U] where [1,¥]! = idy. We
take the convention [0, U]l = id;.

[n; 0] := [

=id.

-1
§‘I’} =00y, g+ {n 1 ;‘I’} ®id = id+¥1+¥ Vot - -+ U Uy - - W,
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These are operator versions of binomial coefficients and generalise g-binomials when
applied to the category of Z-graded vector spaces with braiding given by powers of
q. Relevant to us, the braided factorials also generalise symmetrizers and antisym-
metrizers. We need the following main theorem about them:

Theorem 2.4. [24][18, 10.4.12]

(vl m—rw)) |"50] = [mw)l, o<r<n.

The proof in [18] is written in matrix terms but immediately translates as operators
in our setting. In fact, these results amount to identities in the group algebra of the
braid group and are best done diagrammatically. The key observations are that

(2.5) (MY Qid)¥, ¥, 1=V, ¥, ([r—1,9]®id) + ¥y --- T,
since the first r — 1 terms in [r, ¥] commute with ¥,.--- ¥, _; and

(2.6) qfl..-\pn_l([”rl

-1
;W]@id)(id@{n ;‘If])‘I’1"~\I/n_1

r
by functoriality (since the braided-binomial is a morphism) or directly by induction
using Definition 2.3 and repeated use of the braid relations. Using these properties,
[24, 18] then proves by induction on n that

-1

([r, ¥] ® id) [qu} — (d® [7; 1;\1/])[71, ]

from which the theorem follows by repeated application. Also, by writing the above
definitions as diagrams and turning the diagrams up-side down, we have co-binomial
maps and co-integers defined by

/ -1 ! -1 ! ’ ’
[”;\If} - (id®[n ;\p} )\1/1.~\I/,,_1+id®[" ;\I/] , {”\p} - {”xp} —id.
r r—1 r
[77,7 \I}]/ =1+ \Ijnfl + \Ijn72\:[’n71 +F \Ill o \Ijnfl
Moreover,

[, O] = [n, U] ([n — 1, 9] @id) - - ([2, 9] @id) = [n, V]!

"] (5wl @ —r ) = [0, 0<r<n

where the factorials coincide by repeated use of the braid relations or because both
cases can be written as ZUESn v, ~~-\Il7;l(a) where 0 = s;,  Siy is a reduced
expression in terms of simple transpositions s; = (4,7 + 1).

Next we consider the tensor algebra TV in an Abelian braided tensor category as
a direct sum of different degrees T,V := V®" and product given by concatenation
of ®. Here TyV = k or more precisely the unit object of the category. The unit 7
of the algebra TV is the identity map from k — TpV. Thus

Ve -oV)ea(Ve V) Ve eV

is the identity map with suitable rebracketing (with ® as necessary in the general
case). We also consider the identity maps

Ny VO S T,V

with g = 7. Although all these maps are the identity, we are viewing them in
different ways. We will consider two different braided Hopf algebra structures T,V
on TV | as a braided-Hopf algebra or as a super-braided Hopf algebra in the category.
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Proposition 2.5. [24][18, Propn. 10.4.9] The tensor algebra has a braided Hopf
algebra/super Hopf algebra structure TLV with coproduct
- n
A,y = Z:O(nr ® Nn—r) © [T ; :I:\I/} .
for the two cases. The counit is er,v = 0 for all n > 0.

Proof. This is the content of [24][18, Propn 10.4.9] in the free case where we impose
no relations, but we rework the proof in the current more formal notations and we
state the super case explicitly. We start with the linear coproduct
ATlV :idv®77+77®idv

and for T,V we extend this as a Hopf algebra in the braided category, while for
T_V we extend as a super-Hopf algebra in the braided category. We do the first
case; the other is exactly the same by replacing ¥ by —W. The proof is by induction
assuming the formula for Ap,_ v,

n—1
Ar,v =(Ar, ,v).(dv ®@n+neidy) = <n ®idyen— + [T ; ‘IJD (idv @ n+n ®@idy)

r=1

n—1

. n—1 .
:77®1dv®" +(771 ®nn—1)\1/1"'\11n—1 +Z(nr®nn—r)(|: r ’\IJ} ®1dV)
r=1

n—1
n—1
T n— —7“1[7‘ \Iln— 7‘11
+;(77+1®77 1-7)¥rp1 1[ , }

= T] ® idv@m + idv@m ® 7’]

n—l n—1
n—1 . n—1
+Z(nr®nn—r)([ . ;\If] ®1dv)+Z(777’®77n—7’)\11r"'\11n_1 |:7~_1;\Il:|
r=1 r=1

n—1 n
n n
= idygn idygn r n—r |: 7\IJ:| = r n—r [ 7\:[}]
N ®idyen +idye ®77+7;(77 @nr) |, > @mmr)o |

r=0

where in the first line we split off the » = 0 part of Ap v and - is the braided tensor
product. We then compute out the latter and for the 4th equality we renumber
r+ 1 — r in the second sum and absorb the otherwise missing r = 1 term. For the
5th equality we use Definition 2.3 and finally combine terms to obtain the desired
expression for Ap, V. Again, this is really a result at the level of the braid group
algebra and can be done with diagrams. O

In this situation we are now ready to define the (super)Hopf algebra quotients
(2.7) By (V) =T.V/ &, ker[m, +7]!

as the braided-symmetric algebra and braided exterior algebra on V respectively.
That the coproduct descends to BL (V) follows immediately from Proposition 2.5
and Theorem 2.4. That @,,[m,+¥]! is an ideal or equivalently that the product in
TV descends to the quotient follows from the arrow-reversed version of Theorem 2.4
where the factorials are on the right. It is easy to see that when our construction is
in a braided category and ¢ : V' — W is a morphism then ¢® (the relevant power) in
each degree is a morphism By (V) — By (W) of (super)braided-Hopf algebras. This
is because, by functoriality of the braidings, the braidings and braided factorials
are intertwined by ¢ on each strand in the diagrammatic picture. The B4 (V)
case is also called the Nichols-Woronowicz algebra of V' due to the structure of
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the algebra, but the above description and the fact that it is a (super) braided-
Hopf algebra is due to the author. The earliest examples were the braided-line and
braided quantum-plane (see [24, 18]) while other early examples were Uy(n4) in
the work of Lusztig[14].

Our own motivation to consider (2.7) to all degrees of relations was in the case
when V has a right dual V*. Recall that V*®" is right-dual to V®" by the nested
use of evy and we use the same nesting convention for a duality pairing { , ) on
tensor products. In this case [24, 18] the tensor algebras T4 V* and TV are dually
paired by

(2.8) (Tveer, v = onmevyen (id ® [n, £V]!)

and By (V*), BL(V) are clearly the quotients by the kernel of the pairing. That
the product on one side is the coproduct on the other follows immediately from
Theorem 2.4 and Proposition 2.5. This means that By (V*), By (V) are nondegen-
erately paired (super) Hopf algebras in the braided category and the relations of
B4 (V) are the minimal relations compatible with this duality. The merit of this
approach is that we also have an immediate result, which will need later:

Corollary 2.6. [27] If V has a right dual and By (V') has a finite top degree then it
has a right dual viaev = (, ) and the coevaluation map coev : 1 — B4 (V)®@B4 (V™)
is given by

expy, = coev = Z([m, +0]!1! @ id)coevy em

where the construction is independent of the choice of inverse image of [m, £W]!.

This makes more precise the notion of braided-exponentials in [24, 18] without
formally assuming that the braided factorials are invertible. It was used explicitly
in [27] to construct quasitriangular structures. If we take the well-known case
V = kx in the braided category of Z/(n + 1)-graded vector spaces with braiding
V(v@w) = gdes(w) deg(v)yy @y where z has degree 1, and g a primitive n+ 1-th root
of 1, we have By (kx) = k[x]/(z"*!) and exp here is the truncated g-exponential
where m! is replaced by [m, ¢]! and [m,¢] = (1 — ¢"™)/(1 — q) are g-integers.

2.3. Minimal prolongation on a Hopf algebra. We now return to our setting of
a Hopf algebra A with invertible antipode and a surjective morphism w : AT — Al
in the braided category of right A-crossed modules. The following braided-Hopf
algebra version of Woronowicz’s construction[39] is largely known eg [28] but we
provide a new direct construction for d on B_(A!) going through (2.1)-(2.3) from
[35]. This is a rather different from the approach in [39], which was to formally
adjoin an inner element 6 and define d = [0, }.

Proposition 2.7. Let w : AT — A! be a surjective morphism is the category
of right crossed modules and ANy, = B_(AY). This is a quotient of Apar and
inherits d obeying (2.1)-(2.8). Its super-bosonisation Quin = A<Apin TeCOVErS
the Woronowicz bicovariant calculus[39] on A associated to the Ad-stable right ideal
kerw.

Proof. We start with the identity (2.4) and Ad-invariance of Z implies now that
(wme @ wm)A(Z) C ker[2,—¥] = id — ¥, meaning that the relations (wme ®
wne)A(Z) = 0 of the maximal prolongation in Proposition 2.2 already hold among
the quadratic relations in A,,;, = B_(A'). The latter is therefore a quotient of
the Amas. Next we consider the coboundary 9, : A®™ — A®(m+1) a5 the proof of
Proposition 2.2 and regard A as a right crossed module by Adr and a<b = 7c(a)b.
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Then 7, becomes a morphism. Lemma 2.8 below shows that 0 descends to B_(A) —
B_(A) in each degree as it respects the kernels of the relevant braided-factorials.

Next, 7. being a crossed module morphism induces by 7&™ in degree m a map

B_(A) — B_(A"), under which & descends to a map —d : B_(A") — B_(A")
given by —dz®™ = 7879,, because the kernel of 7&™ is spanned by elements
where at least one of the tensor factors is 1. When we apply 0,, then every term
has at least one tensor factor 1 which is then killed by the final 7&™. This is the
first cell of

™

B_(4) = B_(AY) == B_(AY)
Similarly, @ : AT — A! being a morphism of crossed modules induces B_(A*) —
B_(A) given by @®" in degree n, and d descends to a map d : B_(A') — B_(A')
defined by dw®™ = w®"d. This is because the kernel of w®™ consists of terms
where at least one of the tensor factors is in Z. When we compute the d of such
terms using Oy,, either a A; does not act on this tensor factor, in which case this
tensor factor is present in the output of A; and the whole term is killed by the action
of (wme)®™, or A; does act on this element. But then - @ (wr. @ @) (AL) ® - - -
is in the kernel of id — ¥ in the relevant place as seen above, hence vanishes in
B_(A). We are using the fact that the kernel in each degree contains the degree
2 relations between adjacent tensor factors. In this way, d equips A, = B_(AY)
with a differential as a quotient of the construction for A,,,, in Proposition 2.2.
One can show that if Q! is inner by § € A! then the same applies to €2, but we
are not assuming this. The algebra structure of the bosonosation 2 = Ap<A,,;p is
more well-known to be isomorphic to the one in [39]. O

The following lemma was needed to complete the proof. Here ¥ is the braiding for
the crossed-module structure on A whereby 7. becomes a morphism.

Lemma 2.8. Let A be a Hopf algebra and V; = ¥ the induced braiding
U(a®b) = b(g) & a(Sb(l))b(g) — e(a)b(g) & (Sb(l))b(g)

acting in the i,1 + 1 position of a tensor power, Ad; = Adgr, A; = A in the i’th
position. Then

m—1
[m, —¥)10p 1 = | D> (=1 AdY | [m —1,-0]!

j=1
Here Ad®? denotes the tensor product right coaction on j copies (acting here in the
first position).
Proof. Clearly

since the operators act on different tensor factors, just the numbering changes in
the 2nd case. We also find by direct computation in the Hopf algebra that

\I/ZA,L = Ai—Adi, \DiAi,1 = (A@Ad)lfl—Adl7 \I’l(A®Ad)Z = (Az+1_AdZ)\PrL
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where Ad = Adr and A ® Ad is the tensor product right coaction. As a warm-up,
using these relations, we show
=A1 — Ay — V1A + T Ay — U Ts(Ay — Ty)
=A; - Ay —A; +Ad; + T4 — T (A — (A® Ad)y)
= _AQ + Ad1 + (AQ — Adl)\:[fl = (Adl — Al + 82)[2, —\I/]
Starting with this, we next prove by induction that
(29) [m, —\I/]am_l = (Adl - Al + 8m_1)[m - 1, —\I/]
Assuming this for m — 1 in the role of m, for the 2nd equality,
[m, —\I’]am,1 = [m — 1, —\Il](’?m,g —|— [m — 1, —\IJ](—l)WAm,1 + (_1)m—1\]?1 e \I/mflamfl
= (Adl — Al -+ 5‘m_2)[m — 2, 7\11} -+ (71)mAm_1[m — 2, 7\:[/] -+ \Ifl e \I/m_QAm_l
e 2R 2 VA W G UL SRR ST, S
=(Ad; — AL+ Op_1)[m =2, =V + Uy - U, oAdy g + (1) W, 10

where we picked out and computed the ¥q---W¥,,_1A,,_1 term from the sum in
Om—1. Looking now at the last expression, we compute

m—2
Uy U, 100 = (_1)j+1\111 W AU W
j=1
m—2 .
=) ()7 (A @A)y — Adj) W W
j=1
m—2 ‘
=) (=170 (A — AW — WA 1) W W
=1
m—1 .
=(=1)™W; - U, _5Ad,_1 — (Ad; + Z (*UJHAJ-)‘IH P
j=2

where the Ad terms cancel between the sum and the displaced sum except for the
top term of one sum and the bottom term of the other. In the A sum all the
indices of ¥ are two or more smaller than the index of A so commute to the right.
Combining with our previous calculation, we have

[m, —\If]am,1 = (Adl - Al + am,l)[m - 27 —\If]
+(Ady — A+ Ag+ - (=)™ A1) (= 1) 2y - Ty g

which proves (2.9).

Next we use this result as initial base for induction on 7 in a formula

i—1 m—1
=i+ 1] [mdn-1= | Y (DAY + (DA + Y (—)TTA ) m ]
j=1 j=i+1
(2.10) [m—i+1]---[m—1]
where [m] = [m, ¥] for brevity and the nesting is rightmost as for braided factorials

so [m—1]=id®[m—1,—¥]. The case i = 1 is (2.9) which we have already proven
while the case i = m — 1 or i = m, suitably interpreted in the sense of absent sums
or products when out of range, proves the lemma. We use identities

UAAY T = AdYY — Ad;, TADSY = AAPRT L, 0>tk
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where the commutation relation is due to acting in different spaces, with renum-
bering due to the notation. The first equation is a direct computation. One also
has

UAASY = AdPR Y, i<j— 1, WAAYF = AdPMY,;, j<i<j4k-1

which we do not need right now, in the first case due to different tensor products
and in the second case because ¥ is a morphism in the crossed module category
and hence commutes with Ad applied to tensor powers that include those on which
U acts. Assuming (2.10) for 4 — 1 in the role of 4, what we need to show to prove
(2.10) for i is

1—2 m—1
=i+ 1] | Y (17T AT 4 [ (1) AP+ Y (—1)TA | fm— i+ 1]
j=1 J=i
1—1 m—1
= | D (—1TAAY 4 [ (—1)TAT D (1A | fm—d] | fm— i+ 1.
j=1 j=i+1

Now, the first sum commutes with [m—i+1] since on the left thisis 1—¥,;+¥,; ¥, 1+

o+ (1), .- W, due to the right-most embedding. These commute past
the Ad?j getting changed to [m—i+1] embedded on the right (where the numbering
is reduced by one). Hence the first term on the left is Z;j(-l)j“Ai@j [m—i+1].
Next \I/i\I/H_l ce \I’m_lAd?i_l = (Ad(lgn — Adi)\l’i\pi-&-l e \I/m_g as the \Iji+1 and
higher commute, reducing index by 1, while ¥, computes as shown. Hence the
middle terms gives

[m—i+1)(=1)"AdP" ! m—i+1] = (=1)*AdY" " [m—i+1]+(=1) 1 (AdP — Ad;) [m—i][m—i+1],
the first term of which completes our previous sum to give the first desired term.
Accordingly we need only show for the remaining term that

—1 m—1
m—i+1] Y (=1)7FA; = [ (=D)Ad + Y (1A | [m— ).
i j=i+1

3

J

But this is just the same identity (2.9) already proven but for [r]0,_1, i.e. r =
m — i+ 1 in the role of m, for the r tensor factors numbered i,---,m. This
completes our proof of (2.10) for all ¢ and proves the lemma. O

This fleshes out the braided-Hopf algebra interpretation of the Woronowicz exterior
algebra on a Hopf algebra[39] using [35] for the direct treatment of d.

2.4. Differential calculi on braided linear spaces. For completeness, we give
another braided construction namely the exterior algebra Q(B) on a Hopf algebras
B in a braided Abelian category. This includes braided symmetric algebras B =
B, (A') as above generated canonically by an object Al. The further data we will
need is a surjective morphism w : B — A! in the category such that

(2.11) wo - =eQuwt+wR®e

This data arises naturally as follows: suppose B’ is a (possibly degenerately) dually
paired braided-Hopf algebra from the right (so the pairing is ev : B® B” — 1) and
L a rigid primitive sub-object £ C B’ (so that the coproduct restricted to L is the
additive one). We view the duality pairing restricted to a map BQ L — 1 as a map

w:B A =L w=(ev®id)(id ® coevy)
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FiGURE 1. Diagrams in the proof of Proposition 2.9 for quantum
differentials on braided planes

which then obeys (2.11). This is surjective if there does not exist n € £ which pairs
to zero with all of B. In the case of B = B, (A!) or any other graded braided Hopf
algebra of the form B = 1@ A' @ B generated in degree 1 by an object A', we
simply take w : B — A! as the projection to degree 1.

Proposition 2.9. Let B be a Hopf algebra in an Abelian braided category and
@ : B — A! a surjective morphism obeying (2.11). Then

Q=B®A, A=TA"/({image(id + U1 z1))
dp=(i[dew)A, dr=0

is a differential exterior algebra on B in the category (one in which all structure
maps are morphisms).

Proof. The proof is done in Figure 1 in a diagrammatic notation where diagrams
are read as operations flowing down the page, with tensor products and the unit
object 1 suppressed [22, 19]. Two strands flowing down and merging denotes the
product and one strand flowing down and splitting denotes the coproduct. Such
proofs apply generally but for convenience of exposition we will also refer to concrete
elements. The braided tensor product B@A! in concrete terms means (b ® v)(c ®
w) = b¥ (v ® c)w and featured already in the definitiion of a braided-Hopf algebra.
Part (a) computes d(bc) using the braided coproduct homomorphism property and
(2.11). Using the counit axioms and w a morphism we obtain bdc for the first
term and (db)c for the second when we remember the braided tensor product. Part
(b) checks that d extends as a graded derivation with respect the braided tensor
product. We compute

d(wb) + wdb = (id ® -)(id + ¥~ ')(something)

hence vanishes in B ® A? which agrees with dw = 0 for all w € A'. The same
applies starting in A ® B. O

This gives a differential structure on our braided-symmetric algebras By (V) re-
garded as noncommutative spaces. If the category is the comodules of a coquas-
triangular Hopf algebra, for examples, our construction is covariant in that all
structure maps are comodule maps. Also note that if {e;} is a basis of V', we have
explicitly



14 S. MAJID

where 0 are the (right handed) braided partial derivatives defined by
Ab=1®b+d'b@e;+ -
They are given explicitly at the level of the tensor algebra by

n
dv1 ® ... ® vp) = (-1 @ M) [nl,\ll] (11 @ - ®uvp)

n
|:TL—1’\II:| =149, 1+, ¥y o+ -+ ¥y gy

where the last tensor factor of the result is viewed in Al.

Remark 2.10. If we take the quadratic version S(V) := BI“**(V) = TV/(ker(id +
U)) then our above construction gives

QS(V) =SSV, dv=1®wv

where ! denotes the Koszul dual. If a quadratic algebra on a vector space W has
relations R C W @ W as the subspace being set to to zero then its Koszul dual is
the quadratic algebra on W’ with relations R+ ¢ W ® W?. This is normally done
in the category of vector spaces but we do it here in a braided category using the
right dual so that W’ = V.

Example 2.11. We let B = A3 = B, (V) be the quantum plane associated to
the standard corepresentation V' = span{x,y} in the braided category of right
k4[GLs]-comodules with ¢* # 1. Here

U(z@2) = 2@z, ¥(2®y) = qy@z, ¥(y®) = q20y+(¢*—1)y®z, V(YQYy) = ¢*YRyY

is given by a particular non-standard normalisation of the usual R on k,[GLs] (one
that does not descend to k4[SLs]). The kernel of id + U gives us the relations
yx = quy of the quantum plane since (id + ¥)(y ® x — gz ® y) = 0. The algebra
A= A2‘2 = A(V) is the fermionic quantum plane

deAdz =0, dyAndy=0, dyAdez=—g 'dzAdy

where this time the same basis is denoted {dz,dy} as a basis of A =V and one
can check for example that (id + ¥)(dz ® dy) = dz ® dx 4+ ¢dy ® dz from the stated
braiding. Indeed, it known that A2 and A2‘2 as Koszul dual as first pointed out
by Manin[36]. The differential on v € V.C B is dv = 1 ® v i.e., v viewed in the
Al copy of V. C A(V). The relations between B and A(V) are the braided tensor
product so (1 ® v)(w ® 1) = ¥(v ® w). This again comes from the same braiding
as above but viewed now as defining the relations

(dz)z = ¢°zdz, (dz)y =qydz, (dy)z =qzdy+ (¢° — L)ydz, (dy)y = ¢°ydy.

One can check for example that d(yx — gzy) = 0 as it should. By construction, this
exterior algebra on the quantum plane is k,[G Lo]-covariant. The associated partial
derivatives are

m—1,n_n n—1

O (@™y") = [m, ey g, 0P (a™y") = 2" [n, ¢y
using the braided coproduct on general monomials computed in [18] from the
braided-integers [n, U]. The partial derivatives here were first found by Wess and
Zumino in another approach. They are naturally ‘braided right derivations’ with an
extra ¢" in the first expression, in order that d is a left derivation, acting as braided
¢>-derivatives in each variable. One can check that 920" = ¢0'0? as operators, also
as per the general theory in [18].
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FIGURE 2. Diagrammatic definitions of relevant actions, Fourier
transform F and adjoint Fourier transform F* on a braided-Hopf
algebra B with right dual B*.
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This reworks the treatment of quantum-braided planes and their differentials in
[18, Sec. 10.4][24] now as an example of our above canonical construction based on
B, (V), as opposed to a compatible pair of R-matrices R, R’ as previously.

3. BRAIDED FOURIER TRANSFORM AND APPLICATION TO HODGE THEORY

Fourier transform on Hopf algebras is part of their classical literature. It was
extended to braided-Hopf algebras in [15] and related works and applied to braided
linear spaces in [11], though not the ones we consider here. We used diagram proofs
and will do so again, while another work from that era is [16]. We first explain the
general (super) formulation and then apply it to the Hodge operator, including
k(S3) as an example.

3.1. Super-braided Fourier theory. In any braided category C and B € C a
braided Hopf algebra dually paired with a braided Hopf algebra B*, we have three
actions [19] which we will consider and which we collect in Figure 2 in a the same
diagrammatic notation as in the proof of Proposition 2.9, reading down the page.
As in Section 2 when discussing duals, we assume a pairing ev : B* ® B — 1 which
we can write diagrammatically as U and with respect to which the product on
one side is adjoint to the coproduct on the other. The counit of B is also adjoint
to the unit  : 1 — B* of B* in the sense ev(n ® ()) = ep where we use the
canonical isomorphism 1 ® B=B. Similarly, the unit n : 1 — B of B is adjoint to
ev(() ® n) = ep+. In a concrete k-linear setting we can suppose that 1 = k and
7n(1) = 1 to simplify the above. Reg makes B a right B* module algebra in the
braided category. The principal ingredient of Reg here is actually a left action
making B a left B*-module algebra in the braided category. Similarly, we have a
straightforward right action 4 under which B* is a right B-module algebra [19].

We also need the notion of a left integral and the simplest thing is to require a
morphism [ : B — 1 in the sense (id ® [)A = n® [. However, we do not
want to be too strict about this. For example, for the finite anyonic braided line
B = k[x]/(z"T) in the braided category of Z/(n + 1)-graded spaces with braiding
given by an n + 1-th root of 1 and |z| = 1, the obvious [2™ = §,,,, is not a
morphism to 1. Our approach is to live with this and not necessarily assume any
morphism properties; we can still use the diagrammatic notation but be careful not
to pull the map through any braid crossings. A more formal approach is to view it
as a morphism B — K where K = k taken with degree n in the case of the anyonic
braided line. The uniqueness of the integral when it exists is similar to the Hopf
algebra case (see [2] for a formal proof).

For Fourier transform we need not only that B* is dually paired but that B is actu-
ally rigid with dual object B*. Again, this is a very strong assumption, analogous
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to finite-dimensionality of B and amounting to this in the typical k-linear case. It
means that there is a coevaluation map exp = coev : 1 — B ® B*, denoted by
N in the diagrammatic notion, which obeys the well-known ‘bend-straightenning
axioms’ with respect to U. We similarly require a right integral which is not nec-
essarily a morphism [ * . B* — 1. We can live with this or suppose formally that
f* : B* - K* where K*®@ K =1 = K ® K* as objects. In our k-linear setting
this will be by the identification with k. The theory below could be generalised to
include some infinite-dimensional cases or else these could be treated formally eg in
a graded case with B* a graded dual, each component rigid and the result a formal
power series in a grading parameter.

Definition 3.1. [15, 11] Let B be a Hopf algebra in a braided category with B
rigid and [ a left integral as above. Then F : B — B* defined in Figure 2 is
called the braided Fourier transform. We similarly define a dual Fourier transform
F*: B* — B if B* has a right integral.

These maps are no longer morphisms if the integrals are not, or one can say more
formally that 7 : B - K ® B* and F* : B* — K* ® B*. The following extends
and completes [11].

Proposition 3.2. In the setting of the definitions above
FoReg= 0o(F®id), 4(F®id)=Fo-
Moreover, if f* is a right integral on B* then

F*F = pS, u:=(/®/ ) exp

If the integrals are both unimodular and morphisms then FF* = uS and [F,S] =0
when p is invertible (see Figure 3 for the general case).

Proof. Here FReg and F*F are already covered in [11, Figs 3-5] so we do not repeat
all the details here. We recall only the diagram proof for F*F using the lemma in
[11, Fig. 2(b)] at the first equality in Figure 3 and note that we did not need to
assume that [, [ * are morphisms to 1 as in [11] as long as we keep the integrals to
the left. The second line now uses the same lemma but this time on B* to compute
FF* as shown provided [ * is also a left integral so that the lemma applies and i
is also a right integral. If f , f * are morphisms to 1 then we can take them through
braid crossings to obtain uS and then uFS = FF*F = pSF. The general result
4 (F ®id) = F o - follows more simply from the duality pairing and associativity
of the product of B. O

The map F* here is a right-integral version of the theory which is being used to
define the adjoint Fourier transform and converted to a left version via W. The
braided antipode S plays the role of the minus sign familiar in classical Fourier
theory and p plays the role of 27. If u and S are invertible then the stated results
imply that F is invertible at least in the k-linear setting (with =1 = S=1F* in the
unimodular trivial morphism case). Also, if we compose F with S then the first
property above becomes

(3.1) SFo b= (id® SF).

Example 3.3. For the elementary example of B = k[z]|/(2"!) we have top degree
element Vol = 2™ and dual B* = k[y]/(y"*!) where |y| = —1, with top degree
element Vol* = ™ and exp = Y _ 2™ @ y™/[m, g]! as mentioned at the end of
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Ficure 3. Diagrammatic computations of F*F and FJF* in Proposition 3.2

Section 2.2. Here ¢ is a primitive n 4+ 1-th root of 1. We define integrals as 1 on
the top degree elements and zero on other degrees, giving
yn—m q(n—m)zxn—m

Flam) = i F ") =

[nim#ﬂ!

[nim’q]! y M= [nv(Z]!_l

as well as Sz™ = (—x)mqm(nzhl) and ditto with x replaced by y. One can see that
F*F = pS using qn(n;l) = (=1)". Due to the nontrivial braidings of the integrals,

however, the right hand side in Figure 3 gives

ff* — q2D+1,LLS

where D is the monomial degree operator. The same method as in the proof above
now gives us FS = ¢?Pt1SF or equivalently SF = FS¢?P*H!, which one may verify
from the stated F,.S.

Example 3.4. The fermionic quantum plane in Example 2.11 is a super-braided
Hopf algebra, i.e. we take B = AO‘Q = B_(A') in the category of k,[GLsl-
comodules. If we now denote the braldlng in Example 2.11 as U, adapted to B4 as
a braided-Hopf algebra, we now take a different normalization ¥ = U_ = ¢~2W
(i.e. induced by another differently normalised coquasitriangular structure) so that
ker(id — ¥_) = image(id + ¥, ). The W, here are ¢! times the braiding in the
standard g-Hecke normalisation. There are no new relations in higher degree so
B_(AY) = B™(AL). For brevity we let e; = dz, ey = dy then ¥(ey ® e1) =
g le; ® e + deg ® eq ete. in the new normalisation, where A = 1 — ¢~2. We now
develop A2|2 as a super-braided Hopf algebra with e; primitive and underlying braid-
ing ¥ (meaning we actually transpose with super-braiding ¥, having additional
+ factors according to the monomial degrees). This implies S(ejes) = ¢ 2e1ez as
well as S(1) = 1, S(e;) = —e;. On the dual side we have B* = B_(A'*) with a
dual basis of generators f!, f2, underlying braiding

V(f'ef) =ref, w(flef) =g fertearteft, (e =g fef?

relations f2f1 = —qf'f? and S(f'f?) = ¢ 2f1fo. There is up to scale a unique top
degree in each case, namely Vol = ejep and Vol* = f1f2 and we find (Vol*, Vol) =
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ev(fl®@ f2,[2,—¥](e1 ® e2)) = —¢~ 1, so that
2
exp:l@l—l—Zei@fz—qul@Vol*
i=1
We define integrals via [Vol = 1 and [ “Vol* = 1 but note that these are not
morphisms. Rather we use braidings

U(floe) =ea@fl+(1-¢Hea®f?, U(f2@e) = ea@f?, U(fi@e;) = qe;@f

for i # j (these are obtained from the 2nd inverse R as in [18, Propn. 10.3.6] for R
normalised to our case) to find ¥(f?® Vol) = ¢Vol® f* and hence ¥(Vol* ® Vol) =
¢*Vol®@Vol*. We similarly have ¥(f!®@Vol*) = gVol*® f*. From these it is clear that
[ and [ * are not morphisms in the underlying comodule category. Again, there
can be further signs according to the super degrees for the actual super-braiding
W,,p when we read diagrams in the super-braided case. In particular, we find

\IJ;ulp exp=1®1—-f'®e; —*f*®es — ¢ ' Vol* ® Vol

needed in the computation of F*. We now read off from the diagrammatic defini-
tions in Figure 2,

1 —qVol* 1 —q~ Vol
¢ r L) —q%e
‘F ! = —1r1 ) JT.. 2 = ? ) m=—q.
€2 —qf f ge1
Vol 1 Vol* 1

One can verify that F*F = uS as it must by Proposition 3.2. We also have
]:]_-* — /J/QQ(D_DS

where D is the monomial degree and one can check that this agrees with the lower
line in Figure 3 where we use the above computations to read off the right hand
side. In this case FS = ¢* P~DSF or SF = FS¢* P~V as one can verify from the
stated form of F,S.

A similar approach can be used for other quantum planes to express their differ-
ential exterior algebras as super-braided Hopf algebras with possibly a different
underlying coquastriangular structure from one used for the coordinate algebra as
a braided-Hopf algebra. In the presence of an invariant quantum metric we re-
produce the otherwise ad-hoc approach to g-epsilon tensors and Hodge theory on
braided-quantum planes in [18]. The f* generate antisymmetric vectors and I,
define an interior product connected to the exterior algebra product via F. This
example should be seen as a warm-up to Section 3.2 where we look at bicovariant
differentials on Hopf algebras themselves. As illustrated here, the actual theory
is read off the diagrams with the appropriate braiding including signs. We could
indeed shift all constructions to this new super-braided category and say that the
above example is an ordinary braided-Hopf algebra there, but we not do so since
there will normally be other (bosonic) objects also of interest in the original cate-
gory. In our context the nicest case is where [, [ * are morphisms to 1 when viewed
in the original category but do not necessarily respect the super-degree, for example
they could be odd maps in the super-sense in which case they are not morphisms in
the super version with extra signs (so we need the slightly more general picture as
above). We assume they have the same parity of support (both odd or both even
maps). Then F, F* also have this party.
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Corollary 3.5. If f,f* are unimodular, morphisms in the underlying category
and of the same parity p then FF* = (—1)PuS. When u, S are invertible we have
FS = (—1)PSF and F* = pSF~1

Proof. For FF* we have to compute the right hand side of the lower diagram in
Figure 3, which now has extra signs. We can still bring out u’' = (f* ® f)\Ils_ulp exp
. . . . . . *

since any signs from crossing the [ leg cancel with signs from crossing the [~ leg
by our assumptions. Next, we can lift [ * through the crossing at the price of (—=1)P
in computing p’. We already have F*F = uS from Proposition 3.2 and can then

conclude the rest. O

The behaviour of F with respect to Reg, 7 has an unchanged form as these state-
ments do not involve additional transpositions, except that the actions themselves
are computed for the super-braided Hopf algebra eg with the super-braided coprod-
uct and hence the super-braided Leibniz rule expressed in super-braided module
algebra structures. The property (3.1) becomes

(3.2) SFok=-((-1)*P @ SF)
due to the crossing of the first input on the right hand side with the integral in F.

3.2. Hodge theory on Hopf algebras. We are now going to compute our super-
Fourier theory for B = A, = B_(A') where A! is a rigid object in the braided
category of right A-crossed modules and A is a Hopf algebra with invertible an-
tipode. Here B is a super-braided Hopf algebra in the category and we assume it
has a top degree component K of dimension 1, i.e. up to scale a unique top form
Vol € B_(A'). This gives us a unimodular integral B — k by [ Vol = 1 and zero for
lower degrees. We have seen this in examples, while in general we obtain an integral
because the formula in Proposition 2.5 ensures that AVol = Vol ® 1 4+ 1 ® Vol plus
terms of intermediate degree, so that we never reach the top degree on applying A
to lower degree. One can think of this more formally as a morphism B — K with
some possibly non-trivial generator. We also have an identification B* = B_(A*)
by extending the duality pairing A'* ® A! as a braided-Hopf algebra pairing, given
that this is now non-degenerate after quotienting by the relations of B_ as ex-
plained in Section 2.2. Hence we obtain a unimodular integral on this too. In the
nicest case, the span of the top forms Vol, Vol* of degree n (say) are isomorphic to
the trivial object 1 so that [, f* are morphisms to 1 but of parity n mod 2, so we
are in the setting of Corollary 3.5.

Next, in noncommutative geometry a metric is ¢ € Q! ®4 Q! with an inverse
(,):2'®4 0 = A. One can show that in this case ¢ must be central. Normally,
one also requires the metric to be ‘quantum symmetric’ in the sense of the product
A(g) = 0 in Q2. We are interested in left-invariant metrics where g € A' @ A!.

Lemma 3.6. A bi-invariant metric on a Hopf algebra A with bicovariant calculus is
equivalent to an A-crossed module isomorphism g : AY*=A'. The metric is quantum
symmetric if and only if ¥(g) = g.

Proof. The metric being bi-invariant means that it is an element g € A! ® Al
which is invariant under the coaction Ag on the tensor product. The existence of a
bimodule map (, ) requires g to be central which in turn requires that g is invariant
under the crossed module right action < (since this determines the cross product of
Ap<A). So a metric is equivalent to a morphism 1 — A'® A in the crossed module
category. Evaluation from the left makes this equivalent a morphism as stated,
which we also denote g. Here A* is again a right crossed module in the usual way
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(via the antipode). Clearly A(g) = 0 if and only if g € ker[2, —¥] = ker(id — V)
according to the relations of B_(A!). O

Given a bi-invariant metric we therefore have B4 (A'*)~B, (A') hence combined
with the above remarks in the finite-dimensional case, an isomorphism which we also
denote g : BL(AY)* — Bi(A'). We are now ready to define the Hodge operator,
using the B_ version. We do it in the nicest case but the same ideas can be used
more generally as we have seen in Section 3.1.

Definition 3.7. Suppose that A' is finite-dimensional in the category of right
A-crossed modules, g a bi-invariant metric and B_(A!) finite-dimensional with a
1-dimensional top degree n and central bi-invariant top form Vol used to define |.
We define the Hodge star

f =goF:B_(AH™ — B_(AH)y"™™

which we extend as a bimdodule map to Q™ — Q"~™,

By construction our f is a morphism in the crossed-module category. In geometric
terms this means that it extends as a bimodule map and is bicovariant under the
quantum group action on . We also define §* = (—1)” o F* 0 g~ where D is the
degree operator.

Proposition 3.8. In the setting of Definition 3.7, u = (Vol,Vol)™' € kX, # is
invertible and 4S5 = (—=1)"SH. If the metric g is quantum symmetric then S =
(—=1)P, t* =1 and #> = p on degrees D = 0,1,n — 1,n.

Proof. Here (Vol, Vol) is non-zero since otherwise Vol would be zero in B_(A'), and
its inverse supplies the coefficient of the top component of exp, which is u. Since
1 # 0 we can apply Corollary 3.5 to see in particular that #,.S graded-commute.
That S|o,1,n-1,n = (—1)P i.e. on the outer degrees is clear on degrees 0,1 and then
holds on degrees n,n — 1 due to f, S graded-commuting. Next, in terms of #* with
the metric identification, the result in Corollary 3.5 becomes f*f = u(—1)PS and
#(—1)P#* = pu(—1)"S since the parity of the integral is » mod 2. Taking the (—1)”
to the left in the latter equation makes it (—1)"~% so that

= u(-1)Pst!
on all degrees, giving £*[0.1.n—1.» = uf~! on the outer degrees. On the other hand,
we have
exp = 1®1+g+~~~+g(”71) + uVol ® Vol

(for some element g~ € A"~! @ A"~!), while the definition of #* is such that it
is given by integration agains U~! exp without any signs. Since g (by the quantum
symmetry assumption) and 1 ® 1 are invariant under ¥, these terms are the same,
and hence #* = f on degrees n — 1,n and hence #2 = p on these degrees. In that
case f*(fw) = pw = #2w on all w of degree n — 1,n tells us that §* = # on degrees
0,1 also, and hence that #2 = 1 on these degrees also. This means that

Uobexp=101—g+ -+ (=1)""'g" D + (=1)" Vol ® Vol

for the computation of F* and similarly without the signs for #*. O

We similarly define left and right interior products
FA'®@ B (AY™ = B_(AH™, 4B (AHY™ @A — B_(AH)™!
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by restricting the left and right actions in Section 3.1 (these are the left and right
braided-partial derivatives in the sense of [24, 18]). We then extend these to bico-
variant bimodule maps

FOleoa0m -l 40", 0 - m !
given by
(an) F (bw) = (an, bw))wz),  (bw) 4 (an) = bw)(we),an), Va,be A, ne A weA
where we underline the braided-coproduct of A. In other words, we extend the
braided coproduct as a bimodule map 2 — Q ®4 Q (not to be confused with the

super-coproduct of Q as a super-Hopf algebra) and then use the quantum metric
pairing to evaluate, taken as zero when degrees do not match.

We can now interpret our Fourier theory in Section 3.1 as
(3.3) Si(nFw) =n(Stw), flwn) = (fw) 41, e, weQ

where S is the super-braided antipode of B_(A!) extended as a bimodule map to
Q. Tt should not be confused with the super-coproduct of Q2. We also define a left
Lie derivative by

Lyw)=nFdo+dntw), ¥meQ, weQ
and associated codifferential and Hodge Laplacian
(3.4) §:=(S#)~td(St), O:=dé+dd.

The use of (S#)~! here is adapted to the left handed - and left-handed partial
derivatives defined by df = >, (9%f)e, for any choice of basis {e,} of A'. One
could equally well use f but this would be adapted to - and right-handed partial
derivatives. We also define the Leibnizator

Ls(w,n) = 6(wn) — (6w)n — (=1)*lwdn
as in [32].
Corollary 3.9. The codifferential and Hodge Laplacian in (3.4) obey
§(fw) = fow+ (df) Fw, O(fw)=(0Of)w+ fOw+ Ls(df,w) + Lajw
forall f € A and w € Q. Moreover,
da = a%eq + gap0®a®, Of = (0%f)deq + gap0?0° f

Oa = aaDea—l—(Da“)ea—i—@aab(L(;(ea, eb)+£5aeb)+8a8bac ((ea & (evee)) + gbcla — avee)
where o = a%e, in a basis and gqp = (€q,€p) (summation understood). If do = 0
then

Oa = a%de, + 0%’ (5(eqep) + €4 - dey) + 0°0°a (e, F (epee))

Proof. The formula for §(fw) follows immediately from the derivation property of d
and the first interior product property in (3.3). The formula for J( fw) then follows
from this and the Leibniz rule for d as in [32]. These results then give the explicit
formulae for o = a%e,. O

Note concerning Oa that (e, F (epec)) + goea — gavee = (€qep) - €. in the classical
case, which is antisymmetric in a, b, while Ls(d f, w)+Lafw = 2V 4w in the classical
case as shown in [32]. Here V is the classical Levi-Civita connection referred back to
a derivative along 1-forms via the metric. The special case shown in Corollary 3.9
is relevant to ‘Maxwell theory’ where F' = da and Maxwell’s equation 6 F' = J has
a degree of freedom to change o by an exact form, which freedom can be reduced
by fixing o = 0. Maxwell’s equation then becomes Oa = J where J is required to
be a coexact ‘source’.
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3.3. Finite group case. To give a concrete example we recall that any ad-stable
subset of a finite group not containing the group identity defines an ad-stable ideal
in k(G)" and hence a bicovariant calculus. There is a canonical basis of 1-forms
{e.} labelled by the subset and relations e, f = R,(f)e, where R,(f) = f(( )a)
is right translation. This corresponds to crossed module action e,<f = f(a)e,.
There is a natural choice of bi-invariant metric namely g = >, e, ® €,-1 provided
our subset is closed under inversion. Here the left coaction is trivial on A! and
the right coaction is the crossed module one, namely Agre, = dec €gag-1 @ Og.
The element 6 = ) e, is similarly bi-invariant and makes the calculus inner (so
d = [0, } as a graded commutator). The above results therefore give us a Hodge star
on any finite group with bicovariant calculus stable under inversion and for which
B_(A') has (up to scale) a unique top form which is bi-invariant. The braiding is
Ve, ® ep) = eqpa—1 ® €4, from which the braided factorials can be computed. The
metric sends g(f*) = e,—1 where {f®} is a dual basis. The interior products given
by the braided-derivatives are

eq = (evee) = Gavee — Jabeb-1€6,  (€a€p) 7 €c = €agbe — €aba—19ac

on evaluating against the super-braided coproduct via the metric. One also has
df = 0 and in nice cases (when the associated quandle is locally skew and the
field is characteristic zero) it was shown in [34] that H!(G) = k6. If one similarly
has H"~}(G) = k#* as an expression of Poincaré duality (which is often the case,
including in the following example) then a source J is coexact if and only if

57 =0, /(J,e)zo
G

by elementary arguments using (3.3), where |, ; means a sum over the group. Here
J : Q" = k is defined as the tensor product of [, and [ on B_(A') and [dS =0
on any n — l-form S under our assumption of a unique bi-invariant top form Vol of
degree n.

Example 3.10. The standard 3D calculus on the permuation group S3 on 3 el-
ements is given by the conjugacy class of 2-cycles. We recall that A! = k —
span{e,, €,, e, + is a k(S3)-crossed module as above, where a = w,v,w are the
2-cycles u = (12),v = (23),w = wvu = vuv = (13). The minimal exterior algebra
in this case is known to be a super version of the Fomin-Kirillov algebra[6, 29] with
relations and exterior derivative

2
eueytepeytepey, =0, epeyteye,+eue, =0, e, =0, de,+eseytepe, =0

and the two cylic rotations of these where u — v — w — u. The dimensions in
the different degrees are dim(A) = 1:3:4:3: 1 so there is a unique top form
up to scale, which we take as Vol = e,e,eqe,,. This is clearly central and one can
check that it is also bi-invariant. This can be done noting that Vol = e,e,e,6 and
computing

Agr(eyevey) = eypey @ (Je + 0w) + eweuuw @ (Ou + dpu) + evewey @ (Suy + 6y).
Hence we have a canonical Hodge star.

The coevaluation element exp is a computation from Proposition 2.6 which in a
basis reads

n

exXp = Z .[m, —\I/]!_l(eal R ® eam) ® fom ... fu

m=0
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where {e,} is our basis of A' and {f¢} is a dual one and we sum repeated indices.
This is in general but in our case and using the metric identification comes out as

exp=1®1+ Z €q e+ epew Rewey + eutw ®ewey — €uty @ €uew — €veuy X Eyew
a
FEupew ® €uulw + €lwey Q €vewey + Cweuty ® eyeyty, — Vol ® Vol
as one may check by verfying that this is a sum of basis and dual basis of each
degree of A™ ® A™ paired via the metric. For example,
(ew€y, €wey) = ev(ey @ €y, ey ® ey — €y Rey) =0
(64 €y, €peu) = ev(ey ® €y, ey @ €y — €y R ey) =0
(en€y, ewey) = ev(ey ® ey, ey @ ey — ey ®ey,) =0
(e, euey) =ev(ey @ ey, ey @ ey — ey Rey) = —1
where we should remember that the ev pairing is nested starting on the inside.
The resulting Hodge operator is then computed as

ﬁ]- = _V017 ﬁeu = €w€yfu, nev = €y €vCuw, ﬁew = €yEy€y

fleweuey) = —€u, flenevew) = —€y, #levewen) = —ey, fVol=1
flewen) = ewew;  fH(eats) = €apata = ¥(ea ® ep)
We see that on the different degrees,
#0134 = —id, 7> =id
so that § has order 6. The first of these illustrates Proposition 3.8 while we note that
# on degree 2 coincides with minus the braided-antipode S of B_(A?) (because this
is braided-multiplicative along with an extra sign for the super case, and S|; = —id).
The cohomology for this calculus in characteristic zero is known to be H® = k, H! =
k,H? = 0,H? = k, H* = k and one can see that f is an isomorphism H™2H4~™
as expected, the cohomologies being spanned by 1,60 = e, + e, + €, in degrees 0,1
and their § in degrees 3,4.
Next we compute S on degree 3 as S(eyepey) = — - Y(Se, @ S(epey)) = -¥(e, ®
Euby) = €uCwby = —E€yu€y€y. A similar computation gives SVol = Vol so that
S = (—1)” on degree D # 2 as we saw in Proposition 3.8, while we have already
observed that S = —f on degree 2.

We now compute f* := F* o g as a check of our theory. The inverse braiding is
U l(e, ®ep) = ey ® ep-14 in general and extends similarly to products, with the
metric identification, we have

—1
\Ilsup exp=1®1— Gt €€y Q €€y T+ €€y Q €€y — €4y B €€y — €€y Q) €y

—€uCpeuw B EulLEw — E4Cwey @ EypiCy — €1y €y B €€, — VOl ® Vol.
Note that e, eye, = eyeypey and so forth using the relations. Integrating against
gives * = f on degrees 0,1,3,4 as in Proposition 3.8 while §* = id on degree 2. The
latter agrees with #* = pu(—1)”S4~! in the proof of Proposition 3.8.

Turning to applications we compute
Stl = —Vol, Ste, = —eypeuey, Steqes) = —€pepar, Shleweuey) =€y, SfVol=1
For the Laplace operator we note that de, = 0, for example

Stde, = —d(eweney) = —0eyeyey — €€y y0 = —€4€1, €46 — €€y €yey =0

using the relations. Hence by Corollary 3.9

Olo =) 0*=-2> 0"



24 S. MAJID

which is (-2 times) the standard graph Laplacian for the corresponding Cayley
graph on Ss. It is fully diagonalised as usual by the matrix elements of irreducible
representations (the eigenvalues are 0, 6, 12 with eigenspaces of dimensions 1,4,1
respectively). We also have da = g,;,0%a® and if this vanishes then

Do = (#7'd)%a = Z((%D +3)a%)eq — (0, 0)8 — Y %0 +2)a™e,,

We note that the last term here only has contributions from a # b. The above
expression is a short computation from Corollary 3.9 using

5(€aeb) = €p — Caba €a F (ebec) = 5a,b€c - 5aba,c€b
from which we see that
dde, =3e, — 0, d(eqer) + €4 b dey = e, — 2e4pq + a0

Solving Maxwell theory in the form Oa = J, the source J has to be coexact. From
the remarks above and H?(S3) = k6%, this is equivalent to

57 =0, / (J,6) = 0
S3

It is a useful check of our formula for O on Q! to see directly that when restricted
to coexact forms its image indeed is again coexact. Moreover, by computer one
finds the same eigenspaces (each 4-dimensional) as in [33] with eigenvalues 3,6,9,
so that up to an overall constant the Laplacian restricted to coexact 1-forms is the
same in spite of the Hodge operators being rather different. Explicitly,

€y — €Ev, €y — Z(éau + 6uau)ea

a

and their cyclic rotations under v — v — w — wu have eigenvalue 3 (and along with
their cyclic rotations add up to zero). Multiplying these by the sign function on Ss
gives eigenvectors of eigenvalue 9 while for the eigenvectors of eigenvalue 6 we can
use the ‘point sources’ in [33],

Jp = (30s — 1)0+3 0gata, € Ss

where three points that share a common node in the graph have a zero sum of
their sources. These are related to the matrix elements p;; of the 2-dimensional
representation. For example, if we work over R and p(u) = diag(1,—1), p(v) =

%diag(—l7 1)+ @T where 7 is the transposition matrix, then

Je = 2p11ey +cyclic, Ty — Jup = 2\/§p216u + cyclic.

This solves the ‘Maxwell theory’ on Ss for this calculus by diagonalising [J on
coexact 1-forms.

In [33] and all other such models until now it has been assumed that the Hodge
operator should be designed to square to 1, whereas our canonical Hodge operator
in this example is order 6 and looks very different, but nevertheless gives the same
reasonable Laplacians in degrees 0,1. Our construction also works for Sy and Sj
with their 2-cycles calculus and can be analysed similarly, while higher S,, n > 5
are conjectured[29] to have infinite-dimensional B_(A%).
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4. CALCULUS AND HODGE OPERATOR ON COQUASITRIANGULAR HOPF
ALGEBRAS

Here we start with a new, braided-Lie algebra, approach to the construction of
bicovariant (2',d) on quantum groups such as k,[G] for G a complex semisimple
Lie group. We recall that these are all coquasitriangular in that they come with a
convolution-invertible map R : A ® A — k obeying

bnyayRiag) ® bez)) = R(aga) ® ba))ac)be)

R(ab®c¢) =R(a® C(l))R(b & C(g)), R(a ® bc) = R(a(l) b2 C)'R,(a(g) ®b)
for all a,b,c € A. This is just dual to Drinfeld’s theory in [5], see [21, 18]. We will
need the ‘quantum Killing form’

Q(a ® b) = R(b(l) ® &(1))7?,(0,(2) (9 b(g)), Va,be A
which obeys Q(Sa ® Sb) = Q(b® a) since R is invariant under S ® S.

The construction of differential calculi on a coquasitriangular Hopf algebra A has
its roots in R-matrix constructions from the 1990s but the following general con-
struction builds on our recent treatment in [35]. It is shown there that A is a left
A-crossed module by

(4.1) AdL(a) = a(l)Sa(g) & a2y, arb = b(g)R(b(l) ® a(l))R(a(g) ® b(g)).

Then any subcoalgebra £ becomes a left A-crossed module by restriction and its
dualisation £* in the finite-dimensional subcoalgebra case becomes a right A-crossed
module. It is shown that the quantum Killing form regarded by evaluation on its
first input as a map Q : AT — £* is a morphism of crossed modules. This gives:

Proposition 4.1. ¢f [35] Let A be a coquasitriangular Hopf algebra and L C A a
nonzero finite-dimensional subcoalgebra. Then A! = image(Q) and w = Q defines
a bicovariant differential calculus Q' on A.

In [35] we used a version of this to naturally construct possibly non-surjective
differential calculi with A! = £*, but we also see from this result that £ itself is
the more fundamental object as starting point.

4.1. Braided-Lie algebras. Our new approach is to start with a Hopf algebra B
in a braided category C and find a ‘Lie algebra’ for it. We then take its dual to
define a calculus.

Definition 4.2. [26] A left braided-Lie algebra is a coalgebra £ in a braided cat-
egory, together with a morphism [, | : £L® £ — L subject to the axioms shown
diagrammatically in Figure 4. The associated braiding ¥ and braided-Killing form
are also shown.

A principal result in the case of an Abelian braided category is the construction of
the braided-enveloping algebra U (L) as a bialgebra. This is defined by the relations
of commutativity with respect to the associated braiding ¥. In the category of sets
a braided-Lie algebra reduces to a quandle and this was used recently to prove the
cohomology theorem for finite group bicovariant calculi[34]. Nondegeneracy of the
Killing form also turns out to be an interesting characteristic related at one extreme
to the Roth property of a finite group[13]. The axioms themselves, however, were
inspired by the properties of the braided adjoint action of a braided-Hopf algebra
on itself as also recalled in Figure 4.
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FIGURE 4. Axioms of a braided-Lie algebra. Read down the page.
We also recall the associated braiding ¥ and braided-Killing form,
and the adjoint action of a braided-Hopf algebra on itself.

Lemma 4.3. [26] If B is a braided-Hopf algebra then [, ] = Ad: B® B — B the
braided adjoint action obeys axiom (L1). If B is cocommutative with respect to the
braided-adjoint action in the sense of [19] (we say B is Ad-cocommutative) then
(L2), (L3) are also obeyed.

The first part was done in [26]. Braided cocommutativity with respect to a B-
module is just the axiom (L2) when specialised to [, | = Ad and the proof that
the adjoint action then obeys (L3) appeared in [25, Prop A.2] in dual form (turn
the diagrams there up-side-down). Clearly:

Corollary 4.4. Any subcoalgebra L C B of an Ad-cocommutative braided-Hopf
algebra closed under Ad is a braided-Lie algebra by restriction.

We next recall that if A is coquasitriangular then there is a braided Hopf algebra
version B(A) of A called its transmutation. This is also denoted A and has the
same coalgebra as A but a modified product[21]

(4.2) aeb= a(g)b(g)R(a(g) & Sb(l))R(a(l) & b(g)) = a(g)b(g)R(a(j) &® Sb(l))
and lives in M4 by Adg. Its product is braided-commutative,

(4.3) aeb= b(3) ° a(3)’R(Sb(2) ® a(l))’R(b(4) 024 a(g))R(a(4) & b(5))R(a(5) & Sb(l))
which can be written equivalently as

(44) R(bay ®aq))acz)  Rlas) @ bez))b) = ba) @ R(bz) ® an))aRag) @ b))
while its braided-antipode is

(4.5) §a = Sa(g)R((SQa(g))Sa(l) & a(4)) = (Sa(l))(())R((Sa(l))(i) ® a(g)).

Because we have a mix of both types of structure on the same vector space, we will
be more careful to underline the braided versions where they are different.

Theorem 4.5. Let A be coquasitriangular. Then B(A) is Ad-cocommutative and
[a,b] := Ad,(b) = b5)Q(a ® b)) for all a,b € A makes A a braided-Lie algebra in
the braided category M#. By restriction, any subcoalgebra £ C A is a braided-Lie
algebra in this category. In this case there is a homomorphism

U(L) — B(A)

of bialgebras in the category.
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Proof. We start by computing the left braided-adjoint action by applying S to a(y)
and using the braiding to commute this past b before multiplying up with respect
to e:

Ad,(b) = a() @ by @ (Sag)) o) R((Saw))a) @ b))

=aq) ® (bo)(Sae) @) (2) R((Sae)@ @ bay@)R(baa) @ S(Saw@) o))

ay @b ) (Saw) @) ) R((Sa@) ) @ by @) RO 1) ® S(Sae)) o)1)
Rlaqya) @ S(b@oya)(Saw@) @) @)
=aq)©)b©)(2)(Sae )<o><3>R((5a 2)(10) 2 © a@))R((Sa@) @) @ b))
R(beiy) @ S(Sa2))0)))Rlaqyi) @ S(bo) ) (Sae) @) @)
= aq1)©)b©) (2)(Sa2)) 0) 2 R((Sa@)) 1) @ a@)b)(2)
Rlaqy1)@b ) ® S(5a@) @ ) R(aq) i) a) © Sbe) )

where we use the definitions, the coaction properties and the multiplicativity prop-
erty of R. We next unpack the adjoint coactions on a, and use multiplicativity of
the last R to give the above expression as

= a(3)b(5)(3)Sa<7)R(52a(9>Sa(6) ® aaob(iy2))R(Sayas)b) ) ® S2a)
Rlacz) @ b@)(2))R(a) @ Sba))
= b)(2)(2) Sam’R(S a(9>5a(6) ® auo)bey(2) R (S’a(l)a(5)b(i)(1) ® Sza@))
Rla(s) @ b)) R(ag) © Sb@) )
0)(0)%(2) Sa e R(S? aw)Sa(s) ® awbey2))R(Sayawbi) ) ® S2a)
Rlaes) @ be) )
©2(2)500R(S%as)Sags) @ aw by @) R(Saw)awb) e @ S%am)
Ra@) @ by)
(© a(g)Sa(7>R(S (1056 @ b1 (3))”71(@11))73(5@(5) ® aaz))
R(Sayau) @ S?aw)R(b)2) © S2aw)Rlags) @ b))
b a@)Sa(7)R(S A10)S0(6) ® b 3))R(Sap) @ 52 aan)v 1(a(12))
R(Sayau) @ S?aw)R(b)2) © S2aw)Rlags) @ bey))
(a(1) ® Sas)be)a)SamR(Sas) @ S2auy ) v (aus)
(Sga(n)Sa(G) ® b(i)(3))72(b(1)(2) ® Sza(m))R(a(4) ® S2a(9))R(a(3) ® beiy))
(a(l) ® Sa(s))b 0)2(2) SaxR(Sae @ SQ@(ll))Vfl(aum)
(Sa(5)S%aaz ® by ()R (1) ® S%ae) ) R(a3) @ S?aqn)R(au) © b))
(
(
(

@‘

(0)

I
o

G“

Il I |
Jd A ANIA

a(y ® Sag))boyae)Sas RiaE) @ SPae)R(Sawy ® SPaw v (au)
S%au0) ® by @) R(b) (1) ® S?ae)R(ag) @ SPa)
=R a1y ® S’a ) a(g)Sa(g)V_l(a<7)) (S Qe @ b( )(2))R(b(j)(1) ® SQa(5))

=R(aq) ® Sa(y))b (6)’71 (a(5)R(S%aa) @ beay2)) R(bwy 1) ® Sa3))

=b@)Rlae) @ b)) R ) ® aq) = be) La® b)) = [a,b]
where the 2nd equality is by quasicommutativity of A, the 3rd uses multiplicativity
of R to recognise Adr on b). We then expand out by multiplicativity to recognise
va) = R(S%an) ® a(z)) This is known[21, 18] to be convolution inverse to
v(a) = Rlan) ® Sa (2)) and to obey v (a(1))a) = S*aqyr ! (a(2)), which we use
to move to the right. The seventh equality uses multiplicativity of R so that we can
use quasicommutativity on S Za(mSa(ﬁ) and the braid or Yang-Baxter equations on

)
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the last three factors to give the 8th equality. On this we use multiplicativity to
cancel a(4)Sa(s) and obtain the 9th equality and two mutually inverse copies of R
for the 10th. We finally cancel a(2)Sa(3) and move v~! to the left to cancel v. We
then recognise the answer in terms of @ and take this for our braided-Lie bracket.
The Lemma tells us that we have (L1) for free. Next, we verify (L2) for [, ] = Ad
noting that (L2) can be written in the form
— e[, NAacid)
where in our case ¥ is the braiding of M4 and

U(a®b) = [aqy, b)) @ agz) @) Rla) ) @ b))
= by ® a2)(5) L) ® by 1)) Rlag) ) @ b))
= b(2) ® a(a) R(((Sb(l))b(3))( 1) ®a(n))Rae) @ ((Sba))b))2)
R((Sag))a) @ ((Sby)bs))
R(((Sb1))b)) (1) @ aqy)Rlags) @ ((Sb))bes) ) (2)

= b2) ®ay) (
@)

= bo) ® a@)R(ba) (1) ® aq))Rlag) @ ba
using our result for Ad. We compute
W (a®b) = agz)(0) @ bo) @ R(b) (1) @ a@) @) R(ba)a) © aw)R(a@) @ bay)
= a(2)(0) @ bo)R(b1) (1) ® a2y 1)) R(baay2) @ a))Rae) @ beiy(3))
= a(2)(2) @ bo)R(b3) (1) ® a(1)(Sa)(1))a@) 3))Rlae) © b))
a@) @ beyR(beay1) @ ag2))Rlag) @b @) = aq) @ be)Lae) @ b)) = aq) @ [a), Y]
as required, where we used the coaction properties of Adg and the multiplicativity
property of R to make a cancellation. The above Lemma then tells us that we get
(L3) for free. These results then apply for an subcoalgebra £ C A since, due to
the form of Ad, we see that Ad(L ® £) C L, since Adr(L) C L ® A because L is a
subcoalgebra (in other words a sub-coalgebra of A is also a subobject and hence a
braided sub-coalgebra £ C B(A). For the last part, we can equivalently write
‘i/(a ®b) = b(g) &® a(g)R(Sb(Q) & a(l))R(b(4) & a(g))R(a(4) &® b(5))R(a(5) & Sb(l))

by expanding out our previous expression using the multiplicativity properties of
R. Comparing with the braided-commutativity of B(A) in (4.3) we see that aeb =
eU(a ® b) or the relations of U(L). O

Proposition 4.6. When £ C A is finite-dimensional (1) U(L) is Koszul dual to
a right-handed quadratic version of the bicovariant calculus in Proposition 4.1. (2)
The braided-Killing form is

K(a,b) =Y uleiiy) Qa ei(iy(2) Qb eiciy(3)) (£, € ())

i

where {e;} is a basis of L and {f'} a dual basis and u(a) = R(a@)y @ Sa)).

Proof. The braided-Killing form is obtained by reading down the diagram, as (sum-
mation understood)

K(a,b) = Q(b,ei(1))Q(a, €0y (1)) {f 0)» €i(5)(0) (0)) R(€i(0y 0y (1) @ [ 1))
= Q(b, €i(1)) (a, €i () (1)) R(€i @) 5) (1) ® Se€) (0) @) (1) ([ €i(6) (0)(0) (B))
= Q(b; €i(1)(4)) Qlas €i(1)(3)) R€i(1)(2) @ Seqyw)){f's i)

as stated. For the remark about the dualisation we note that A has a right crossed-
module structure given by Adg and

a<b = a(g)R(b(l) & a(l))R(a(g) ® b(2)), Ya,be A
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and its crossed module braiding turns out, by similarly using the properties of R as
above, to coincide with the fundamental U for the braided-Lie algebra (as computed
in the proof of Theorem 4.5). On the other hand this crossed module is the right
handed version of (4.1) which dualized to give the crossed module structure defining
the calculus in Proposition 4.1. This means that U(L) is the Koszul or quadratic
algebra dual of Agyqq (Where we impose only the degree 2 relations of B_(A')). The
braided-Lie bracket and exterior derivative can also be related as part of a general
theory of ‘quantum Lie algebras’ in [39] when 1 ¢ L. Here every bicovariant calculus
gives a quantum Lie algebra in the sense of [39] and meanwhile (one can show that)
every non-unital braided-Lie algebra £ gives a quantum Lie algebra by extending
by 1 and then taking the kernel of the counit. O

The above theorem is a new result and is needed to complete the picture. In
the special case where £ has a matrix coalgebra form on a basis {t’;} (such data
defines a matrix corepresentation of A) we recover the R-matrix braided-Lie algebra
construction introduced in [26] but now as a corollary of the above.

Corollary 4.7. cf[26] Let A be a coquasitriangular Hopf algebra and t € M,(A) a
matriz corepresentation. Then the matriz subcoalgebra £ = {t';} has braided-Lie
bracket, categorical braiding and braided Killing form

[tzj’ tkl] _ thkSR—lkl kgiilRk3k4i1i2Ri2i3k4lRi3jkk1
\Ij(tzj ® tkl) _ tkz ks ® tiQigRiil k1 kzR—lili2k3k4Ri3i4k4lRi4jkkl
The braided enveloping algebra U(L) is generated by the {t';} with new relations
tij ° tk‘l _ tk2k3 ° tigiBR—llﬁ kziileBkulili2Ri3i4k4lRi4jkk1-

We sum over repeated indices in these expressions.

Proof. We expand out Q using the properties of R, then the above bracket can also
be written explicitly as

(4.6) [a,b] = b(g)R(Sb(Q) ® a(l))R(b(4) ® a(g))R(a(g) & b(5))R(a(4) & Sb(l))
and the categorical braiding in M4 is
(4.7) U(a®b) = b(3) ®a(3)72(a(1) ®b(2))’R(Sa(2) ®b(4))72(a(4) ®b(5))72(a(5) ®Sb(1))

From these we immediately read off the expressions stated, where R*;*; = R(t'; ®
t*)) and R;*; = R(t'; ® St¥)) is the ‘second inverse’. We likewise read off the
relations of U(L) from ¥ or from (4.3) to give the result stated. In all cases we
can move R and another R to the left hand side, for example the relations can
be written compactly as Roit; @ Rt = to @ Rot1 R where the suffices refer to the
position in M,, ® M,, with values in U(L), also clear from (4.4). These are the
relations of B(R) [20, 18], the braided analog of the more familiar FRT bialgebra
A(R). O

This derives the explicit R-matrix formulae needed to compute examples. This in
turn recovers the 4D braided-Lie algebra of k,[SLs] found in [26]:

Example 4.8. [26] For A = k,[SLs] with ¢ # %1, its standard matrix coalgebra
and rescaled generators

t=<3§>9 t=qla+qs, z=X"'6—-qa), zy=X""8 z_ =Xy
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where A = 1 —¢~2 (we use different symbols for the entries of ¢*; to avoid confusion
with the quantum group), the nonzero braided-Lie brackets are

[zv Z] = q(2)q)‘2’ [t’t] = (2)qt7 [tv ] = (q3 + q_g)id, [.’L‘+,$_] =z= —[l‘_,l‘+]
[z, 24] = ¢ (2)g 72 = —¢ [y, 2.
Here (n), = (¢" —q¢™™)/(q — ¢~') and we used Corollary 4.7 and the standard R~

matrix for SLs with nonzero entries R'9%; = ¢ — ¢!, R%2%y = R%,', =1, R4 =
R?%3%5 = q. The braided Killing form is (4),/¢"® times the nonzero values

K(z,2) = q(2)q’ K(tat) = q3(4)q _q_l(Z)q/\a K(l‘+,$_) =1= q_QK(a;‘_,J,‘_,_).
The enveloping algebra U(L) = By[M>)] is generated by «, 3,7, with relations
Ba=q*aB, ~va=q lay, Sa=asd

[ﬁa’}/] = )\O{((S - Ot), [77 6] = My, [57 B] = Aaf

where [, ] at this point denotes commutator not Lie bracket. This is the algebra
of g-deformed 2 x 2 braided hermitian matrices which means that geometrically it
should be thought of as ¢-Minkowski space[20, 18]. There are two natural central
elements, the braided determinant det, = ad — ¢?>y/3 which should be thought of
as the ¢g-Lorentzian distance from the origin and g-trace tr, = ¢~ 'a + ¢d = t which
should be thought of as the ‘time’ direction. In these variables (as opposed to the
rescaled ‘Lie algebra’ variables) the classical limit is commutative allowing us to
think of this as a noncommutative geometry. Over C our braided-Lie algebra has a
natural real form or x-involution o™ = «, 8* = ,§* = § for real ¢, which fits with
the mentioned geometric picture.

4.2. Calculus and Hodge operator on k,[SL,]. In the case of a coquasitriangu-
lar Hopf algebra A with a generating matrix subscoalgebra {t*;}, Proposition 4.1 or
dualization of Corollary 4.7 recovers a version of a known R-matrix construction[10]
of quantum group covariant calculi. We let {E,”} be the standard basis of M, (k)
and dual to the {¢’;} basis of £. This then becomes a right A-crossed module with
(4.8) ARE,? = E,," @t™,St%,, E,’at% = E,,"R™ %R,
and
A = My(k), w(a) = Qa®t°5)Es”
defines the possibly non-surjective bicovariant calculus, which is, however typically
surjective for the standard quantum groups kq[G] with ¢ generic. The E,” have
bimodule relations
Eaﬁtab = tacEmanacdean

and the above right covariance. The calculus has an inner form with

Aty =t (Ra1 R)p* s Eo” — 190 = [0,t%)], 0= E,°.

The associated right crossed-module braiding on A! will be denoted ¥ also (it is
adjoint to the one for the braided-Lie algebra) and is computed from the right
crossed module structure as

U(E,” ® E,°) = E,,"(E,°, t7},) @ B, at™; St2,,
= En" @ By (B, 172, ) (B 4721 YR (1P, @ ™5, St )R(1 5,873 5, @ 72
and expands out as
V(B ® B,) = Ej,” @ By, " B3, 7, R¥ 075 RGP, RV 50,
from which we see that W(E,? ® 0) = § ® E,” so that, in particular, #2 = 0 in
Apmin = B_(AY).
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We now focus on A = k4[SLy] where the smallest nontrivial irreducible is 2-
dimensional, giving us A! = M,(C). We write basis Ei! = e,, E12 = ep, B! =
e, F2? = e4 and use the standard SL; R-matrix as in Example 4.8 to give the
bimodule relations of the well-known 4D calculus first found in [39],

o (40) = (140 o
(e, (z Z)] =q\ (8 g) ar [ec (Z Z)] =q\ (Zg) €a
leds (i)]ql =A (2) e, |eds (2)]q =) (Z) ec +q)\? (2) €as

where [z,y], := 2y—qyz and A = 1—¢~2 # 0. The exterior differential is necessarily
inner with 0 = e, + e4 which implies that

a(4) = (4) = eat ta = e+ (3)

a(5) = ()t =1+ a6+ (= veay +3 (%) e

Note that we should scale d or § by A~! in order to have the right classical limit
but we have not done this in order to follow the general construction. The right
coaction on left-invariant 1-forms is
a? (2),ab b
AR =021, Ap(—epe.,q te.) = (—epe.,q e)® [cal+ (2)gbc db
A (2)4ed  d?

where e, := ¢ 2e, — eq and the calculation is from A reo” with the relevant R-
matrix. We use the symmetric g-integers so that (2), = ¢ + ¢~'. The crossed
module braiding comes out as

. 2
U(e, ® (ea eb)) = ( :3; a eb) ® eq,
€c €4 q €c €d
(e“ eb)) = (e“ eb) ® ep + \g* (_eb O) ® eq
€c €q €c €q €z €p
. 2
Ve, ® (ea eb)) = (ea eb) ®ec+ A (ec 4 eZ) ® eq
€c €4 €e €4 0 —e.
\il(ed ®eq) =eq @eq+Ng%e. Req — Mep @ e — e @ ep)
@(6d ®ep) = g %e, Qeq— N, @ ey
\i/(ed ®e)=q* e, e+ (¢t —1+qg Hec@eq+ Mg* —De.® e,
Uleg@eq) =eqa®@eq+ Mey @ e — e, @ e) — A2g%e, @ e,

from which one can see for example that W(e; ® 8) = 6 ® e;. This then gives the
relations of A = B_(A') as usual Grassmann variables e,, ep, e, and[39]

€ald + eqea + Aecep, =0,  eqe. + quced + Aege. =0

eveq + q2eqen + Nepeq = 0, 63 = deqep
or equivalently
epe, + q2ezeb = 07 €.+ q2ecez =0
2 -4
€.€q + g, = Necey, €2 = (1—q ")ecep.
The exterior derivative is

deq = Aepee,  de. = Ag%ece., dey = Mg%e.ep, deg = Aecey;  de, = (1—q~ H)epee.
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As in degree 0, we note that A~'d has the right classical limit not d itself. The
dimensions here in each degree are dim(A) =1 :4:6: 4 : 1. The following is
mostly known e.g.[30] but we give a short proof as it is critical for us.

Proposition 4.9. For the above 4D calculus on kq[SLs) with q* # £1 there is a
unique bi-invariant central metric

3
g=e0®eb+q2eb®ec+%(ez®ez—e®9).
q

The inverse metric is

(617780) =1, (ecveb) = qu’ (62762) = q73(2)q = 7(970)

and the rest zero in this basis. In the exterior algebra there is also up to scale a
unique top form Vol = egepeceq = epecere, and this is bi-invariant and central.
Hence the super-braided Fourier transform applies and we have a Hodge star and
interior products.

Proof. Using the quantum group relations one has
a? (2)qab V? 0 0 —¢° a? (2)qab V? ! 0 2“]2

cal+2)gbedd | [ 0 & 0 | [eat+@)gbedb] =0 & 0
A2 2)d )\ 170" o 2 (2),cd d? 10 o0

which gives us the unique generically g-invariant element of the tensor square of the
space spanned by {—ep, €., ¢ e} (the quadratic elements here generate k,[SO3]).
We can add to this a multiple of  ® 0 since this is also invariant[30], which we have
now fixed so that g is central. Thus for example,
(ec ® ey + qPep @ ec)a = e, @ aey, + ¢>Nep @ be, + q2ep @ ae,

=ale. @ ey + ¢Pep @ ) + qAbe, @ ey, + ¢3 Abey @ e + ¢*Nae, ® eq

(e.®e,—0@0)a=—(1+q ?)(Nea @eq +eq @eq+eq @ eq)a

=ale;®e, —020)—(1— q74)(q2)\aea ® eq + qbey @ eq + ¢ they ® €4)
using the above commutation relations. Comparing these we see that [g,a] = 0.
Similarly for the other generators of k,[SLs]. It is also clear that A(g) = 0. The
inverse is immediate. For Vol the element eye.e, is invariant again for reasons
coming from the representation theory of k,[SOs). As 6 is also invariant, we know
that epe.e.0 is invariant and hence so is Vol being a multiple of this. For centrality,
we check for example

aeq epeceq = qileaaebeced = eaebecqflaed = €,EpEcqa

discarding unwanted terms using the wedge product relations. O

We now use g to identify A**~A! and compute £ using [ Vol = 1.
Proposition 4.10. For k,[SLy] with its 4D calculus, p = ¢°, 1 = ¢%Vol,

fea = —qleaerec, tep = —qleaereq, fec = qPeqeceq, teq = qtepeceqtAgtesere.
ﬂ(eaeb) = —q2€a€b, ﬁ(eaec) = q4€a607 ﬁ(eaed) = q2€b€c + >\q4ea€d
f(evec) = reqeq, f(epeq) = creveq — )\q3(2)qeaeb, fleceq) = —qeceq
ﬁ(eaebec) = 7q26(la ﬁ(eaebed) = 7q2eb ﬁ(eaeced) = €c ﬁ(ebeced) = q2€d + )‘q2€a

and §Vol = 1, where A\ =1 — ¢~2 as above. Acting on degree D, this obeys
#°=4¢", (D#2); (t—¢")t+d")=0, (D=2).



HODGE STAR AS BRAIDED FOURIER TRANSFORM 33

Proof. We first explicitly compute the exp element in the form
exp = 1Q1+g+e;, e, (QB)I_Jl@ejl €, 1€, €,C4y (3B)I_Jl®€j1 €565, +6162€3€4(4B)_1®€1626364

where e;,1 < i < 4 refer in order to eq,ep, ec,eq and I = (i1, jo, -+ ,im) With
i1 <19+ < i, labels of a basis of A™ and

mBry = (ei, €, €5 e) =evie;, @ey, - Re;,, [m,—V]l(ej, Rej, - -ej,))

— . e _\y]1PmP2P1
- gllpl gl.mpm, [m’ \Il] Jij2rdm

In the last line refer operators to matrices, for example [2, —V](e,, @ e,) = €, ®
eq[2, —¥]P9, and we remember the metric identification where g;; = (e;,e;). This

is the general picture but with bases labelled in the classical way in the present
example for generic q. We obtain

0 A\g200 0 —¢?
2200 —¢2 A 0 00-1 0
| 0 o020 Ll 0 0 g00 0
Br= g 100|000 0010 0
—200 0 0-2000 0
-1 0 000 O
-200 -1
1 4] 00¢0 “1_ ¢
3B 7q 0100 74B *q
—-100 O

in the basis enumerations 12, 13,14, 23,24, 34 and 123, 124, 134, 234 respectively for
the middle cases here. In particular, we see that u = ¢®. The matrix B~ here
is the inverse of the matrix g;; in our basis and necessarily gives the coefficients of
the metric g € A' ® A!, and we note also that u = 1/ det(g) in this basis. We then
carefully integrate against this exp, for example

f(eveq) = /ebedeaec (29 ()\CIQeaeb - q2€b€d) + /ebedeced ® (_q2€aeb)

where we read from the 2nd row of s B~! for the terms in exp of the form ege.® - - -
and from the last row for terms of the form e.eq®- - -. The other possibilities in our
basis for the first tensor factor of exp have zero integral. We then evaluate the first
displayed integral as —g? and the second integral as A on using the relations of the
exterior algebra, to give g*epeq+(1—q*)eqep as stated. Integrating against g is easier
and gives  on degree 3. We could now deduce # on degree 1 using Proposition 3.8
that #2 = p on degrees D # 2 but one can also compute it similarly by integrating
against 3 B! for a direct calculation and then verify #2. The polynomial identify
for f on degree 2 is a direct calculation. O

We see that § on degree 2 is not of finite order for generic g but is a deformation of
order 2. Indeed, ;=1 = det(g) (see the proof above) suggests a geometric normali-
sation to f = ,u_%ti = ¢ 3{ in our case, then # is involutive on degree D # 2 and
obeys the standard ¢-Hecke relation
ﬁ/Z =id 4 (q _ q_l)ﬁ/

on degree 2. This is the same relation as obeyed by the braiding in the defining
representation of the quantum group, which is also the braiding on the generators
of the associated quantum plane. One can also compute f* directly and verify that
it is given on degree 2 by ¢°S#~! as in Corollary 3.5 (and otherwise equals f). Here

the braided antipode on degree 2 is obtained from S(e;e;) = — - ¥U(e; ® ;) as

S(eqaes) = *eats, Sleqec) =q *eqee, S(€ad) = eseq — Aepee
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S(epee) = epee + Ag2eqeq,  Slepeq) = Mg eqer —eqep,  Sleceq) = q?eceq.
One may similarly compute S on degrees 3,4 to find S = (—1)”id on all degrees
D +# 2 as must be the case by Proposition 3.8. Note that this feature of the antipode
is not true for the outer degrees of all braided exterior algebras, see Example 3.4.
Finally, one can check that [f,S] = 0 on all degrees as it must by Corollary 3.5,
which in degree 2 provides a very good cross-check of both the displayed S and f
computations.

The cohomology for this calculus in characteristic zero and for generic ¢ is known
tobe H = k,H' = k,H?> = 0,H® = k, H* = k, which is the same as in Exam-
ple 3.10. One can see that # is again an isomorphism H™2H*~™ the cohomologies
being spanned by 1,0 = e, + e4 in degrees 0,1 and their f in degrees 3,4, where
10 = —q*eyece, deforms the classical 3-volume. Applications of this theory to g¢-
electromagnetism will be considered elsewhere. Here we consider only the general
result in Section 3.2 for the Laplacian on functions. We first recall from [30] that
A(0"d™) = (¢ F = 1) KA ea + Ag" (k)g IO A ey

+)\q—k (qm—l(m+n)q Ck—i—lbndm—l + n)q ckbn—ldm—l) e

+A2q ((k+1)g (m+n)g V™ + g™ (n), (k) ckflbnfldm) €a
(4.9) + (q_m_”Jrk -1) Fordme,
where (n), = (¢" — ¢ ")/(q — ¢~ ). Terms with negative powers of ¢, b are treated
as zero. This is only part of the algebra but there is a similar formula for the other

part of the basis with a in place of d (in the classical limit this approach corresponds
to patches where d~! and a~! respectively are adjoined). Writing

df = (8" flep + (9°f)ec + (07 fle. + (3° )0
as the definition of our partial derivatives in this basis, it is shown in [31] that

2,2
9% = ﬁAq ,
(2)q

where

Aq(ckbndm) — q—m(k)q(n)qck—lbn—ldm+<k +n 4+ m) (k +n+m
q

1) Ford™
2 2 )qc

is the naturally arising g-deformed Laplace-Beltrami operator on SLs. There are
general arguments that 9° relates to the action of the quadratic ¢g-Casimir of the
quantum enveloping algebra, but we will need the direct calculation as stated.

Proposition 4.11. For ¢ # 41 and the quantum metric in Proposition 4.9 on
the 4D calculus on kq[SLs], the Hodge Laplacian on degree 0 is

D‘O = gljazaj = 2(]71)\2Aq

where g;; = (e, e;) in our basis {ep, ec, €., €0} and we sum over i, j.

Proof. Writing e, = (0 +¢.)/(1+ ¢~ 2) and eq = (0 — ¢%e.)/(1 + ¢*) we have
1 1
o* = o — ad 80 _ % —28d
1+q72( )7 1+q72( +q )7
in terms of the partial derivatives in our original basis read off from (4.9). The
former comes out on c*b"d™ as

0 = (@ Ry — g m 4+ m)) + e T (R) ()5S
@ q @, e
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where S lowers the degree of ¢ by 1, etc. A similar computation of 3¢ + ¢=29¢
gives 9° as stated. We next compute on c*b"d™ that

00 + ¢~20°0" = " A~ (m 4 n) ST Sy + 8" Ag T (n)y S, Sy +q 29N (K)o S, S
= 2)\2qnik71(k)q(n)q5cisb_ + NZgn R ((k)g(m +n+1)q + (m+n)q(k +1)4)

Next, we write for brevity

tn -~ kE+n+m. k+n+m
A=qmt +2(k)q*q k(mJFn)qa B:qu( B) )a( 5 +1)q

T =\S; 8, q* " (k)q(n)q

where k,n,m are now the degree operators for the powers of ¢, b, d respectively
when acting on a monomial. Then 9* = 2~ (A +T) and 9° = ﬁ(B +T) and

822 _ 802 —

(2)q
(;\)22 (A2 _BQ—‘,-QT(A—B)) = (Q)S(A+B+2T) (1—qm+”_k)

(2)q

on noting that A—B = *3¢(1—¢™""~*) commutes with T" (since the latter changes
both k,n equally and does not change m). Putting in these results and the value
of A+ B we obtain §°90°+ q=20°0° +q3(2),((8%)? — (9°)?) = 2¢~'A\%A,. This can
also be used to expresses 3° or A, in terms of §°, 8¢, 9°.

It remains to check that de; = 0 so that Corollary 3.9 applies and this is the Hodge
Laplacian. Indeed d(Sf)~te; = —¢g~%dfe; and dfe, = 0 since

4 4 4 4
Ofeq = —q Oeqepe. = —q eqeqepec = ¢ eqereceq = q eqepect = —(feq)d

using the relations of the exterior algebra. Meanwhile one finds more strongly that

Ote; = (£€;)0 =0; i=b,c,z

where fe, = g*epe.d, again using the relations. O

Note that we have been working algebraically but, over C, our constructions are
compatible with the x-involution corresponding to the compact real form SUs.
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