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ABsTRACT. If g is a quasitriangular Lie bialgebra, the formal Poisson group F[[g*]] can be
given a braiding structure: this was achieved by Weinstein and Xu using purely geometrical
means, and independently by the authors by means of quantum groups. In this paper we
compare these two approaches: first, we show that the braidings they produce share several
similar properties (in particular, the construction is functorial); second, in the simplest case
(G = SL2) they do coincide. The question then rises of whether they are always the same:
this is positively answered in a separate paper (see [EGH]).

Introduction

In the study of classical Hamiltonian systems, one is naturally interested in those which
are completely integrable. A natural condition to achieve complete integrability for the
system is that it admit a so called ”Lax pair”, thus one typical goal is to find Hamiltonian
systems admitting such a pair; a standard recipe to obtain this has been provided by
Semenov-Tian-Shansky (see [Se]), which explain how to get such a system proceeding
from a pair (g,r) where g is a Lie quasitriangular Lie bialgebra and r is its r—matrix, a
classical solution of the classical Yang-Baxter equation (CYBE): the system is built up
on g*, the Lie bialgebra dual to g, as phase space, and the r—matrix r provides (a recipe
for) the Poisson bracket on C*°(g*). This raises the question of studying quasitriangular
bialgebras, as objects of special interest within the category of Lie bialgebras: in particular,
since we think at g* as a phase space, so that g is its cotangent space, one’s desire is to
understand the geometrical meaning of the classical r—matrix.
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A second motivation for studying the geometrical meaning of the classical r—matrix
arises from conformal, quantum and topological quantum field theories. Indeed, all these
are concerned with the notion of ”fusion rules” which, roughly, rule the tensor product in a
quasitensor category (see e.g. [FK]): as an application — among others — one has a recipe
which provides tangle and link invariants as well as invariants of 3-manifolds (cf. [Tu]).
In this setting, the common notion one start with is that of a quasitensor (or ”braided
monoidal”) category; such an object can be built up as category of representations of a qua-
sitriangular Hopf algebra (QTHA): indeed, by Tannaka-Krein reconstruction theorems the
two notions — quasitensor categories and quasitriangular Hopf algebras — are essentially
equivalent, so one may switch to the study of QTHAs. A key example of QTHA is given
by a quantum group, in the shape of a quantum universal enveloping algebra (QUEA)
together with its (universal) R—matrix. Now, the semiclassical counterpart of a QUEA is
a Lie bialgebra g (i.e., the given QUEA is the quantization of U(g)): if the QUEA is also
quasitriangular, then the semiclassical counterpart of its R—matrix is a classical r—matrix
r on g, the pair (g,r) being a quasitriangular Lie bialgebra. The question then rises of
whether — or at least how far — one can perform the constructions which are usually
made via the QUEA and its R—matrix (such as that of link invariants) using instead only
the ”semiclassical” datum of (g,r): then again the key point will be to understand the
geometrical meaning of the classical r—matrix.

With this kind of motivations, we go and study the following problem. It is known that
if g is a Lie bialgebra (over a field k of zero characteristic), then its dual space g* is a Lie
bialgebra as well. Also, let G be an algebraic Poisson group — or Poisson-Lie group, say,
when k € {R,C} — whose tangent Lie bialgebra is g. Now assume g is quasitriangular,
with r—matrix r: this gives to g some additional properties; two questions then rise:

(¥) What an additional structure one obtains on the dual Lie bialgebra g* 7

(o) What is the geometrical global datum on G which is the result of ”integrating” r ?

Of course, the two questions and their answers are necessarily tightly related.

First, an answer to question () was given by the authors in [GH] (cf. also [Re], [Gal],
[Ga2]): the topological Poisson Hopf algebra F[[g*]] (the function algebra of the formal
Poisson group associated to g*) is braided (see the definition later on).

The result in [GH] was proved using the theory of quantum groups. Indeed, after
Etingof-Kazhdan (cf. [EK]) every Lie bialgebra admits a quantization Up(g), namely a
(topological) Hopf algebra over k[[h]] whose specialisation at h = 0 is isomorphic to
U(g) as a co-Poisson Hopf algebra; in addition, if g is quasitriangular and r is its r—
matrix, then such a Up(g) exists which is quasitriangular too, as a Hopf algebra, with an
R-matrix Ry (€ Un(g) ® Up(g)) such that R = 1 +7rh mod A% (here one identi-
fies, as k|[[h]]-modules, Un(g) = U(g)[[h]] ). Using Drinfeld’s Quantum Duality Principle
([Drl]; cf. [Gab] for a proof), from any QUEA Uj(g) with semiclassical limit U(g) one
can extract a certain quantum formal series Hopf algebra (QFSHA) Up(g)’ such that the
semiclassical limit of Ux(g)" is F[[g*]]. In [GH], starting from a quasitriangular QUEA
(Un(g), R), we showed that, although a priori R ¢ Ux(g) ® Ug(g)" (so that the pair
(Uﬁ(g)/, R) is not in general a quasitriangular Hopf algebra), nevertheless its adjoint ac-
tion My := Ad(Rp) : Un(9)@Un(g) — Un(9)@Un(g), 2@y — Ry-(z®@y)- R, stabilises
the subalgebra Up(g)’ ® Ux(g)’, hence induces by specialisation an operator $Ro over
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Fllg*]] ® F[[g*]] : moreover, the properties which make Ry an R-matrix imply that Ry, is
a braiding operator, hence the same holds for Ro: thus, the pair (F[[g*]],Ro) is a braided
Hopf algebra. In particular, this gives us a new method to produce set-theoretical solutions
of the QYBE, thus giving a positive answer to a question set in [Dr2] (also tackled, for
instance, in [ESS]). Note also that for igniting our construction we only need a quantisation
functor (g,7) — (Un(g), R), and several of them exist (see [En]).

Second, an answer to question (e) was given by Weinstein and Xu in [WX]. We briefly
sketch their results. Let G, resp. G*, be a Poisson group with tangent Lie bialgebra g,
resp. g*: in addition, assume both G and G* to be complete. Let D be the corresponding
double Poisson group, which is given a structure of symplectic double groupoid, over G and
G* at once (further assumptions are needed, see §3 later on). Then the authors prove that
there is a classical analogous of the quantum R-matrix, namely a Lagrangian submanifold
R of D x D, called the (global) classical R—matriz, which enjoys much the same properties
of a quantum R-matrix! Furthermore, for any symplectic leaf S in G*, this R induces a
symplectic automorphism of S x S which in turn at the level of function algebras yields a
braiding for F[S]; then, as G* is the union of its symplectic leaves, we get also a braiding
on F[G*] and so, via completion, a braiding on F[[g*]] too.

As a first goal in this paper, we investigate more in depth the properties of the con-
struction in [GH]. In particular, we show that the step (Un(g),R) — (Un(g)’, %)
is functorial and preserves quantisation equivalence. Since the initial quantisation step
(g,7) — (Un(g), R) (provided by [EK], but any other would work) is functorial, and of
course the final specialisation step (Ux(g)’,R5) — (F[[g*]],R0) is trivially functorial, we
conclude that the whole construction (g,r) — (F[[g*]],Ro) is functorial too. Moreover,
whenever one has a braiding on F[[g*]] a so-called infinitesimal braiding R is defined on
the cotangent Lie bialgebra of F[[g*]]®?, which is just g®?: if the braiding is the afore
mentioned PRy, we prove that the infinitesimal braiding Ry is trivial.

As a second goal of the paper, we compare our results with those of [WX]. First of all, a
general fact is worth stressing: the purpose in [WX] is to find a geometrical counterpart of
the classical —matrix, in particular an object which is of global rather than local nature:
to this end, one is forced to impose some additional requirements from scratch, mainly the
existence of complete Poisson groups G and G* with tangent Lie bialgebras respectively g
and g* ). In contrast, the approach of [GH] sticks to the infinitesimal level: everything is
formulated in terms of Lie bialgebras or formal Poisson groups. Therefore, the final output
of [WX] is stronger but requires stronger hypotheses as well. Nevertheless, the additional
requirements in [WX] are not necessary if we stick to the infinitesimal setting: indeed,
a good deal of the analysis therein can be carried out as well in local terms — just on
germs of Poisson groups — so that eventually one ends up with results which are perfectly
comparable with those of [GH]. Thus we compare the braiding R, of [WX] with the
one of [GH], call it :R_,,. Indeed, one has a theoretical reason to find strong similarities:
namely, the construction in [WX] is a geometric quantisation of (g, ), whereas the one
of [GH] passes through deformation quantisation. As a matter of fact, first we show that
the infinitesimal braiding R, is trivial, just like R/_,. Second, when g = sl, with the
standard r—matrix we prove via explicit computation that R, = R, . This raises the

question of whether R, and R, do always coincide: we give an affirmative answer in a
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separate paper (see [EGH]).

The paper is organized as follows. Section 1 is devoted to recall some notions and results
of quantum theory. Section 2 deals with the construction of braidings via quantum groups,
after [GH]: in particular we point out its ”compatibility” with the equivalence relation
for quantisations, we prove the triviality of the associated infinitesimal braiding, and we
sketch some examples. Section 3 deals with the geometrical construction of braidings after
[WX]: in particular we reformulate some results from [loc. cit.] to make them fit with our
language, and we prove that the associated infinitesimal braiding is trivial. Finally, section
4 is devoted to explicit computation of both %R, . and R, , which shows they do coincide.

WX GH

§ 1. Definitions and recalls from quantum group theory

1.1 Topological k[[A]]-modules and topological Hopf k|[[h]|-algebras. Let k
be a fixed field of zero characteristic, A an indeterminate. The ring k[[h]] will always be
considered as a topological ring w.r.t. the i—adic topology. Let X be any k[[A]]-module. We
set Xo := X /hX = k®yn X , a k-module (via scalar restriction k[[1]] — k([1]]/Rk[[}]] =
k) which we call the specialisation of X at h = 0, or semiclassical limit of X ; we shall

also use notation X —~%Y to mean Xo =2 Y. For later use, we also set X =
k((h)) @[ X, a vector space over k((h)) .

Let T be the category whose objects are all topological k[[A]]-modules which are topo-
logically free (i.e. isomorphic to V[[A]] for some k—vector space V', with the h-adic topology)
and whose morphisms are the k[[A]]-linear maps (which are automatically continuous).
This is a tensor category w.r.t. the tensor product T} ® T, defined to be the separated
h—adic completion of the algebraic tensor product 71 Q) T2 (for all Ty, Ts € Tz ).

Let Pz be the category whose objects are all topological k|[A]]-modules isomorphic
to modules of the type k[[i]]” (the Cartesian product indexed by E, with the Tikhonov
product topology) for some set E: these are complete w.r.t. to the weak topology, in fact
they are isomorphic to the projective limit of their finite free submodules (each one taken
with the A-adic topology); the morphisms in Pg are the k[[]]-linear continuous maps.
This is a tensor category w.r.t. the tensor product P; ® P, defined to be the completion of
the algebraic tensor product P ®yis)) P> w.r.t. the weak topology: therefore P; = k[[h]]E
(i =1,2) yields Py ® P, 2 k[[a]]"**"* (for all P, P, € Pg).

Note that the objects of T and of P are complete and separated w.r.t. the fi-adic
topology, whence one has X = X[[%]] (as k[[A]]-modules) for each of them.

To simplify notation, in the sequel we shall usually write simply ® for either ® or & .

Definition 1.2. (¢f. [Dr], § 7)

(a) We call quantized universal enveloping algebra (in short, QUEA) any Hopf algebra
H in the category Tg such that Hy := H/hH 1s a co-Poisson Hopf algebra isomorphic to
U(g) for some finite dimensional Lie bialgebra g (overk); in this case we write H = Ux(g),
and say H is a quantisation of U(g). We call QUEA the subcategory of Ty whose objects
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are QUEA (relative to all possible g), with the obvious morphisms.

(b) We call quantized formal series Hopf algebra (in short, QFSHA) any Hopf algebra
K in the category Pg such that Ko := K/hK 1s a topological Poisson Hopf algebra
isomorphic to F[[g]] for some finite dimensional Lie bialgebra g (over k); then we write
H = Fyllg]], and say K is a quantisation of F[[g]]. We call Q FSH.A the full subcategory
of Pg whose objects are QFSHA (relative to all possible g), with the obvious morphisms.

(c) If Hy, Hs, are two quantisations of U(g), resp. of F[[g]] (for some Lie bialgebra g),
we say that Hy is equivalent to Hy, and we write Hy = Hs , if there is an isomorphism
w:Hy = Hy (in QUEA, resp. in Q FSHA) and a k[[h]]-linear isomorphism ¢y : H1 = Hy
such that ¢ =id + hyy when identifying Hy and Hy with U(g)[[h]], resp. with F[[g]][[R]].

Remarks 1.3: (a) Note that the objects of QUEA and of Q FSHA are topological
Hopf algebras, not standard ones. As a matter of notation, if H is any Hopf algebra (maybe
topological), we shall denote by m its product, by 1 its unit element, by A its coproduct,
by € its counit and by S its antipode (with a subscript H if necessary).

(b) If H € HAg is such that Hy := H/hH as a Hopf algebra is isomorphic to U(g)
for some Lie algebra g, then Hy = U(g) is also a co-Poisson Hopf algebra, w.r.t. the
Poisson cobracket ¢ defined as follows: if x € Hy and 2’ € H gives x = 2’ + h H, then
§(z) :== (h™t (A(z') — A°P(2"))) + h H ® H ; then (by [Dr], §3, Theorem 2) the restriction
of § makes g into a Lie bialgebra. Similarly, if K € HAg is such that Ko := K / hK
is a topological Poisson Hopf algebra isomorphic to F[[g]] for some Lie algebra g then
Ky = Fl[g]] is also a topological Poisson Hopf algebra, w.r.t. the Poisson bracket { , }
defined as follows: if z, y € Ky and 2, ¢y € K give t =2’ + hK, y =3y + h K, then
{z,y} = (W' ('y —y'2’)) + h K ; then g is a bialgebra again. These natural co-Poisson
and Poisson structures are the ones considered in Definition 1.2 above.

(c) Clearly QUEA, resp. QFSHA, is a tensor subcategory of T, resp. of P .

(d) We make a finiteness assumption on dim(g), but infinite-dimensional cases can
also be "reasonably” handled as explained in [Ga5], §3.9.

1.5 Drinfeld’s functors. Let H be a Hopf algebra (of any type) over k[[A]]. For each
n € N, define A™: H — H®" by A?:=¢, Al :=id,, and A" := (A®id§(”_2))oA”_1
if n>2. Then set 0, = (idy; — €)¥" o A", for all n € N, . Finally, define

H :={acH|d,(a) e "H®*"VneN} (CH).

Now let I, := e, '(hk[[[]); set H* := Y h "I, = U (h"'1,)" (€ "H), and
n>0 n>0

HY := (separated) h-adic completion of the k[[A]]-module H* .

The following is the first important result we need:

Theorem 1.6. ("The quantum duality principle”; cf. [Ga5], Theorem 1.6)
The assignments H — HY and H — H' respectively define functors of tensor cate-
gories QFSHA — QUEA and QUEA — QFSHA. These functors are inverse to
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each other. Indeed, for all Up(g) € QUEA and all Fyl[g]] € QFSHA one has

Un(e) /hUn(e) = Flla'll.  Fullal]” /nFille]l” = Ulg")

(where g* is the dual to g), i.e. Un(g) = Fx[[g*]] and Fy[[g]]" = Un(g*). Moreover, the
functors preserve equivalence, i.e. Hy = Hy implies H\Y =H, or H' =H,. O

1.7 An explicit description of Uy(g) . Given any QUEA, say Uy(g), we can give a
rather explicit description of Up(g)’ . In fact, one has (see [Ga5], §3.5):

Given a basis {El, e ,Ed} of g, there is a lift {:cl,...?xd} of it in Ux(g) such that
e(x;) =0 and Up(g)' is just the topological k[[h]] -algebra in Pz generated (topologically) by

{hay,...,hzq}; so Un(g) = { D ceNd ac hl€l e | a, € K[[A]] ‘v’g} as a subset of Up(g).

d d
Hereafter, we use notation z¢:= [[ ;% and |e| := Y ¢; forall e = (e1,...,eq) € N
i=1 i=1
Definition 1.8. (c¢f. [Dr1], [CP], [Re])
(a) A Hopf algebra H (in any tensor category) is called quasitriangular if there is
R e H® H (tensor product within the category), called the R—matrix of H, such that

R-Aa)- R™' = Ad(R)(A(a)) = A% (a)

1.1
(A ®id)(R) = Ri3Ra3, (id ® A)(R) = Ri3R12 (L)
where A°P := oo A(a) with o: H®?> — H®?  a®@b— b®a, and Rya, Ri3, Roz € H®3,
Ris=R®1, Ri3=1® R, Ri3 = (0®id)(Ra3) = (id® 0)(R12). The algebra is called
triangular, and the R—matriz unitary, if in addition R~' = R°P := o(R).

We call QTQUEA, resp. TOQUEA, the subcategory of QUEA whose objects are all
the quasitriangular, resp. the triangular, QUEA (in short QTQUEA, resp. TQUEA) and
whose morphisms ¢: Hy — Hy enjoy ¢®%(Ry) = Rs .

(b) A Hopf algebra H (in any tensor category) is called braided if there is an algebra
automorphism R: H® H — H ® H in the category, called the braiding operator (or
simply the braiding) of H, different from o:a ® b b® a and such that

RoA = AP
(A@id)O%zmlgomggo(A@Jid), (id®A)o%:§R130?ﬁlgo(id®A)

where MR12, Ri3, Ros are the automorphisms of H®? defined by Riz = R @ id, Roz =
id@R, Rz =(c®id)o (Id®MR) o (6 ®id) . Moreover, the braiding operator is said to be
unitary and the algebra to be rigid if in addition R~ =ocoRoo.

We call BOQFSHA, resp. RBOQFSHA, the subcategory of QFSHA whose objects are
all the braided, resp. the rigid braided, QFSHA (in short BQFSHA, resp. RBQFSHA) and
whose morphisms 1 : Hy — Hy enjoy 1% o Ry = Ry 0 p®2.

(c) Let (Hl,Rl), (Hg, Rg) € QTQUEA. We say that (Hl,Rl) is equivalent to
(HQ,RQ) , and we write (Hl,Rl) = (H27R2) , if Hi = Hy in QUEA via an equivalence
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¢: Hy = Hy which is also an isomorphism in QTQUEA (i.e. such that $©?(Ry) = Ry ).

(d) Let (Hl,i)%l), (Hz,?ﬁg) € BOQFSHA. We say that (Hl,?ﬁl) is equivalent to
(H2,MR2) , and we write (Hy,R1) = (Ha,Ra), if Hi = Hy in QUEA via an equivalence
which is also an isomorphism in BQF SHA (i.e. such that %2 o Ry = Ry 0 h®? ).

Remarks 1.9. (a) It follows immediately from (1.1) that R is a solution of the quantum
Yang-Baxter equation (in short, QYBE) in H®3 namely RjsR13R23 = Ro3Ri3R1o. This
is the starting point for defining a braid group action on the tensor products of H—modules,
and then for constructing link invariants, following [Tu] (see also [CP], §15).

Similarly, it follows from (1.2) that R is a solution of the QYBE in End (H®?), namely
MR12 0 Ri3 0 Roz = Raz 0 Ri3 0 Rio. Again, this implies the existence of a braid group
action on the tensor powers of H, from which one can start a search for link invariants.

(b) Tt is proved in [EK] that, for any Lie bialgebra g, there exists a QUEA, which
we’ll denote Up(g), whose semiclassical limit is isomorphic to U(g); moreover, one has an
identification Up(g) = U(g)[[A]] as k[[A]]-modules, hence also Ux(g) ® Up(g) = (U(g) ®
U(g))[[R]] . Here, like elsewhere in the following, the tensor products among k|[A]]-modules
are topological tensor products. In addition, if g is quasitriangular — as a Lie bialgebra
(cf. [CP]) — and 7 is its r—matrix, then there exists such a Up(g) which is quasitriangular
as well — as a Hopf algebra — with an R-matrix Ry (€ Ux(g) ® Un(g)) such that
Rp =1+hr mod h?,thatistosay R, = 1+hr+0O (k?) with O (h?) € k*-Up(g)®@Unr(g) -

§ 2. Braidings from deformation quantisation

Theorem 2.1. ([GH], Théoréme 2.1) Let H be a QTQUEA, and let R be its R—matriz.
Then the inner automorphism Ad(R): H®Q H —— H® H of H® H restricts to an

automorphism of H' ® H', and the pair (H', Ad(R)|H,®H,> is a BQFSHA. O

As a first goal in this section we provide some further details about Theorem 2.1:

Theorem 2.2.
(a) The functor () : QUEA ——— QFSHA yields by restriction two functors
(): QTQUEA —— BQFSHA |, (H,R) — (H’, Ad(R)\H,®H,)
(): TQUEA—— RBQFSHA ,  (H,R) — (H’, Ad(R)\H,®H,) :

(b) The functors in (a) preserve equivalence classes, i.e. if (Hl,Rl) = (HQ,RQ) in
QT QUEA then <H{, Ad(R)\Hi@)H{) —~ <H§, Ad(R)\Hé@)Hé) in BOFSHA.

Proof. (a) Theorem 2.1 tells that the functor ()": QTQUEA —— BQFSHA is well-
defined on objects. Moreover, if ¢: (Hth) — (HQ,RQ) is a morphism in QTQUEA
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then ¢®2(Ry) = Ry, whence ¢®? o Ad(Ry)] e = Ad(Ry)| (111ye2 © 07 follows at

once, hence ¢ := ¢‘H, : Hl —— HY} is a morphism in BOQFSHA. In addition, if
—1

(H,R) € TQUEA then R™' = o(R) yields (Ad(R)|ye0) = Ad(R—l)’(H/)m -

Ad(c(R)) ‘(H’)®2 = oo Ad(c(R)) ‘(H/)®2 oo, hence Ad(c(R)) ‘(H’)®2 is unitary, q.e.d.

(b) This follows easily from (a) and the very definitions. O

Second, as a consequence of Theorem 2.1 along with the existence of quasitriangular
quantisation of any quasitriangular Lie bialgebra (cf. [EK]) one gets a braiding on F[[g*]]:

Corollary 2.3. ([GH], Théoréme 2.2) Let g be a (finite dimensional) quasitriangular Lie
bialgebra. Then the topological Poisson Hopf algebra F|[[g*]] is braided (in particular, its
braiding is a Poisson automorphism). Moreover, there is a quantisation of F[[g*]] which
is a braided Hopf algebra whose braiding operator specialises into that of F|[g*]]. O

2.4 The triviality of the infinitesimal braiding. Let g and g* be finite dimensional
Lie bialgebras dual to each other. Assume F[[g*]] is braided (as a Poisson Hopf algebra),
R being its braiding (which is a Poisson automorphism also). Let m® be the (unique)
maximal ideal of F[[g* ® g*]] = F[[g*]] ® F[[g*]] (topological tensor product, after [Di],
Ch. 1). Since R is an algebra automorphism, %(m;@) =m? and R induces an automor-

phism R of the vector space m® / (m& )2 . Now, m® / (m& )2 with the Lie bracket induced

by the Poisson bracket of F[[g* @ g*|| identifies with the Lie algebra g@g; since R is also
an automorphism of Poisson algebras, the map 9 is an automorphism of the Lie algebra
g® g; of course R inherits also other properties of the braiding R, in particular & and R
are solutions of the QYBE, hence we call it the infinitesimal braiding associated to fR.
Now assume in addition that g be quasitriangular, and the braiding 2R on F[[g*]] is pro-
vided as in Corollary 2.3. Namely, let (Ux(g),R) € QTQUEA be a quantisation of the
quasitriangular Lie bialgebra (g, r): by definition, this means that Uy(g) has semiclassical
limit (i.e. specialisation at i = 0) the co-Poisson Hopf algebra U(g) and, in the identifi-
cation Uy(g) = U(g)[[h]] (as topological k[[h]]-modules), R =1+ hr + O(h*) for some
O(h?) € K¥U(g)[[h]]. Then R is the braiding of F[[g* ® g*]] = Un(g)’ ® Un(g)’" mod &
which is obtained as specialisation at i =0 of Ad(R) , thanks to Theorem
Un(9)'®Un(g)"
2.1. Then our next result is that the associated infinitesimal braiding R is always trivial:

Theorem 2.5. The infinitesimal braiding R:g®g — gDg s trivial, i.e. R = idgag -

Proof. Let {El,...,fd} be a basis of g, and pick a lift {a:l,...,xd} of it in Ux(g) as
explained in §1.7, so that Up(g)’ = {deNd ae hl€lze = Y eendGe T8 | ae € K[[A]] ¥ Q},
where Z; := ha; (for all i) are topological generators of Up(g)’. Then Ux(g) ® Un(g)’
is generated by the 1z; := Z; ® 1 and the 2%; := 1 ® Z;, for all 2. On the other hand,

one has Up(g) = k[x1,...,z4][[h]] as topological k[[h]]-modules, whence Uy (g) ® Ux(g) =
(k[lxl, ey 1T, 2T, . ,gxd])[[h]] . Then we have an h-adic expansion of R and of R,
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namely R = ano P (1§;2@) R, R = ZmZO P> (1§; gg) h™ for some polynomials

PHiziox ) =P (121, ..., 123221, - - - 224), Py (12522 ) =P, (121, ..., 1245 2%1, - - -, 2%a).-
Now, the condition R = 1% + hr + O(h?) (with 1® :=1®1) forces P =1 = Py,
P1+ = Zz’,j Ci,j * 1L;2T5 = —P1+ for some Ci,j € k such that r» = Zi,j Ci,j - Z; ®Tj . In

addition, any R-matrix enjoys (e®id)(R) =1 = (id®¢)(R), hence also (e®id)(R™!) =
1= (id®e)(R™1); setting Py := R —1, this implies (e®id)(Py) =0= (id®e)(Py).
Now, for all £ consider (Ad(R))(1Z¢) = R-1Z,- R™': we have

(Ad(R))(1F¢) = R-a@y- R0 = (14 Py) 1@ (14 Po) =

2.1
=1Z¢+ Py - 1Zp+12¢- P+ Py 120 P_ . ( )

We know that this element belongs to (Uh(g) ® Uh(g))/ =Kk[[1Z1,...,1%d,2%1,...,2%4, h]],
so we can write it as a series; since (e®id)(Py) =0 and (e®id) is a morphism we have
(e®id) (PJr Xy +1Tp- P+ Py -1Tp- P_) = 0: recalling that e(li'g) = 0 this means that

(1 (2)

Py 12 +12¢- P-4+ Py 120 P_ = E e 128 92t

a
o) @ end e

(where a,1) .2 € k[[A]] for all e, e?)) with a9 =0=ag . forall e® @ thus

1) @

P, 1z +12¢- P+ Py 12 P_ = Z Qe(1) ¢(2) 17¢ 7 978 . (2.2)

leM],]e@|>1

Now 132", »7¢” mod h (Uh(g)®2)/ belong to m® (notation of §2.4) as soon as |e(M)| > 1,

le®] > 1; so (2.2) gives
(Py 1@ +13¢- P+ Py 17 -P_) =0 mod h(Un(g)®?) € (m&)’

and this along with (2.1) yields (for all £ =1,...,d)

R ((m mod £ (Uy(g)2)") mod (m§>)2) _

- ((Ad(R))(1§Je) mod h(Uh(g)(z‘@z)') mod (m?)Q _

= (1@ mod h(Uh(g)@)Q)/) mod (mf)”

Similarly one gets (for all /=1, ..., d)

n ((m mod 1 (Un(9)2)') mod (m§)2> = (2 mod K (Uk(@®)') mod (m?)”.
: g . / 2 2

Letting (& := <ng mod % (Ur(g)®?) ) mod (m%)~ € m?/(mg@) =gdg (forall s =1,

2and ¢ =1, ...,d), we have in short 9%(5335) = s&y for all s, £. Since the ;T, generate
(U;:L(g)@Z)/, the s&y span g @ g, hence we can conclude that fR is trivial, as claimed. [J
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2.6 The example of semisimple and (untwisted) affine cases. In [Re] and [Gal-
2] the adjoint action of the R-matrix of the Jimbo-Lusztig’s quantum groups U,(g) was
studied. In this section we briefly outline how the results therein can be read as special
occurrences of the ones cited here, namely the existence of braidings on Up(g).

Let g = g” be a semisimple Lie algebra, i.e. a finite type Kac-Moody algebra, endowed
with the Lie cobracket — depending on the parameter 7 — given in [Ga3|, §1.3, which
makes it into a Lie bialgebra; in the following we shall also retain from [loc. cit.] all the
notation we need: in particular, we denote by @), resp. P, the root lattice, resp. the weight
lattice, of g, and by r the rank of g. In particular, when 7 = 0 we have the standard
Sklyanin-Drinfeld cobracket. Similarly, g may be any untwisted affine Kac-Moody algebra,
as in [Gad] (with corresponding notation).

Now set ¢ := exp(h); then k(q) is a subring of k[[h]], hence also all its subrings are.
Let U,(g) be the Jimbo-Lusztig’s quantum group over k(g), defined as U,(g) := U2, (9)
as in [Ga3], §3.3, if g is finite, and as U,(g) := UZ(g) as in [Gad], §3.3, if g is affine.
Furthermore, let ﬁq(g) be the integer form of U,(g) defined as (/]\q(g) = UZ(g) (over
A:=k[q,q7']) as in [Ga3], §3.3, if g is finite, and as (A]q(g) := U%(g) (over the ring A of
rational functions in ¢ having no poles at roots of unity of odd order) as in [Gad], §3.3, if
g is affine. In both cases A is a subring of k(q), hence of k[[%]], thus we can define

Ur(g) := (separated) h—adic completion of k[[A]] ® ﬁq(g) : (2.3)

It is well known that ﬁq(g)/(q - 1) ﬁq(g) =~ U(g): this and (2.3) imply that Up(g)
has semiclassical limit U(g), thus it is a QUEA. In fact, Up(g) is the well known Drinfeld
quantum group over k[[%]], as defined in [Drl], §6. In addition, let also ﬁq(g) be the
integer form of U,(g) defined as ﬁq(g) =UZ(g) (over A := k[g,¢7']) as in [Ga3], §3.3,
if g is finite, and as U,(g) := U%(g) (over the ring A above) as in [Gad], §3.3, if g is affine.

Similarly, we do the same for the dual Lie bialgebra g* (denoted b in [loc. cit.]), fol-
lowing [Ga3|, §6 — in the finite case — or [Gad], §5 — in the affine case, thus getting

Uqy(9%), Ug(g*), Ug(g*), and Up(g*), the last one being a QUEA with U(g*) as semiclassical
limit. From the description in [Ga3-4], one sees that these objects are quite similar to the
corresponding ones related to g.

Now consider ﬁq(g)* := Homyu (ﬁq(g),A> ; from [Ga3—4] we have the identification

ﬁq* (9) = ﬁq(g*) , and also ﬁq(9*> R LR ﬁq(g*)/(q —1) ﬁq(g*) = F[[g]] . Thus letting

Fy[lg]] :== (separated) h—adic completion of k[[A]] ®4 ﬁq(g*) (2.4)

we have that Fj[[g]] is a QFSHA, with semiclassical limit F[[g]].

The natural Hopf pairing ( , ): ﬁq(g*) X ﬁq(g) —— A yields a Hopf pairing
(, ): Fillg]] x Un(g) — Kk|[[A]]; moreover, it extends similarly to a perfect pairing
(, ):Uy(g*) x Uy(g) — k(g) . The analysis in [Ga3-4] shows that

Uae) = (Uala")” = { € Uale) | (Tula"),w) € A} (2.5)
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In addition, by Proposition 1.4 we have also

Un(o) = (Fallol”) = { v e Unta) | (Fullal)”. ) Cxlln] }

where we consider {, ): FFy[[g]]x T Un(g) —— k((h)) to be the obvious pairing obtained
by scalar extension from { , ): Fp[[g]] X Un(g) —— Kk[[R]] .
Now, the very definitions of all the objects involved yield (via the analysis in [Ga3-4])

Filla]]” = ((separated) h—adic completion of k[[A]] ®a ﬁq(g*))v =
= (separated) h—adic completion of k[[A]] ®4 ﬁq(g*) =: Un(g");
this and (2.5) together give
Un(g) = (separated) i-adic completion of k[[]] ®.4 Uy(g)- (2.6)

This gives us a concrete description of Ux(g) : if Ux(g) is topologically generated — as
usual — by Chevalley-like generators F;, H;, E; (for i and j in some set of indices I and
J, depending on the type of g) and if the F},’s, resp. E,’s, are (quantum) root vectors
attached to the positive, resp. negative, roots of g (like, for instance, in [Ga3—4]), then

Un(g)" is the unital topological subalgebra of Ux(g) topologically generated by the set
{Fa,Ea}aU {HJ}J with F, := hF,, E. = hE,, Hj = hH; for all « and all j.

Having this description in our hands, we can recognize that Theorem 2.3 in this case is
also proved in [Gal], Theorem 4.4 (or simply Corollary 3.8, for ¢ = 1), for the finite case,
and in [Ga2|, Corollary 2.5(b), for the affine case.

§ 3. Braidings from geometric quantisation: Weinstein and Xu’s approach

3.1 The (global) classical R—matrix (cf. [WX]). In this section we recall from
[WX] the construction of the global R—matrix and point out how it provides a braiding.

From now on, let k € {R,C}. Let (g,7) be a (finite dimensional) quasitriangular Lie
bialgebra, and write r = Z.rf ®7r; € g®g. Define linear maps

reigt —— g7 =g, re():=%) n(rH)rf  Vneg. (3.1)

These are both Lie algebra homomorphisms; if (g, 7) is triangular, then r, =r_.

Let G be a complete Poisson Lie group, and assume a dual Poisson Lie group G*
exists; then their tangent Lie bialgebras g and g* are dual to each other. We say that G is
quasitriangular if g is quasitriangular and if the Lie algebra homomorphisms r4: g* — g
defined above lift to Lie group homomorphisms R : G* — G . In this case, we define

o, 0: G — G, o(z) ;== Ry(z™1), o(z):=R_(z71), VeeG*. (3.2
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These are both Poisson morphisms; if G is triangular (i.e. the like is true for g) then
Ry =R_, hence ¢ =1.

We shall use the following conventions for dressing transformations: the left and right
dressing transformation of G on G* are denoted, respectively, by Aju and psu for all
g € G and v € G*. Similarly, we denote the left and right dressing transformation of G*
on G by \,g and p,g for all ue G* and g € G.

By definition, the global classical R—matriz is

R = {(d}(v*l),u,qﬁ()\w(v—l)u),v) ’ u,v € G*} = {(Qb(vfl),u,pvquﬁ(u),v) ‘ u,v € G*}

which is a Lagrangian submanifold of D x D. It is shown in [WX] how this object enjoys
a bunch of properties which are exactly the analogous of those of a quantum R-matrix; in
addition, if G is triangular, then R is unitary, by which we mean that R°® = R~! (in the
sense of [WX], Remark 8.3). Moreover, these properties imply the following result:

Theorem 3.2. (c¢f. [WX], Corollary 7.2) If G is a complete quasitriangular Poisson Lie
group, then the map R =R, : G*x G* — G*x G* given by

(w,0) = (Ap-1u, Apr,,-1,w?) = Mg, pp-—1yv) ¥ u,v €G”
18 a Poisson diffeomorphism such that

moR =m°P

3.3
Ro(m®id) =(m®id) o Rez o Ri3, Ro(id®m)=(id®m)oRiz0Ris (3:3)

where m is the product of G* and m°P? :=moo (with o asin §1.8). In particular, R is a
solution of the QYBE, and it restricts to a similar mapping S Xx S —— § X S for every
symplectic leaf S of G*. In addition, if G is triangular then R s unitary, which means
R '=0coRoo.

Proof. Tt is just a matter of recalling or reformulating some results of [WX]. The identity
in the first line of (3.3) is proved by Theorem 5.1 in [loc. cit.]; the second line of identities
instead is a simple reformulation of Theorem 5.4 in [loc. cit.]; finally, in the triangular case
the unitarity of R follows from the unitarity of the global R-matrix R, by Corollary 8.2
and Remark 8.3 in [loc. cit.]. O

Corollary 3.3. The mapping
R,y =R": FIG*|®@ FIG*] = F|G*x G*]| —— F[G*" x G*]| = F|G*"| @ F|G"]

naturally induced by R is a braiding, which is unitary if R is. In particular, this canonically
induces a braiding R, : Fl[g*® ¢*]] —— Fllg*® g*]]. Furthermore, the associated
infinitesimal braiding R, g B g ——> gD g (cf §2.4) is trivial, i.e. R,,, = idggg -

Proof. The first part of the claim — R, being a braiding, unitary if R, is — follows
trivially from Theorem 3.2 by duality; then R, automatically induces an infinitesimal
braiding R, as well.

wXx

WX
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To prove the second part — that is, R, being trivial — we must go back to the
definition and the properties of dressing actions. Recall that the left dressing action of G
on G* is defined as follows. For all g € G, v € G*, there exist unique ¢g” € G, 79 € G*
such that g-v =~9-¢" ; then the left dressing action A\: G x G* —— G* of G on G*
is given by A\;(v) = A(g,7) =79, forall g€ G, ve G*.

Now, for all X € g, Y € g* and t € R, we have

exp(t X) - exp(tY) = exp(t V)P - exp(t X) P

whence Taylor expansion gives

2 2 e
GXp(tY)eXp(tX) — (1+tY—|—t2Y2/2+...)(1+tX+t X?/2+ ):

=14+tY +2Y 5+ +£2V? /24

(where YX denotes the action of X onto Y induced at the infinitesimal level by the
dressing action), hence at first order in ¢ we have simply Y'! Applied to the situation
exp(t X) = ¢(v1), exp(tY) = u this says that the first entry of T(¢ ¢) (R, )(Y, V) is just
Y (here V :=log(v), and e denotes the unit element of G*). Similarly, carrying out a
like analysis on the right dressing action we get that the second entry of T, ¢)(R 5 )(Y, V)
is simply V. Therefore, T(c )(Ryy) = idgra@g-; as R, is just the dual of Te,e) (R ),
it is trivial as well, q.e.d. [

3.4 The factorizable case. Let (g,7) be a quasitriangular Lie bialgebra: if the
bilinear form on g ® g naturally associated to r + 7°P is non-degenerate, then (g,r) is
said to be factorizable. In this case, the corresponding linear map j:=7r, —r_:g*"—— g
is invertible. Now let GG be a Poisson Lie group corresponding to the Lie bialgebra above,
and let G* be its connected, simply connected Poisson dual. The Lie algebra morphisms
ri:g" —— g lift to Lie group morphisms Ry : G* —— G, thus we may define the
map J: G*—— G by J(u):= Ry(u)R_(u)"" (for all u € G*) whose derivative at the
identity element u € G* is j (note that neither j nor J is a morphism). When J is a global
diffeomorphism, we say that the group G is factorizable, since for each g € G we have the
factorization g =g, ¢g=!, where gy := Ry (J_l(g)) . Thanks to [WX], Proposition 9.1,
any connected, simply connected, factorizable Poisson Lie group is complete.

Now, factorizability enables us to describe the classical R—matrix quite explicitly:

Theorem 3.5. (c¢f. [WX], Theorem 9.2) Let G be a factorizable Poisson Lie group, and
use J: G*—— G to identify G* with G (hence also G x G with G* x G* ). Then:
(a) the (global) classical R-matriz R € (G x G) x (G x G) takes the form

3={<y—,x,(y—w—‘1);1,y) ‘Vm,yEG};
(b) the map R=TR,: GxG—— Gx G of Theorem 3.2 above is given by

wa(x,y)z(y—xy—‘l,(y—xy—_l)fy(y—:lry—_l)f) vV (z,y) eGxG. O
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Remark 3.6: As we pointed out in the Introduction, one can carry over the con-
struction of Weinstein and Xu in purely local terms, just performing it on the germ of
Poisson group underlying the quasitriangular Lie bialgebra (g,r), and eventually get a
braiding R, : Fllg*® g*]] —— F[lg"® g*]] and an associated infinitesimal braiding
Ry 0Dg — g®g. Our next result is that the latter is always trivial whenever (g, r)
is factorizable.

Proposition 3.7. Let the quasitriangular Lie bialgebra (g,r) be factorizable. Then the

infinitesimal braiding R, gD g — g @ g is trivial, i.e. R,y = idgag -

Proof. Let Gy, be the germ of Poisson group associated to the Lie bialgebra g. Then the
"local” version of Theorem 3.5(b) ensures that the map R, : GiocX Gioc — GlocX Gloc

1y (y_a:y__l)jl) for all x,y € G-

is given by R, (z,y) = (y_ zy~t (y_ szty__l)Jr
Now, for all A, B€ g and t € R we have

exp(t A) exp(t B)exp(t A) " =
=(1+tA+?A%/2+ ) (1+tB+¢B*/24 ) (1 —-tA+?A4%/2—...) =
=1+tB+t*(2(AB—BA) + B*) /2 + - ;

applying this recipe to A =log(y_), B =log(x), and looking at first order (in ¢) we find
out that the first entry of Ti. c)(Ryx)(z,y) is just z; similarly we get that the second
entry of T(ee)(Ryx)(@,y) is y. Thus T e) (R, ) is the identity, and since R, is just
its dual, it is the identity as well, q.e.d. [

§ 4. Comparing the braidings R,,, and R, : the case of g=sl,.

4.1 The general problem. We noticed that the construction of [WX] can be per-
formed for any quasitriangular Lie bialgebra by acting locally, so to get a braiding R,
on the dual formal Poisson group, exactly like one can do following [GH] to get a braiding
Ry - Since these braidings share similar properties — like functoriality and infinitesimal
triviality, for instance — we are led to raise the following

Question. Given any quasitriangular Lie bialgebra g, do the braidings R, and R,
on F[lg*]] coincide?

The purpose of the present section is to provide a positive answer to this question for
the simplest case of g = sl(C). The general case is tackled and solved in [EGH].

4.2 The geometrical setting. In this section, let k = C. Let G := SLy = SLy(C).
Its tangent Lie algebra g = sly is generated by f, h, e (the Chevalley generators) with
relations [h,e] = 2e, [h, f] = =2 f, [e, f] = h. The formulee 6(f) = (f®h—-h® [)/2,
6(h) =0, 6(e) = (e®@h —h®e)/2, define a Lie cobracket on g: indeed, this makes sl



BRAIDING STRUCTURES AND CLASSICAL SOLUTIONS OF THE QYBE 15

into a quasitriangular Lie bialgebra, whose r-matrix is 7 := e® f 4+ (h ® h) / 4. This
corresponds to a structure of complex Poisson Lie (actually, algebraic) group on G, which
is complete and quasitriangular.

In the dual Lie bialgebra g* = sly", let {e*, f, h*} be the basis dual to {e, f,h}, and
consider the basis {e = e"f:= f* h:= -2 h*} Then the Lie bialgebra structure of
sly" is described by the formule [h,e] = e, [h,f] =1, [e,f] =0, and 6(f) =h®f—f® h,
d(h)=2(fee—e®f), d(e) =e®@h —h®e. Then sly" can be realized as the Lie algebra
of pairs of matrices

= {((2 0 2)

(with the Lie subalgebra structure inside sly X sly ). It follows that the unique connected
simply connected complex Poisson Lie (actually, algebraic) group whose tangent Lie bial-
gebra is sly" can be realized as the group of pairs of matrices (the left subscript s meaning
”simply connected”)

s ={((5 )0 2)

(with the subgroup structure inside SLg X SLs); this group has a "small” centre, namely
Z:={(I,1),(—1,-1I)}, so there is only one other (Poisson) group sharing the same Lie

(bi)algebra, namely the quotient ,SLo" := SSLQ*/Z (the adjoint of SLy", as the left

subscript a means). Therefore F' [SSLQ*] is the unital associative commutative k—algebra
with generators x, 2!, y, with Poisson Hopf structure given by

b,C,tGk} C sly x sl (41)

x,yEk,zEk\{O}} C SLyx SLo (42)

A@)=z®z ' +z0z, AR =107, Al) =y +20y
e(xr) =0, e(zil) =1, €(y)=0, S(z) = —=x, S(zil) =T S(y)=—y
{z,y} =272 — 272, {z*! 2} = F2*1 /2, {zF y} = £2F1y/2

(N.B.: with respect to this presentation, we have f = 8y|u, h = %(‘LLL, e = (9x|u,
where u is the identity element of (SLy*). Moreover, F [aSLg*} can be identified with
the Poisson Hopf subalgebra of F' [SSLQ*] spanned by products of an even number of
generators, i.e. monomials of even degree: this is generated as a unital subalgebra, by zz,
z*2 and z~'y. Finally, the (algebra of regular functions on the) Poisson algebraic formal
group F[[sly"]] is the Ker (€)-adic completion of both F[;SLs"] and F[,SLs']; in the
first case Ker () is generated (as an ideal) by z, (2! —1) and y, therefore F|[[sl"]] =
k[[z,(z —1),y]] as a topological k-algebra (note that z=* —1=3> _ (-1)"(z—1)",
so the generator z~! — 1 is superfluous) with the unique Poisson Hopf structure which
extends by continuity the one on F[,SLy"].

4.3 Weinstein and Xu’s construction. In the framework of §4.2, let G := SLo,
G* := 4SLy". In this section we compute the braiding R,,, for G; despite the fact that
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not all requirements of [WX] are fulfilled, we can show that that construction can still be
carried out at the local level: to fulfill this goal is then just a matter of matrix computation.

It follows from definitions — cf. [WX], §9 — that the maps r4 : g* —— g are given
by ri(e)=2f, ry(h) =—h/2, r4(f) =0, r_(e) =0, r_(h) = +h/2, r_(f) = —2e,
and the maps R4 : G*— G are, respectively, the projection to the second and the first
factor w.r.t. to the description of G* = (SLy" in (4.2). Then for the maps j: g*—— g
and J: G* —— G defined in §3.4 we have that j is bijective but J is not, for it has kernel
Ker (J) = Z (hence it is a 2-to—1 map) and image

- (2 1)

that is the big cell of G = SLs: in fact, J is an unramified 2-fold covering of GV. Therefore,
J is not a global diffeomorphism, but it factors to a global diffeomorphism

a,b,c,d € C, d%O}

Jo: o GF = ,SLy = SSLQ*/Z = 0

given by J, (g . Z) :=J(g) for all g € ;SLy". We need a section of J and of J, . Since

() 45))-

_(AYY O\ (AT 0\ _(AT-BC 4A'C
Lo at')\-B a1)7 —a'B 4

AL 0 ATt C a b\ . :
we have J(( B A+1)’( 0 A_1)>_(c d) if and only if

A=+d"V?, B =+bd"'/?, C =Fed 1/? (4.3)

b
d
J (taking either upper or lower signs) and one of J, (for which the sign is irrelevant).

for any matrix € G these formulze clearly define two differentiable sections of

Remark: although G is not factorizable, nevertheless we can still use Theorem 3.5(b)

to compute the map R, , namely

R (X,Y) = (77 (v x v ) o (e x v ) Sy (vix v ) @

for all (X',Y’) € G*x G* and (X,Y) := (J(X'),J(Y')) € G x G, where J! is one of
the two aforesaid sections of J, namely the unique one such that the resulting R ., (X', Y”)
map (e..,e..) onto itself. In fact, although J is not a diffeomorphism it is nevertheless
a (finite) covering on G, hence it is a local diffeomorphism (around the identity element
e+ € G*) on GY; therefore the description of R, (X’,Y"’) afforded by Theorem 3.5(b),

through J and a local section J ™!, is still available (locally around (e.,e..) € G*x G*):
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to have a global description, one has just to choose the unique section J~! which maps
eqo = eg onto eg-. Therefore, we shall now go on computing R, following this strategy.

Let X::J<<Z;1 2)(3 Zﬂ)),Y::J((f]l 2)(8 gl))eJ(G*):

G . Then we have
(¢t oo z z 0 ¢ 0\ _
(020 2 &)-
. ¢t o 22 —zy 27z ¢ 0 _
S\ ¢\ ==ty 22 )\ Y

_ 22 —zy—n( ezt (22712
"\ ne2 - e vy i)er e
with © := (1+ nxz{‘1)1/2. Using (4.3) we get from this
zHe-t z( 207!
0 Z_l@+1 ) )
2~ tet! 0
yc+2@+1 +7IC(Z_1@+1 _2—1—3@—1) Z+1 @—1)

(Yoxvy~h), :i(
(YoXxy=h_ =i(

which gives

_ Ty 27l 0 2071 (7?07t
J 1(Y_XY_1)_i((yC2®+n€(z1@_Z3®1) Z@l),< 0 a-lg+l )) (4.6)

as possible preimages of Y_ X Y~! in G* x G*. This takes care of the first entry in the
right-hand-side of (4.4).
As for the second entry, we have (noting that the ambiguity of sign in (4.5) is irrelevant)

_ —1 —_1\ +1
(Y_XYy™h) Y- (XY, =
B 2—1@4—1 _xg—Q@—l . <—|—1 % . <—|—1 0 . 2_1@+1 —$<_2@_1 B
- 0 ztle-! 0 (¢t —n (1 0 ztle-! -

_ (Z—l@—H —LL’C_2@_1> ‘ <C+2_77X XC_I) ' (2—1@4—1 _xc—2@—1)

0 Z—l—l@—l —n C_l C_2 0 Z—l—l@—l -
(P —nx+net¢PO72 w4 xz 2 a0
- - Z+2C_1@_2 <_2@_2 .

Again using (4.3) we find
—1\ —1 —1\ +1 .
(- xv=) v (o xvh) ] >+ =
_ g—i—l@—i—l XZ—2@+1 + IZ_1C+1@+1 _ LL‘Z_1C_3@_1
0 ¢te !

(4.7)

+ 772,—1—2@—1 C+1@+1
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which gives

T xy) ey (e Xy ) =

C—l—l@—H XZ—2@+1 + mz—lg—i—l@—i—l _ :L,Z—lc—i’)@—l Q—l@—l 0
== 0 (lo-! \ o2l gt

as possible preimages of (Y_ XY__l)J:l -Y - (Y_ XY__l)il in G*x G*. This takes
care of the second entry in the right-hand-side of (4.4). Finally, imposing the condition
Rk (eG* , eG*) = (eg* , 6(;*) we must always take the "plus” signs, here and in (4.6).

Using notation z; :=z®1, 7Tl = zi1®1, Y1 = yY®1, ro:=1Qx, 29Tl = 1®2F!
and ys :=1®y we see that these last formulee together with (4.6) give

—2.0°! +1 +1 1
Rix (:El) =x1-22 O, Rix (Zl ) =z - OT
2 1 1 —1 1 1 3 _1
Ryx (yl) =Y Z2+ Ot 4 Yo - z2+ z1 - otl _ Yo - Z2+ 21+ .O
Ry (2) =22 - 2072 Oty - 27 2™ O — 2y 7127?07

Rk (ZQil) = Zzil -0+ ) Ry (y2) =Y2- Zl+2 07!

(4.8)

for the braiding R, . To summarize, our discussion lead to the following result (which
somewhat improves the analysis of the like problem performed in [WX], §9.7):

Theorem 4.4. Let (SSLZ* X SSLg*)Q be a twofold covering of ¢SLa" X ¢SLs" and let
(SSLQ*XSSLQ*)(@):: (SSLg’kszij)2 \ {@ + O} (a Zarisky open subset of ¢SLo"xsSLy").

2
Then the map R, s a Poisson diffeomorphism from (SSL2* X SSLQ*)é@) to itself.
(©)

In addition, R, is well defined also on a distinguished variety (aSLQ* X aSLg*)2
which is a twofold covering of SLs" X oSLy" minus one distinguished divisor. In terms of
function algebras, these diffeomorphisms are uniquely determined by formule (4.8), which

also define the braiding R, : F[[sls" @ sly"] ] = Fl[sk' ®sl]]. O

4.5 The quantisation deformation construction. (Warning: in the present section
we follow the lines of [Gal], but we adopt different normalisations in the definition of
quantum groups and their R—-matrices) Let Up(g) = Up(slz) be the unital associative
topological k[[h]]-algebra with (topological) generators X, H, Y, and relations

oHhH/2 _ o—hH/2

HX -XH=+2X, HY-YH=-2Y, XY -YX= Y a— (4.9)
For later use we set also L' := eTM/4 and ¢! := e*"/2; therefore
L—|—2 _ L—2
LHX =g¢®' XL, LFY =¢F'YL*, XY -yX=—"——""— (4.10)

gt —q~
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There is a Hopf algebra structure on Up(sly), given on generators by

AX)=X@eth/A L e-tili g x — X @ LT + L7 9 X
AH =H®1+10H
AY)=Y et/ Lol gy —yo LT + L7 oY
e(X)=€e(H)=¢Y)=0, G(L:tl) =1
S(X)=—e"?X=—q'X, S(H)=-H, SY)=—e"?Y =—¢ 'Y, S(L*") = LT

Then Uy(slz) is a QUEA, whose semiclassical limit is U (slz) (w.r.t. the co-Poisson structure
considered in §4.2). For later use we record that

{ XoHbY*

a,b,c € N} is a topological k[[h]]-basis of Up(slz) . (4.11)

The very definitions also show that the unital subalgebra of Uj(sly) generated over
the Laurent polynomial ring k[q,q_l} by X, L*', D := (L — 1)/(q -1, I':=

(L+2 — L_2)/(q+1 —¢7') and Y is a Hopf algebra (over k[g,q™']) as well, which
we denote by Uj(slz). Similarly, the unital subalgebra of Uj(slz) generated over the
Laurent polynomial ring k[g,¢™!] by XL7', K*' := [*? T .= (K - 1)/(q - 1),

Ii= (K- K*I)/(q+1 —q ') and LY is a Hopf algebra as well (a Hopf k|[q, ¢~ ']~
subalgebra of U/ (slz) ), which we denote by Ug(sl2).

Now we go and compute Uh(slz)'. From definitions we get, for any n € N,

o (X) = (id — €)®n(An(X)) — (id — €)®n (Zn: (L—1)®(s—1) 92X (L_H)@(n—s)) _

s=1

(n—s)

n ®(s—1) ®
=> (Z (—h)th/t!> RX® (Z (+h)’“H"“/r!> € R" MUn(sly) \ A"Up(sls)

r>0

from which we get X := h X € Ux(g)' \ hUn(g)'. Similarly YV := hY € Ux(g)' \ hUn(g)" .
As for the generator H, we have A"(H) =" 196"V g 0 © 1®"=%) for all n € N,
whence for 8, = (id — €)% o A" we have

So(H)=0,  61(H)=HeUn(g) \hUn(g), 0u(H)=0€R"Up(slz) ¥Vn>1,

so that H := hH € Ux(sly)" \ hUx(sly) . Therefore Uy (sly)’ contains the subalgebra U’
topologically generated by X, H,Y . On the other hand, using (4.11) a thorough — but
straightforward — computation shows that any element in Uj (5[2)/ does necessarily lie in
U’ (details are left to the reader: everything follows from definitions and the formulae for
A™). Thus Ux(sly)" is nothing but the unital subalgebra of Uy (sly) topologically generated



20 FABIO GAVARINI AND GILLES HALBOUT

by X, H, Y. As a consequence, Uh(ﬁlg)/ can be presented as the unital associative

topological k[[h]]-algebra with (topological) generators X, H, Y and relations
HX - XH=+2nX, HY —-YH=-2hY

.. o : - 4.12

XY -YX =hA- <e+H/2—e*H/2> =hA- (LT - L7?%) 4.12)

—1
where A := 712/(e+h/2 — e M?) = p. (Zs>0 (+h/2)23/(28 — 1)!> (€ k[[n]]), with
Hopf algebra structure given by
AX)=X@etttpeihgX =Xl + L 'eX
AH) =H®1+10H
AY)=Yoetltpeltoy = VoLt + L7 Y
e(X) = e(H) = e(Y) =0, e(Lil) =1
S(X) =—eMPX =_¢'X, S(H) = —H, S(Y) = —e My = —¢7y, S(Lil) = L7
As an immediate consequence, this description yields also a similar presentation of

U, 5(5[2)/ / h Uy, (5[2)/ : then comparing the latter with the presentation of F’ [ [5[2*“ that one

argues from §4.2 we find that, as predicted by the quantum duality principle (cf. Theorem
1.6) there is an isomorphism of (topological) Poisson Hopf algebras

n: Unlsly) [nUn(sla) = | [X], g H],_y Vo] | —— Pst7]] = K[ [z, (= 1), ]

where we set S}R:O =8 mod hUy(sly)" for all S € Up(sly)’ and the Poisson structure

considered on Uh(ﬁ[g)//h U; (sly)" is the one given by the standard recipe (see §1.3(b))

ab—ba
{a‘h:O ’b|h:0} = (T)

explicitly, @5 is given by

YV oa,b € Uysl) ;

h=0

X|, =z, H|,_ = —dlog(z), L*|, e~z Y] ey (413)

Note also that the unital kg, ¢! |-subalgebra of U (sl>) — and of U, 4 (8l2) — generated
by X :=(q—1)X, L*', I':=(¢q—1)I" and Y := (¢—1)Y is in fact a Hopf subalgebra,
which we denote by U;(ﬁ[g), (note also that D := (¢ —1)D =L —1¢ U;(ﬁ[g), t00).
Indeed, U; (5[2)/ admits the presentation by the above generators and relations

LEFLF =1, LF T =TL*, l+¢ " HI'=L" L2 XY -YX=(¢—-1)I
L+2 . L—2 — (1 + q_l)f, L:I:l}v/ — q:Flf/'L:I:l ’ L:EIX' — qzl:lXL:Izl
I'Y=q¢*YI'—(q-1)(q+q¢ ")F, I'X=q¢q"XI'+(q-1(qg+q¢ "X
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with Hopf structure given by

AX)=XoLM+L'®X,

e(X)zO, S(X):—q_lX
AMy=T'®L™+L2xT, e(I =0, S(I)=-I
A(L:I:1> — [*1 ®Li1, E(L:I:I) =1, S(L:I:I — [F1
AY)=YQ®LT+L7'eY, e(Y) = V

Similarly, the unital k[g, ¢~ '] -subalgebra of Up(sly) — and of UZ(sly) and U} (sly)" —
generated by XL~', K*!,

I' and L*'Y is in fact a Hopf subalgebra too, which
we denote by Ug(slg)', and is of course a Hopf subalgebra of U (sly)" as well (with
T:=(q—-1)T=K-1€U2(sl)" too).

Now this description yields also a similar presentation of UJ] (sly)’ / (¢-1)U; (sly)":

then comparing the latter with the presentation of F' [s S Lg*:| in §4.2 we find that there is
a Poisson Hopf algebra isomorphism

& U;(sb)'/(q — 1)U (sly)’

F[SLy"]
where we set S‘q:l =5 mod (¢ — 1) U;(slg)/ for all S € U;(slg)/ and the Poisson
structure considered on U] (sly)’ / (¢—1)U; (sly)" is the one given by the standard recipe

{a‘qzl b q=1} . <%>

V o oa,be qu(ﬁ[g)/ ;
qg=1
explicitly, 7 is given by
- - —9 +2 +1 1 %
X‘q:l'_)x/27 F‘q:1|—>(z —z )/2, L |q:1>—>zqE , Y|q:1>—>y/2.
In addition, @ gives by restriction a similar Poisson Hopf algebra isomorphism

o0 U;(s[g)//(q — 1) U2 (sly)’ F[.SLy]

(XL Ly w22, Ty (72=242) [2, KFY| e 272, (1717

~1
=17 Y / 2.
The reason for considering Ug(slz) and Uy (slo)" (for ¢ = a,s) is that we can compute
the braiding 9, through them, as we shall see in the sequel.

First, Ux(slp) is indeed a QTQUEA, whose R—matrix is Ry = Ry - Ry with

Ry = exp (h~H®H/4) . Ry=> (eh)(ngl)

h
N (6 _
neN (n)eh'

1)” . (€+hH/4X)”® (e—hH/4Y)”
where (n),!:= [[r_, %

a’—1

r=1 a—1

(in this case a = e"). This R-matrix is a quantisation of the
classical r—matrix of sly, in the sense that Ry =1+rh+ O (h2) , where O (h2) is some

21
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element of h? - Up(g) ® Un(g) (like in Remark 1.9(b)); thus the QTQUEA (Un(slz), Ry)
is a quantisation of the quasitriangular Lie bialgebra (sls, r) , as required to ignite the
quantisation deformation procedure to construct a braiding on F[[g* & g*|] for g = sls.

Now, we are interested in the braiding operator R, induced at h = 0 by the operator
Ry, := Ad(Rp) acting on the algebra (Uy(sly) ® Uh(ﬁ[g))/: Un(sly) @ Up(sly)" .

We perform the calculation along the following lines. As the R—matrix factors into Ry =
Ro-R; , we compute separately the adjoint action of the two factors onto Uy (sly)’ @ Up(sly)’
modulo A. A first analysis shows that both actions are given by exponentials of Hamiltonian
vector fields on the formal Poisson group sla* X sl". The first action — namely, that arising
from Ry — is computed via straightforward calculation. As for the second action — the
one of Ry — one in fact has to compute the action of a Hamiltonian vector field on
sSLo" X 3SLy" (minus a divisor): using Leibniz’ rule, one reduces to compute the action

of some Hamiltonian vector fields on ,SLs" alone.
To begin with, write Ry = Ry - Ry in terms of Uy(sly)’; like in [Gal], §3, we find

Ry = exp (h+ H@ H/4) = exp (K7 - H o H/4)

o0

e ( 2 n " . )
"o Ze;w((gT ("= 1) (M) @ (Y)Y = ((eh_l) L XQLTY eh)

where (2;q). = [[,en(1—2¢"). Now, the behaviour of Ry when i — 0 is ruled by [Re],
Lemma 3.4.1 (see also [Gal], Lemma 2.2): namely (proceeding as in [Gal], §3), we have

_1 (6571)2-L+1X®L_1Y 1 1 _
Ry = exp (—/ log(1=7) dr - (14+hC) | =
0

h T
1 L+1X®L—1Y1 1
:exp<7-/ M(it-(l—f—ﬁ}()
0

+1y —1y . .
where fOL xeb YM dt =30 (LT XRLY) /n2 (use Mac Laurin expansion

of log(1+2)) and C and K denote a suitable elements of Uy (sly)’ & Ux(sly)’, namely again
LYVIX@LTY log(1-t) g4 . o
t ’

n>0

power series in LT'X ® L1V, hence they commute with fo

1 L+1X®L_1Y1 1
0

h t
1 LTXeL™ 'Yy loo(1
0

for some Z € Up(sly) @ Up(sly)". Of course we have

Ry, := Ad(Ry) = Ad(Ro - Ry) = Ad(Ro) 0 Ad(R1) = Ry o (Y
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with R\ .= Ad(R,), R\ := Ad(R;). Thus also

GH

Ry =R =00 omQ)  with RO =] . mD=nl| (1)

h=0
Finally we have

- g
R ::Ad(Rl):Ad<exp (T/ %ﬂdt Z| =
0

. LT XLy
:Ad<exp (Tl/ wdt>>oAd(2):
0

1 LTXSLTY 10 4 g
_ Ad(exp (T / %ﬂ dt) | mod h-Un(sl) ® Up(sl)
0

because Z € Un(sta)' @ Un(sly) and (Un(sla)' & Un(sta)')| = F[sly" x s15']] s com-
mutative (hereafter, by S |h:0 we shall denote the coset of S € Up(sly)’ @ Up(sly)" modulo
h - Un(sly) @ Up(slz)’). Hence our analysis shows that 9%,(;) = Ad(exp (h_lAZ-)> with
A; € Up(sly)' @ Up(sly) for i =0,1: indeed, we found

LTX®L™ 'Y
AO:(H®H)/4, Alz_/ wdt:_Z(L+lX®L1Y)n/n2-
0 n>0
But then we have ﬂ%g) = Ad(exp (h_lAi)) = exp (ad[ 7 }(h_lAi)) = exp (adg (A1)> =
h
= exp (ad{ 7 }(Ai}h:0)> , that is ‘ﬁgg[ = exp (ad{ ’ }(Ai‘h:o)) : in geometric terms, this

means that 9‘{82[ (hence also R, ) is the integration of a Hamiltonian vector fields over
the formal Poisson group sly" x sly".

To describe R and R) we set S;:=5®1, So:=1® S for any S € Up(slz) (note
that S; and Sy commute with each other) and also S for any coset modulo .

The case of S)%gg is trivial: direct computation — using (4.12) — gives

() = XL, D () = B, (B = B D () =YLy
RO (Xy) = L2 Xy, RO (M) = Hy, RO (LFY) =103, RO(Va) = L2V

whence using (4.13) we argue at once for i)ﬁigg : F[[slg* a3 5[2*” =, FHs[g* &) 5[2*“

RO (w1) =w12,7, RO =241 RO () =y 287 (@15)
RO (22) = 272 22, RO (3 = 2, RO (yo) = 2% yo

(recall that F[[ﬁ[g* @E[Q*H = k[[l’l, (21 — 1),
determined by the images of x;, z;, y; [i = 1,2]).
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As for i)‘igg, we proceed in steps. First, using the Jacobi identity for { , } we get

e g1 £
) 0 t

log (1 + 27 'zy 23y _
:exp(,u (— ( ) 1 "172 2) oad{ , }(21 1:U122+1y2)

L' X0 Ly 'Y 100(1
R = exp (ad{ 4 (— /0 M dt

where £(S) denotes the operator of left multiplication by S € F[[sly" @ sl,*]] . Indeed

v Jog(1 4 ¢
adg (_/o % dt) (£) =adg 4 (‘ Z (21_1931 Z;1y2)/”2) (6) =

n>0
= Z = {(21_1:01 ZELl?JQ)n,f} - Z . n(z; ' Zgrlyz)nil A w2y e 0} =

n2
n>0 n>0

2 ey 2y, nt B log (14 2ty 258ty _
:_Z ( 1 72, ) ,{zl 1$1Z;1y2’€}:_ (lexllzgrlyz )'{31 1$1Z;1y2,€}

(because of Jacobi identity: {-,f} = —ady  }(£) is a derivation!). Secondly, again by the
Jacobi identity and the commutation relation 2y 'z - 23 ye = 25 lys - 27 'y we get

( log (1 + 2ty zglyg)
ul—

— oad zflxl z+1y2 =
211$1Z§Hy2 ) {,}( 1 2 )

( log (14 27 '@y 25 'yo)
= ul| -

1

— 1
Zl I 22 Y2

) oady y (21 w1) o (23 y2) +

log (1 + 27 ‘a1 23 ys _
o <_ (zl_lgcll zjlyz ) op(z ) oady (23 ) =

1 41
_— <_ log (1 +le 7125 42) > oady y (27 1) +

Zy T
log (1+ 25 'y2) 1
+p | ——= oady |y (25 'y2) ;
( 2 1x1z;1y2 { }( 2 )

the two summands above are mutually commuting operators — thanks to the commutation
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1 1

T - zgrlyg = z2+1y2 -z1 1 — so when we take the exponential we get

log (1+ 2y 2y 25 My _
) = expp (B EE ) gt ) ) =

1 1 —1 +1
:exp<,u (_ og( +211 T1 29 3/2) ) oad ) (2’1_1531) i

Zf I

log (1 + 27 ey 251
. ’ (_ Og( Zj—l 1 22 y2) ) oad{ ’ } (z;1y2)> _
2y Y2

log (14 z; ey 251
:eXp<M (_ og( +211:z:122 y2))oad{’}(2’1_11’1)) °

Z1 X1
log (1 + 27 z1 25 ys
oexp(u(— WD) caay, ) e )
2

relation 2y

in a nutshell, we have

& =p (—log (VQ) /z}lz)q) oady y (z]lscl)

(4.16)
Foi=p (—log (VQ) /z§1y2> oady (zglyg)

‘ﬁgg = exp(&1) oexp(Fz) with {

1/2 . :
where V:= (1+ 2t z;rlyg) 2 We proceed now with computations.

Since {s1,r72} =0 for all s,r € F[[slg*ﬂ, we have &(rg) =0 for all r € FHS[Q*H, SO

exp(&1) (z2) = x2 exp(&) (zgl) = Z:2t1 , exp(&1) (y2) = y2 - (4.17)

Now for the rest! We have to compute things like {s1,7r1}, so for simplicity we shall
drop the subscript 1 throughout.
For the operator ady  1(z7'z) (a derivation!) we have the formulee

{z_lx,x} = {z_l,x} ‘x4zt {x,x} = {2_1,33} - x = (z_lx/2) -
{z_lm,zil} = {z_l,zil} x4zt {x,zil} =21 {x,zil} = :i:(z_lx/Q) 2T
ey = (et oyl = (YD) e b (2 ) =

= —(zfla:/Z) -y + 273 — 2t
{z_la:, z+1y} = {z_lx,zH} -y + 2t {z_lx,y} =272 ;12

Then for exp(€1) = exp <,u <—log (V2) /z]1x1> oady (z{1x1)> we have

exp(&1)(z1) = exp <— log(VZ)/2) = exp (—log(V)) -zy =21 - V!
exp(é’l)(zjfl) = exp (:F log(Vz)/2> A = exp (Flog(V)) LAl = Ayt (4.18)

exp(E1)(y1) =y1 - VT by - 1277 VI — g A VT
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where the latter identity is computed (since exp(€;) is an automorphism!) as follows:
exp(€1) (y1) = exp(&1) (2 'ZJflyl) = exp(&1) (21') - exp(&1) (21 ') =

_1.V+1.< y1+z ( log VZ)/zl $1) & 1( Q—z“f2>) _
1,v+1.( y1+z ( log (V )/51931)”'(_2;1301)71_1 it
) Z e (Foe (V) fatan ) (st )

ex +lo Vv3)) — exp (—log (V2)) — 1
e (s s o2 £(F) 1 . en(-log(v) )=
+z;7 T —Z1 T1
_ vt -1  _ vV—2-1
RAARE (ZJlrlyl + 1 27— 1 'ZJ1r2> =
+z, T —Z1 I1

—1 1 1 1, -2 142 -2
v -(z’fy1+y2-z‘§zl —yp - 25 AV )z
e A R A R VA P e PR VA

Now for exp(F2). Again, since {s1,72} =0 for all s, € F[[B[Q*H we have Fa(s1) =0
for all s € F[[ﬁ[g*ﬂ, SO

exp(F2) (x1) = 21, exp(Fa) (zfl) = zjfl , exp(F2) (y1) = y1 - (4.19)

As for the rest, we can base upon the previous results, as follows. First, we note that there
is a Poisson algebra automorphism

o: F[[sl]] —— F[[s]],  z=y, e yeoa

such that ®~! = ® (and which also restrict to F[SSLg*} and to F[aSLg*} ). Then we
have immediately from definitions that (® ® ®)(&)(s®@r) = a(]—"z (®(r)® @(s)) for all

S, T € FHEIQ*H (with o as in §1.8), whence in particular we argue

Fals2) = o (022 (&1(071(51))) ) = o (@2 (&1(@(s1))) ¥ s € F[[s1y"]]
and so
exp (F2) (s2) = o (92 (exp (&1) (®(s1)) ) Vs € F[[s17]] .
Using this and formulze (4.18) we eventually get
exp(F2)(z2) = xo - VT + TR TR S VAR Rl VA
exp(F2) (25" z% (4.20)
exp(F2)(y1) = y2 - V‘l :

~—



BRAIDING STRUCTURES AND CLASSICAL SOLUTIONS OF THE QYBE 27

Formulee (4.16-20) give us a complete description of 9‘{83 : to summarize, it is given by

%(1) (ml) =z - V_l %(1) (Z :I:l) _ Zl:l:l . vq:l
RO (1) =91 -V 4y 2022V =gy gl V! (4.21)
R (z2) =22 VTt y 20 120 VI a2l V! .
RO = VL () = a7
Finally, composing with R — see (4.15) — we find at last
Rew (501) =229 2-07 1, Ry (zlil) =t 0F!
Reow (Y1) =91 2272 - O g 2l O — gy 25172 07! (4.22)

_ —2 +1 —-1_ +1 +1 -1_ -3 —1
%GH(.fQ)—.'EQ‘Zl -0 + X121 22 -0 — X121 22 -0

‘(’RGH (ZZ:H) = ZQil : @il ) ‘(’RGH <92> =Y2- Zl+2 : 9_1

for R, = SRSB o ?R(GlH) (see (4.14)), with © := (1 + z12] 14 y2)1/2 = %SQ (V).
Therefore, just comparing (4.22) with (4.8) we get as an outcome the main result of
this section:

Theorem 4.6. The braidings R,,, and R, for g = sla(C) do coincide. In other
words, the answer to the ”Question” in §4.1 is positive for g =sl(C). O
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