QUANTIZATION OF TI'-LIE BIALGEBRAS

BENJAMIN ENRIQUEZ AND GILLES HALBOUT

ABSTRACT. We introduce the notion of I'-Lie bialgebras, where I' is a group. These ob-
jects give rise to cocommutative co-Poisson bialgebras, for which we construct quantization
functors. This enlarges the class of co-Poisson algebras for which a quantization is known.
Our result relies on our earlier work, where we showed that twists of Lie bialgebras can be
quantized; we complement this work by studying the behavior of this quantization under
compositions of twists.

We work over a field k of characteristic 0.

1. INTRODUCTION

Recall that a co-Poisson bialgebra is a quadruple (U, m, Ag, ), where (U, m, Ay) is a cocom-
mutative bialgebra and § : U — A2(U) is a derivation (for m), a coderivation (for Ag) and
satisfies the co-Jacobi identity. A quantization of (U, m, Ay, d) is a bialgebra (U, mp, Ay) such
that Uy ~ U[[A]], mp = m + O(h), Ap = A+ O(h), An(a) — AP (a) = hd(a) + O(h?) (AP is
the opposite coproduct).

If (a,p1q) is a Lie algebra (uq : A?(a) — a is the Lie bracket), the co-Poisson bialgebra
structures on U(a) correspond bijectively to the maps d, : @ — A%(a) such that (a, jiq,dq) is a
Lie bialgebra. The quantization of these co-Poisson bialgebras was obtained in [EK].

To a triple (I, a,6,), where I" is a group, a is a Lie algebra and 0, : I' — Aut(a, pq) is
an action of I' on a, one associates the I'-graded cocommutative bialgebra U(a) x I'. The
I-graded co-Poisson bialgebra structures on U(a) x I’ correspond bijectively to pairs (44, f),
where &, : a — A%(a) is such that (a,zq,04) is a Lie bialgebra, and f : I' — A2(a) satisfies
some conditions (see Section 2); in particular, f(v) is a twist of (a, piq,dq) for any v € I'. We
call the resulting 5-uple (a, g, dq, 04, f) a I-Lie bialgebra. The main result of this paper is the
quantization of the corresponding co-Poisson bialgebra structures.

Examples of I'-Lie bialgebras arise from the following situation: G is a Poisson-Lie group
with Lie bialgebra (a, ptq,04), and I' C G is a discrete subgroup. Another example is when a
is a Kac-Moody Lie algebra a, and I' is the extended Weyl group of a. In the latter case, a
quantization in known ([MS]).

To achieve our goal, we complement a result obtained in [EnH], namely the compatibility of
Etingof-Kazhdan (EK) quantization functors with twists of Lie bialgebras; this result is based
on an alternative construction of these quantization functors ([En]). We describe the behavior
of this quantization under composition of twists (Section 4).

To give an idea of the result of [EnH], we formulate its main consequence: let @ : {Lie
bialgebras} — {quantized universal enveloping (QUE) algebras}, (a, pq,dq) = a — Q(a) =
(Q(a),m(a),A(a), 14,£4) be a quantization functor; to each classical twist f, of a (i.e., fo €
A%(a) and (8, ®idg)(fa)+[f23, £23]+ cyclic permutations = 0), one associates F(a, fq) € Q(a)®?,
with the following properties: (a) it is a cocycle for Q(a), i.e.,' (F(a, fa) ® 14) * (A(a) ®
id) (F(a, fa)) = (1o ® F(a, fa)) * (id ©A@)(F(a, fa); (0 ©id)(F(a, fa)) = (1d ©20)(F(a, fa) =

IWe denote by * the product in Q(a)®* for k > 1
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14; this implies that? F(®9)Q(a) := (Q(a),m(a), Ad(F(a, f)) 0 A(a), 14,£4) is a QUE algebra;
(b) we have an isomorphism i(a, fo) : F®7)Q(a) — Q(ay,) of QUE algebras (here aj, =
(a, tta, 0q + ad(fq)), where ad(fq) : @ — A%(a) is 2 — [fo, 2@ 1+ 1 ® z]).

In Section 4, we study the behavior of the assignment (a, f,) — F(a, fy) under the com-
position of twists. A composition of twists is a pair (fq, fi) such that f, is a twist of a, and
fi is a twist of ay,. We formulate the main consequence of our results: (a) there exists an
invertible v(a, fo, /1) € Q(a), such that F(fo + 1) = v(a, far )% * i(a, fo) " (F(a,. f1)) *
F(a, fo) * A(a)(v(a, fa, f2))~! (Theorem 4.4); and (b) if (fq, f2, f7) are such that f7 is a twist
of ay, and f! is a twist of ay,, then f; + f; is a twist of a, and v(a, fq + fi, f) = v(a, fa, fl) =
V(@ for £+ £2) * (0, f2) " (v(ag,, fo. f2)) (Theorem 4.4).

We use these results in Section 5 to construct a quantization of the I'-graded co-Poisson
bialgebras U(a) x I' as I'-graded bialgebras. This quantization is based on the facts that that
for v € T, f(v) is a twist of a, and for any 7,7 € T, (f(7), A2(0a(7))(f(7'))) is a composition
of twists for a; we then use the results of [EnH] on quantization of twists and those of Section
4 on their composition.

This paper is organized as follows. In Section 2, we define I'-Lie bialgebras, the corresponding
co-Poisson cocommutative bialgebras, and the problem of their quantization. In Section 3, we
recall the formalism of (quasi-multi-bi)props, which is the natural framework of the approach of
[En] to quantization functors and of the results of [EnH] on quantization of twists. In Section
4, we describe the behavior of composition of twists under quantization (Theorem 4.4 and
Theorem 4.6). In Section 5, we apply these results to the construction of quantizations of I'-Lie
bialgebras.

2. I'-LIE BIALGEBRAS

2.1. T-Lie algebras and equivalent categories. Define a group Lie algebra as a triple
(T',a,0,), where I' is a group, a is a Lie algebra and 6, : I' — Aut(a) is a group morphism.
Group Lie algebras form a category, where a morphism (T',a,0,) — (I',d’,6,) is the data
of a group morphism irpr : I' — I and a Lie algebra morphism 44, : @ — o', such that
faa (0ay () = Oaipps (v) (faar (7).

If T" is a group, a I'-Lie algebra is a pair (a,6,), such that (I',a,0,) is a group Lie algebra.
I'-Lie algebras form a subcategory of group Lie algebras, where the morphisms are restricted
by the condition irr = idr.

Define a group cocommutative bialgebra as a triple (T, A,4), where T' is a group, A is a
cocommutative bialgebra, A = @,cr A, is a decomposition of A, and 7 : kI' — A is a bialgebra
morphism, such that A, A, C Ay, As(Ay) C Ai§’2, and i is compatible with the I'-grading. A
morphism (T', 4,4) — (I, A’,#’) is the data of a group morphism irrs : I' — I and a bialgebra
morphism i44- : A — A’, such that i44/(4y) C AQFF/(,Y,), and ia4 01 = i’ o ixr kv (where
ixr kv © kI' — kI is the morphism induced by irr/).

We then define a I'-cocommutative bialgebra as a pair (A4,4), such that (T', A, 1) is a group
cocommutative bialgebra. I'-cocommutative bialgebras form a category, where as before ipr =
idp.

The category of group (resp., I'-) cocommutative bialgebras contains as a full subcategory
the category of group (resp., I'-) universal enveloping algebras, where (A4,T,) satisfies the
additional requirement that A. is a universal enveloping algebra.

Define a group commutative bialgebra (in a symmetric monoidal category S) as a triple
(T', O, 7), where I is a group, O is a commutative algebra (in §) with a decomposition O =
®~erO,, such that 0,0, = 0 for v # v/, algebra morphisms Ay : Oyrqr — Oy @ Oy,

2If A is an algebra and u € A is invertible, Ad(u) : A — A is @ — uzu~!
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n:k — O, and € : O, — k, satisfying axioms such that when T' is finite, these morphisms
add up to a bialgebra structure on @; and j : O — k! is a morphism of commutative algebras,
compatible with the I'-gradings and the maps A/~ on both sides. We define I'-commutative
bialgebras as above.

We define the category of group (resp., I'-) formal series Hopf (FSH) algebras as a full
subcategory of the category of group (resp., I'-) commutative bialgebras in & = {pro-vector
spaces} by the condition the O, (or equivalently, each O,) is a formal series algebra.

Proposition 2.1. 1) We have (anti)equivalences of categories {group Lie algebras} < {group
universal enveloping algebras} «— {group FHS algebras} (the last map is an antiequivalence).

2) If T is a group, these (anti)equivalences restrict to {T'-Lie algebras} < {T-universal en-
veloping algebras} — {T'-FHS algebras}.

Proof. We denote the I'-universal enveloping algebra corresponding to a I'-Lie algebra
(T,a,0,) as U(a) x I'. Tt is isomorphic to U(a) @ kI" as a vector space; if we denote by x — [x],
~v — [v] the natural maps @ — U(a) x I, T' — U(a) x T', then the bialgebra structure of
U(a) x T is given by [Y][z][y '] = [6,(2)], MY] = [vY] [e] = 1, [2]f2'] — [2'][a] = [[=,2"]],
A(fz]) = [z]®@ 1+ 1@ [z], A([v]) = ] @ [].

When T is finite, the corresponding I'-FSH algebra is then (U(a) x kI')*, and in general, this
is ®yer(U(a) ® ky)*. One checks that these are (anti)equivalences of categories. For example,
if A is a group universal enveloping algebra, then one recovers I' as {group-like elements of A}
and a as {primitive elements of A}. O

2.2. T'-Lie bialgebras and equivalent categories. A group Lie bialgebra is a 5-uple (T, a, 84, dq, f)
where (T, a, 0,) is a group Lie algebra, d, : @ — AZ(a) is® such that (a, d,) is a Lie bialgebra, and
f:T — A*(a) is amap v — f,, such that: (a) A%(0,)0d005 " (z) = 6(x)+[fy,z®1+1®xz] for

any € a, (b) fyy = fy +A2(0,)(fy), and (c) (6 @id)(fy) + [f13, f2*] + cyclic permutations

=0.

Group Lie bialgebras form a category, where a morphism (T, a, 04,04, f) — (I, d, 04/, 9%, )
is a group Lie algebra morphism (I';a,60,) — (IV,a’,0,), such that ige : @ — a’ is a Lie
bialgebra morphism and AZ(iqa)(fy) = fi/rr/(’v)' When T is fixed, one defines the category of
I'-Lie bialgebras as above.

A co-Poisson structure on a group cocommutative bialgebra (I', A, ¢) is a co-Poisson structure
841 A— A?(A), such that 4 (A,) C A%(A,). Co-Poisson group cocommutative bialgebras form
a category, where a morphism (T, 4,4,04) — (I'V, A’,4,04/) is a morphism (T', A,i) — (T, A’, )
of group cocommutative bialgebras, compatible with the co-Poisson structures. Co-Poisson
group universal enveloping algebras form a full subcategory of the latter category. One defines
the full subcategories of co-Poisson I'-cocommutative bialgebras and co-Poisson I'-enveloping
algebras as above.

A Poisson structure on a group commutative bialgebra (T', O, j) is a Poisson bialgebra struc-
ture {—,—} : A%2(O) — O, such that {O0,,0,} C O, and {O,,0,} = 0if v # «'. Poisson
group bialgebras form a category, and Poisson group FSH algebras form a full subcategory
when § = {pro-vector spaces}. One defines the full subcategories of Poisson I'-bialgebras and
Poisson I'-FSH algebras as above.

Example. Let G be a Poisson-Lie (e.g., algebraic) group, let I' C G be a subgroup (which
we view as an abstract group). We define 6., := Ad(y), where Ad : G — Autr;.(a) is the adjoint
action. If P : G — A?(a) is the Poisson bivector, satisfying P(gg’) = P(g") + A2(Ad(9))(P(g")),
then we set f, := —P(y). Then (a,T, f) is a I'-Lie bialgebra.

3We view A2(V) as a subspace of V&2,
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Example. Assume that (a,r,) is a quasitriangular Lie bialgebra and 6 : I' — Aut(a,t,) is
an action of I' on a by Lie algebra automorphisms preserving ¢, := rq + r2t I we set fy =
0$2(r) — r, then (a,0, f) is a I-Lie bialgebra (we call this a quasitriangular T-Lie bialgebra).
For example, a is a Kac-Moody Lie algebra, and I' = W is the extended Weyl group of a.

Proposition 2.2. 1) We have category (anti)equivalences {group bialgebras} < {co-Poisson
group universal enveloping algebras} «— {Poisson group FSH algebras}.

2) These restrict to category (anti)equivalences {I'-bialgebras} — {co-Poisson I'-universal
enveloping algebras} < {Poisson T'-FSH algebras}.

Proof. If (a,6,,dq) is a T-Lie bialgebra, then the co-Poisson structure on A := U(a) x T’

is given by da([z]) = [0a(2)], and da([7]) = —[f+]([7] ® [7]). (Here we also denote by = —
[z] the natural map A%(a) — A2(U(a) x I').) One checks that this establishes the desired
(anti)equivalences. O

2.3. The problem of quantization of I'-Lie bialgebras. Define a I'-graded bialgebra (in a
symmetric monoidal category S) as a bialgebra A (in §), equipped with a grading A = ©,erA,,
such that A’YA’Y' C A’Y’Y' and Ay (A,y) C A§2

Assume that A is a I'-graded bialgebra in the category of topologically free k[[A]]-modules,
quasicocommutative (in the sense that Ag := A/hA is cocommutative). Then we get a co-
Poisson structure on Ag. It is T-graded, in the sense that d4,((4o)y) C A%((Ag),). We
therefore get a classical limit functor class : {T'-graded quasicocommutative bialgebras} — {T-
graded co-Poisson bialgebras}.

Definition 2.3. A quantization functor for I'-Lie bialgebras is a functor { co-Poisson I'-universal
enveloping algebras} — {T'-graded quasicocommutative bialgebras}, right inverse to class.

We define the category of group-graded bialgebras as follows: objects are pairs (I, A), where
I is a group and A is a I'-graded bialgebra. A morphism (I, A) — (I, A’) is the pairs of a
group morphism irps : I' — IV and a bialgebra morphism i44: : A — A’, compatible with the
gradings.

One defines similarly the category of group-graded co-Poisson bialgebras and quantization
functors for group Lie bialgebras.

2.4. Relation with quantization of co-Poisson bialgebras. We have inclusions of full sub-
categories {co-Poisson universal enveloping algebras} C {co-Poisson group universal enveloping
algebras} C {co-Poisson bialgebras}.
The classical limit functor is class : {quasicocommutative bialgebras} — {co-Poisson bialgebras}.
A quantization functor of Lie bialgebras is a functor {co-Poisson universal enveloping algebras} —
{quasicocommutative bialgebras}, left inverse fo class. A quantization functor for group Lie
bialgebras may then be viewed as a left inverse to class with a wider domain.

3. THE FORMALISM OF PROPS

We recall material from [EnH]. Polynomial Schur functors form a symmetric monoidal
abelian category Sch, equipped with an involution. A prop P is an additive symmetric monoidal
category, equipped with a tensor functor Sch — P, which induces a bijection Ob(Sch) ~ Ob(P)
([McL]). A prop morphism P — @ is a tensor functor, such that the composition Sch — P — @
coincides with Sch — @. A topological prop is defined in the same way, with Sch replaced by the
category of “formal series” Schur functors (i.e., infinite sums of homogenous Schur functors). If
F is a (formal series) Schur functor and P is a (topological) prop, then F(P) is a prop defined
by (F(P))(Fh FQ) = P(Fl o F, F2 o F)
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Props may be defined by generators and relations. We will need the props Bialg of bialgebras,
LBA of Lie bialgebras, LBA ¢ of Lie bialgebras with a twist. Generators of Bialg are m, A, e,n
(the universal analogues of the product, coproduct, counit, unit of a bialgebra); generators of
LBA are 1,6 (universal analogues of the Lie bracket and cobracket); LBA has the additional
generator f (universal twist element). LBA and LBA; are graded (u has degree 0 and 6, f have
degree 1) and can be completed into topological props LBA, LBA ;.

We define tensor categories Sch(;y and Sch(;4.1) by Ob(Sch(y) = H;>o Ob(Sch,,) and Sch; 41
H;) >0 Ob(Schy1g), where Ob(Schy, ) is the set of polynomial Schur multifunctors Vect™ — Vect;

the tensor product in these categories is denoted X. The bifunctor Sch?l) — Schy4q) is

denoted (F,G) — FXG. A multi(bi)prop is an additive symmetric monoidal category P
with a tensor functor Sch(;) — P (resp., Sch(q1) — ]5), inducing a bijection on the sets
of objects. A prop P give rises to a multi-prop P via P(F,G) := P(c(F),¢(G)), where
¢ : Ob(Sch,) — ODb(Sch) is induced by the diagonal embedding Vect — Vect™. We intro-
duce the notions of a trace on a symmetric monoidal category, of a quasi-category, we show
that a symmetric monoidal category with a trace and an involution gives rise to a symmetric
monoidal quasi-category (i.e., the compositions are not always defined). In particular, a trace
on a multi-prop gives rise to a quasi-multi-bi-prop (i.e., an additive symmetric monoidal quasi-
category with a morphism from Sch(; ) inducing a bijection on objects). We define traces on
the multi-props arising from LBA and LBA; this gives rise to quasi-multi-bi-props II, II¢ with
II(FXG, F'RG') = LBA(c(F) ® ¢(G")*,c¢(F') ® ¢(G)*); the morphisms in II; are defined by
a similar formula. We also define topological completions II, II;. When F,...,G’ are tensor
products (in Sch(y)) of irreducible Schur functors, II(FRG, F'XG’) is graded by a set of oriented
graphs; the composition of two (or several) morphisms is defined if the composition of their
diagrams is acyclic. For general F' € Ob(Sch,,),...,G' € Ob(Schy), one can define the support
of a given element of II(FXG, F'KG’) (again an oriented graph), and acyclicity is a sufficient
condition for the composition of two (or many) morphisms to be defined. Using this criterion,
one checks that the compositions involved in the future computations all make sense.

The motivation for working with such structures is that when F) ..., G’ are tensor products (in
Sch(y)) of tensor Schur functors (i.e., objects of Sch; of the form V — V&) II(FXG, F'KG’)
may be viewed as a space of acyclic oriented diagrams; composition is then defined by connecting
diagrams, and is of course only defined under acyclicity assumptions. When F), ..., G’ are tensor
products (in Sch()) of simple Schur functors, the morphisms are obtained from the case of
tensor products of tensor functors by applying projectors in the group algebras of products of
symmetric groups, preserving a partition of the vertices.

4. COMPOSITIONS OF TWISTS

A quantization functor is a prop morphism @ : Bialg — S(LBA) with certain classical limit
properties.

Let @ be an Etingof-Kazhdan (EK) quantization functor. It is constructed as follows.
We define elements my €IT((SKS)X2, SKS), Ay €II(SKS, (SKS)¥?), J cIl(1K1, (SKS)¥?),
Ry €II(SK1, SKS), m, €II((SX1)¥2, SK1), A, €II(SK1, (SK1)¥2).

We define mg’j) €TI(((SKS)¥7)¥i (SKS)¥7) as the jth tensor power of the ifold iterate of
mir.

We have

myy © R%Q =R omg, mg’Q) o (J&(AU o R+)) = m(HQ"Q) o ((R§2 oA, X J).

Then m, A, satisfy the bialgebra relations. The functor Q is defined by m — mg, A — A,.
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We now recall the results from [EnH] on the quantization of twists. We define prop morphisms
ki : LBA — LBAy (i =1,2) by k1 : (1,0) — (1, 9) and ko : (1, 9) — (p, 6 + ad(f)).

Define Z¢ €Il (SKS, SXS)* as the universal version of the sequence of maps S(a) ®S(a*) ~
U(D(a)) ~ U(D(ay)) ~ S(a) ® S(a*), based on the Lie algebra isomorphism D(a) ~ D(ay).
Then

kY (mm) = g o a1 (mn) o (571, w4 (A0) = EF? 0 w11(Ag) 0 E; Y, (1)

Proposition 4.1. (see [EnH]) There exists (F,v,1) with F €I1;(1K1, (SX1)%2), v €II; (1K1, SKS),
andi €Il (SK1, SX1)*, such that F = 1+degree > 0, v = 14+degree > 0, i = idgw, +degree >
0,

K1 (m(n2 2)) o (((5]71)®2 o ks (J)) X (Ago v)) = n?(m§’2)) o ((v Xv) X (H?(R_;,.)‘XZ oF )X (ﬁlf(J)()))

and
wlmin) o ((E7" 0wl (Ry) 01) Bo) = sl (mur) o (v B AT(Ry)). (3)

The set of triples (F',v',1") satisfying these relations is given by v’ = kil (my)o (v@(n?(R.Qo

W), mE? o (FR@Aow) =mP? o (WWRF), o =l (v (s](Rs) ow)), i = ioAd(u),
where u €Il (1K1, SK1) has the form u = 1+ degree > 0, and Ad(u) €Il;(SK1, SK1)* is
such that mg o (Ad(u) Mu) = mg o (u¥idgg, ).

In [EnH], we prove that this proposition has the following consequence:

Theorem 4.2. (Compatibility of quantization functors with twists) We have
A (ma) = okl (ma)o(i )=, wl(m2)o( (7)™ enf (Ag)ol JIF ) = k(mE)o (FRAT(A,)),

KT (mB2) o ((F K1) K ((Aq Ridgg,) o F )) — k(MG o ((1 X F) K ((idgg, KA,) o F)).

As before, mfl “9) is the jth tensor power of the i fold iterate to m,.
We will now study the behavior of the composition of twists under quantization.
Define a prop LBA; ; by generators u € LBAf ¢(A%id), § € LBAf #(id,A?), f, [ €

LBAy /(1,A?%) and relations: u,d, f satisfy the relations of LBAf, and f’ is such that

((123) + (231) + (312)) o ((5 idia) o f'+ (¢ ®idrp,) o ((1234) + (1324)) o (f K f’)) =
(4)
Define prop morphisms k;; : LBAy — LBAj y/, by k12 : (1,9, f) — (1,6, f), Koz = (1,9, f) —

(M’é'i_ad(f)?f/)? K13 - (:u’vévf) = (N767f+f/)'
Define prop morphisms &1, k2, k3 : LBA — LBAy¢ ¢/, (1, 9) — (1, 9), (1,6 4+ ad(f)), (u,0 +

ad(f + f7))-

Then we have k1; 0 K1 = K1, Ki3 0 Ko = R3, K23 O K1 = K12 O kg = Rao.
Lemma 4.3. We have
II (= =y e
Ka3(ZE¢) 0 k12(Ey) = K13(Ef). (5)

Proof. This follows from the fact that if f, is a twist for a and f, is a twist for ay,, then
fa + fq is a twist for a, and (ay, ) s =~ (ay, )y O
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Theorem 4.4. There exists v €Il p (1K1, SK1), such that v =1+ degree > 0,

R M) o (KL(F) B (71(A4) 0 v)) = &m0 (V2 R(kTL()™2 o £f(F)) & %(F)?é)

and
Al(ma) o (vE(sI () o s (7)) = Al (ma) o (WG B v ), (7)
Proof. Let us prove (6). Applying k15 to (2), we get
Al (m %”) o (w5 (“;1@2 RE(1) B (Ao o k() (®)
m®?) ( 5 (X (R )P2 0 gy (F)) (RQ(J))).

(1) implies the identities

A (mi) = KL (E) 0 Al (mn) o mIh(27 D2, RE(Ag) = mlh(2)%2 0 ll(Ay) 0 %(E;l»(g)
Left composing (8) with x1}, (E;l)m and using these identities, we get
Al ) o (((E7") o )i (E7 1™ 0 #11(2)) B (Ao 0 Kh(E7") 0 wHs(v))
= wlh(27 )2 o AR (miF ) o (k8 (0)2) B (RE (R4)™2 o wlly(F)) B (RE(9)) ).
Applying 55 to (3), we get
Al (mn) o (k5 (o) B (RE(R)) ) = 5 0mun) o ((<5(E7") o BH(RL) 0 £l () B n%(v)),(m)
and applying x1}, to (3), we get
Al(mn) o (sl (v) B (RI(R4)) ) = & 0mn) o ((s1h(Z;") 0 AH (R4 0 wlh (i) & r»{g(v)).(m

(10) then implies
AlmE?) o (((K5(E7) o wlh(E7 P2 0 R (D)) B (A0 0 wlh(E; 1) 0w (0)) )
= wlh(E7H™2 0 A (mP) o (W27 0 R (R4)2 0 k()2 o wfh(F)) B (il (0)™2) WA (D))
AP ) (((5EFY) 0 wh(E7) 0 R R) 0 655(1) ™ o k()
8 (wh(57") 0 wH(0)™ B (sh(E7 )™ 0 R (D)) ).
Applying 15 to (2), we get
Almit ™) o ((#hh(27)™2 0 51(9)) R Alh(Ag 0 v))

(
= i mfp?) o (k)™ & (71 (R4)™2 0 1L (F)) WAT()). (12)
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Therefore ”right multiplication” (using my) of the previous identity by s, (Ag o v) yields
RmE?) o ((Inh(E7) o ki (E7)I® 0 &5 (1) B (Ao 0 k1 (E7) o wh(v) KAl (A0 0))
= &m0 (((Rh(E7") 0 kI (Z7Y) 0 /Ry 0 kI(1) ™ o £l (F))

® (kh(E7") 0w ()™ B (k1 (E7 )2 0 1(7)) B kT (Ag 0 v))

3
= &m0 (((<hE 0 Ké{q,(uf )o R (Ry) 0 fs§3< )™ o n;%,(F))

where the last equality follows from (12).
According to (9), the last term is equal to

wth(Er 1) o im0 (((sBh(E7Y) 0 R (R4) o il ()™ o sl (F) )
X2 —_ X2 —_ — _
& ("Egs(v)) & (”1;2(:}") °© "51112(7))) & ("91112(51")x R (Ry)™ o ”?Q(F)) & "51112(:f)&2 °© Kll_[(‘]))v
which according to (10) is equal to
wlh(E7") o A (miT) o (W (0) ™2 B (RE (R4 )™2 o 3k (F))

® (kT (Z5) 0 wh(0) ™ B (EL(2)™2 0 AT (R4)™2 0wl (F)) B kT (2,)™2 0 (),
which we rewrite as
A mi?) o ((rTh(E7"2 0 s (0)™) B (s (E7)™ o AJ (RS2 0wl (F))
R (+lh()) ™ B (AT (R4)™ o w1} (F)) B AT()).
(11) allows then to rewrite this as
A o (<127 )™2 o k(o)) B kl(0) ™2

R (1 (R 0 k(7)™ o Ik (F)) B (R(R4)™2 o T} (F)) ®&T() ).

We therefore get:

Al o (((W(E7) o L (EF)™ 0 () B (A9 0 1)) = & (mF) o (V2R P nlfU()l

where

where
Fi = &(m@) o (<) 0 kfh(F)) B k1L (F) ).
(5) implies that (13) is rewritten as

Al miE?) o (r1h(E712 0 7(9) B (g 0 v1)) = Al (miT?) o (V2R (R (R4S 0 Fy ) “?“82'

N———
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On the other hand, applying x5 to (2), we get

A i) o ((nTh(E72 0 /() B (A0 0 v)) = Al (miT ™) o ()™ & (RI(R4)™ 0 F) ) 41({)1 i

where

where F} = x5 (F).
The result of uniqueness (up to gauge) for solutions (F, v) €Il (1K1, SXS)* xII (1K1, SK1)*
of equation (2), which was established in [EnH], Lemma 5.3, can be generalized as follows.

Lemma 4.5. The set of pairs (FY,v}) satisfying (14), where F{ €Xl; ¢ (1K1, SK1), vf €llf ¢ (1K1, SKS),
F/ = 1+ degree > 1, v} = 1+ degree > 1, is given by vy = & (my) o (v'l’ X (rI'(R4) o
), &SP (PR AL)ov") ) = &mE D)o (VB2 RFy ), where v" € Ty, p (1, SK),
" =1+ degree > 0.
The proof if parallel to that of [EnH], Lemma 5.3. The computation of the co-Hochschild co-
homology of (U,, {)n>0 is replaced by that of (U, f./ )n>0, Where U fr,, = I ¢ (1K1, (SKS)X"),

and the argument of the vanishing of LBA f(id, 1) is replaced by the vanishing of LBA; (id, 1).
It follows that there exists v €Il s (1K1, SK1), v = 1+ degree > 0, such that

o= #fl(mn) o (v ® (R R ov)). A mE?) o (FRET(A) 0v) = & (m{?) o (V%F&g)‘

The second of these identities is (6).
Let us now prove (7). Right composing (3) with i~', applying xL5, left composing with

k1L (E;l), and right multiplying the resulting identity by 1L (v) using & (mm), we get

R mEY) o (127" 0 /H(R4)) B (RL(EF") o alh(v) B klh(v))

= R o (FL(E7Y) 0 wh(0)) B (sTh(E7") 0 AH(R:) 0 (7)) B aTh (). -

Right composmg (3) by i~*, applying x1}, right composing with k55 (i), and left multiplying
by I<L12(._f ) o k55 (v) using & (mm), we get

Rl m%i” D)o ( wlh(E7 ") o alh(v)) B (k1 (E7 ") o AH(Ry) o sl (i7h) B rlh(v))
Almiy™) o ((m (57" 0 w8 (0)) KAl (0) B (R(Ry) 0 67 0 (7).
(18)
The first identity of (16) is rewritten as
#ll(mn) o ((+1h(E7") o i (v) Rkl (0)) = &l mn) o (slh(v) B (R (R4) 0 v))), o

therefore
Al D) o ((sTh(E7") 0wl (0)) B Ah(0) B (R (R+) 0wl (71) 0 k(7)) ).

( (
= &m0 (k) B (F(Ry) o v) B (RIRy) o b 0 (7). (20)



10 BENJAMIN ENRIQUEZ AND GILLES HALBOUT
Combining (17), (18) and (20), we get:
Al mE) o (L(EF) 0 /E(RL)) B (v1h(F7 ) o wHh(v) B klh(v))
= &l mn) o (k1) B[R Ry 0 &l (ma) o (vE(sBET) 0 k(7))]). (1)

On the other hand, left multiplying (19) by n{lg(E;l) o &Y (Ry) using &l (my), we get

Al o (s1h(E7") 0 AE(RL)) B (k1 (E7") 0 kb (0) B lh(v))
= &m0 (WLET) 0 AT(R)) B Al () B (R (R4) 0 v)). (22)

Right composing (3) by i™*, applying 1% and right multiplying by #I/(R.) o v using &} (m),
we get

RlmE ) o (57 0 A (Ry)) Bl () B (R (R2) 0 v))
= &m0 (k) 8 (F(Ry) 0 £5(71) B (FI(R4) o))

(
= &l (mn) o (wh(0) B [RI(Ry) 0 &ll(ma) o (w7 v )]). (23)

Al (mn) o (kh(0) B [R(Ry) 0 &l (ma) o (vB(k () 0 k(7)) )])
— R?(mn) o (Hlf?,(v) X [R‘{I(RJF) ) /%lf(ma) o (/@%(i*l) X v)])
Since v is invertible for my, and Ry is left invertible, this implies
All(ma) o (vR(rlL(7) 0 nlh (7)) = Allma) o (sl G B V),
ie., (7). O

We define the prop LBA ¢ ¢ by generators u, d, f, f', f”, where u € LBA 51 (A%,id), 6 €
LBA; ¢ g (id, A?), f, f', f" € LBA ¢ s (1,A?) and relations: u, 4, f, f satisfy the relations of
LBAy ¢, and (i, 0, f + f, f") satisfy the relation (4) satisfied by (u, 9, f, f').

Define prop morphisms k;;, : LBAf ¢ — LBAy ¢/ g1, K123 0 (1,0, f, f') —= (11,6, f, f'), K124 :
(M557f7f/) = (M:évaf/ + f”)v K134 - (M)évaf/) = (,uvdmf + f/af”)v K234 - (Uaéafaf/) =
(1.6 + ad(f), f', 1)

Define prop morphisms %;; : LBAy — LBAy; ¢ pv by Ria @ (1,6, f) — (1,9, f), Rig :
(M’(Svf) = (Maévf"_f/)v Rig : (/ia(saf) = (ﬂaéaf+f/+f/,)7 Ka3 : (:uv(saf) = (,u,é—l—ad(f),f’),
Fav: (6, 1) = (o6 +ad(F), f' + 1), s+ (1.6, 1) > (6 + ad(f + ), 1),

Define prop morphisms &; : LBA — LBAy ;v for ¢ = 1,..,4, by R1 : (,9) — (,0),
Ro (1, 0) — (p, 0+ad(f)), ks : (1, 0) — (p, 6+ad(f+f')), Ra : (11,6) — (p, 0+ad(f+f'+ f")).

Then R;; 0 kK1 = Ry, Rij 0 ko = K; (where 1 < ¢ < j <4); we also have k1;; 0 B1 = k1 (where
2 S ) <j S 4), K234 © K1 = K12; O kg = Ifég (Where 1= 3,4), K334 © Ko = K123 © /?63 = /fég (Where
1= 1,2), Kijaokg = R4 (Where 1<i<y < 3); finally k19;0Kk12 = R12 (’L = 3,4), K1i40K13 = K14
(i =2,3), Kiga 0 ko3 = Raq (i = 1,2), K134 0 K12 = K123 0 K13 = K13, K234 O K12 = K123 O K23 = K23,
K234 O K13 = K124 O K23 = Ka4.

Theorem 4.6.

R1(ma) o (Kisa(v) B RY55(v)) = Ri(ma) o (kisa(v) B (F15(71) 0 mdaa(v))). (24)
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Proof. Applying k15, to (6), we get
R ( & 2)) (/{14(F)&/@134(A OV)) = Ell-[( & 2)) (’111-134(")&2&(R13(171)®20R34(F))@R%(F))-
Using the fact that &!5(F) = k15 o k15 (F) and the image of (6) by xlL;, we get
Fa(mD) o (RE(F) B (7 (Aa) 0 #lha(v) B (F(A0) 0 13 (1))
= Ra(m®2) o (1w ()2 8 (G720 R (F)) Bl (V)

Applying kb to (7), we get i) (ma) o (R (T Rkl (v)) = Y (ma) o (Kihs(v) R (R (i) o

Ros(i71))), which implies that
RmE) o (RE(F) B (F(Aa) o 1)) (25)
= Ra(m{?) o (vim R(RT (7)™ 0 &)™ o REL(F)) B (R o R (F)) RADL(F)),
where v = m( ) o (ks (v) K rihs(v)).

Applying k1L, to (6), we get
A (ma)®2 o (REL(F) B (7 (Aa) 0 #1ha(1))) = & () 0 (1 (vV2) B (Rra (i)™ o fpa(F)) B fra(F

and applying x5, to the same identity, we get

Egl(mgz’m)o(R24(F)@(f:€zn(Aa)OK12134(V))> = Ry (m{>?)o (@34(\;@2)&(@3(1*1)@0,@34(1?))&@23(1«“)),
Since Ra(my) = Ria(i) 0 R1(ma) o (R12(1)2?) 71, we get

R ) o (Raz (7)™ 0 faa(F)) B (Rrai ™)™ 0 7 (A) 0 k(1))

= R ) o (Rua(i7)™2 0 klhy (v¥2) B (Raa (7)™ 0 foag (7)™ 0 Figa (F) B (Raz(i7) ™2 0 e (F)) )

b
Right multiplying this identity by 12(F) using &1 (mg), and using &} (mg) o ([Ri%G
R

—1)IZI2 o
Ry (Ag)] R ’ﬁz(F)) 1 (ma) (H%(F) R [R) (Aq) 0 BIL (1)), we get
(3 2) ( 014324( ) &/ﬁg (E O’flfg( 1) 0’435[34(")))
= Al(m{+) o (< i) 0k, (V)2 B

(’512(1_1)m 0 fin (i7)"% 0 534(F)) R (R12(i7")™? 0 gy (F)) ® '_‘@1112(1?))'
Right multiplying (26) by &1 (A4) 0 &1L (i71) o k1%, (v) using &y (m,), we then get
R (m®2) o (R ()R (7 (Ad) 0 v2)) (27)
=R (m{) o (V;m g(’%11-12(171)@ o Rgy (i)™ o Ry(F)) X (’5{[2(171)&2 o Ry (F)) K ’?511-[2(1?))7

where vy = F1(me”") o (sfh(v) B (R, () 0wl (1))
There exists a unique w € IIy ¢ p» (1K1, SK1), of the form w = 1 + degree > 0, such that
v1 = Ry (mg) o (wRvy). Then (25) and (27) imply that

A mi2D) o (REL(F) B (7 (A4) 0 w)) = R (m2) o (w2 R (F)),

ie., w = Ri4(i) o w satisfies (w/)¥2 = Ry(A,) o w'.
Identity (24) now follows from:
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Proposition 4.7. If x €Xl; ¢ ;v (1K1, SK1) is of the form X = 1+ degree > 0 and if 22 =
Ra(Ag) oz, then x = 1.

Proof of Proposition. LBAj ¢ ¢ is equipped with a prop automorphism ¢, where :* = id,
uniquely defined my (u,d, f, f', /') — (w,0 +ad(f+ f + f"),—f",—f',—f). Then toky = k1.
Set y := J(z), then &1 (y) = y™2.

The prop LBA s/ ;v is equipped with a degree, such that deg(p) = 0 and deg(d) = deg(f) =
deg(f’) = deg(f"”) = 1. We then decompose y = 1 + y; + ... for this degree. Assume that
we showed y1 = ... = yp,—1 = 0. We then get: y, X1+ 1Xy, = the degree n part of
E?(Aa) 0 Yp, i.e., = Ag o yn. According to the computation of the co-Hochschild cohomology
of the complex S®Y — § — §%2 — . of Schur functors, we get y,, € Il ¢ pr(1X1,idX1) C
Hf7f/7f// (l@l, Sgl)

The degree n + 1 part of the equation E?(Aa) oy = 4™ then yields (degree n + 1 part of
AgoYpy1 + E?(Aa) 0Yn) = Yn+1 X1+ 1Xy,11. Antisymmetrizing, we get 6 o y,, = 0.

We then show:

Lemma 4.8. The map LBA¢ ¢ ¢+(1,id) — LBA ¢ ¢4 (1,A%), y — d oy is injective.

Proof of Lemma. As in [EnH|, we will construct a retraction of this map. As in [EnH],
one shows that LBAy ¢ s (F,G) is the cokernel of LBA(C ® D ® F,G) — LBA(C ® F,G),
x — xo([(ide Wp) o Ac]Kidr) where C = S(N2 B A2 D A%), D=3 A3 BN Ag: C — %2
is induced by the coalgebra structure of S, and p € LBA(C, D) = @y>0 LBA(S¥ o (A2 ® A2 @
A?), A3 @ A3 @ A3) has nonzero components for k = 1,2 only; the & = 1, this component
specializes to A3(a)®3 — A3(a)®3,

(fas f;» fc/;,) = ((0a ®ida)(fa) +c. D, (00 ® ida)(fc/() +c.p., (0a ® ida)(fc/[/) +c.p.),
where c.p. means cyclic permutation, and for k = 2 is specializes to S?(A3(a)®3) — A3(a)®3,
(fas far F)E2 = (UF2 f0 + copn [f2 22 + F21 + [fa2 2] + eps
[ 12 + f/12 113 4 f//23] + [ 112 //13] +c.p )

a a rJa a a a N A

Since left and right compositions commute, we have a commutative diagram,

LBA(C ® D,id) °S LBA(C ® D, A?)

l l
LBA(C,id) °5  LBA(C,A?)
whose vertical cokernel is the map LBA ¢ ¢ (1,id) — LBA ¢ 4 (1,A%), y — o y.
For any Schur functor A, we will construct a retraction r4 : LBA(A, A?) — LBA(A,id) of
the map LBA(A,id) — LBA(A, A?), such that the diagram

LBA(C ® D,A?) "“3” LBA(C ® D,id)
! ! (28)
LBA(C, A?%) St LBA(C,id)
commutes. The vertical cokernel of this map is then the desired retraction.

We have LBA(A,id) = ®zemrsen) LCA(A, Z) ® LA(Z,id). As in [EnH], one shows that
LCA(Z,id ® Z) is 1-dimensional, and one constructs an element éz € LCA(Z,id ® Z), such
that the component (Z', Z") = (id, Z) of the map LA(Z,id) °> LBA(Z, A%) C LBA(Z,id®?) ~
®z zretmsen) LCA(Z,Z' ® Z") @ LA(Z',id) @ LA(Z",id) is A = 0z ® idig ® .

It follows that the component Z +— (Z',Z") = (id, Z) of the map ©zenr(scn) LCA(A, Z) ®
LA(Z,id) ~ LBA(A,id) U LBA(A, A%) C LBA(A,id®?) ~ ® 2 zrerrsen) LCA(A, Z' ® Z") ®
LA(Z',id) @ LA(Z",id) is k@ A — (A0 0z) ® idjqa ®k.
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Dually to [EnH], we construct a retraction of the map A — Ao dy; it gives rise to the section
r4. One then proves the commutativity of (28) as in [EnH].

This ends the proof of the lemma, and therefore also of Proposition 4.7 and Theorem 4.6.

O

We now draw the consequences of the results of the previous Subsection for the quantization
of twists of Lie bialgebras.

Let a = (a,uq,dq) be a Lie bialgebra. Its quantization is Q(a) = (S(a)[[h]], m(a), A(a)),
where m(a) := mg(ta, R0q), A(a) := Ay(tq, idq). We set F(a, fo) := F(pa, iq, iifa), i(a, fq) :=
i(fa, idq, fifq).

Then F(a, o) € Q(a)®2 and i(a, fa) : Q(a) — Q(ay,) are such that

m(ag,) = i(a, fa) om(a) o (ia, fa)**) 7", Alay,) =i(a, fa)¥? 0 Ad(F(a, fa)) 0 A(a) oi(a, fa) 7",

(F(a, fa) @ 1) * (A(a) @id)(F(a, fa)) = (1 @ F(a, fa)) * (id®@A(a))(F(a, fa))
(where the product m(a) is denoted ).
Assume that f! is a twist of as,. Then Theorem 4.4 implies that v(a, fq, f2) := v(ta, Ada, ifa, BfL)
satisfies

F(a, fo+ fo) = v(a, fa, f0) 92 (i(a, £a)**) 7' (Flay,, f2) * F(a, fa) * Ala) (v(a, fa, fa) 7
i(a, fa + fo) =ilay,, fa) o i(a, fa) 0 Ad(v(a, fa, fo) )

(in both equalities, m(a) in understood; it is denoted * in the first equality).
Finally, Theorem 4.6 implies that if f is a twist of ay, 4, then

v(a, fo + f(lla é/) *v(a, fﬂ?fcll) = v(a, faaf; + fcll/) *i(a, fa)_l(v(afuaf(;7 (;/))'

5. QUANTIZATION OF I'-LIE BIALGEBRAS

5.1. Assume that (a,6, f) is a I'-Lie bialgebra. We construct its quantization as follows. Set
A= S(a) @ kL[[A]]. We set [z]7] i=2 @7, [z@2|7,7] = (2@7) @ (' @) € A®2
There are unique linear maps m : A%®? — A and A : A — A%®2, such that

m: [zy]a’ ] = [wxi(a, £,) N0y (27) * v(a, fr, A2(04)(F3) 7 ]

A s [w] = [Aa) (@) = F(a, £,) 7y,
The unit for A is [1|e], and the counit is the map [z|y] — J, ce(z) (recall that * denotes the
product m(a) on S(a)[[h]] or its tensor square).

Proposition 5.1. This defines a bialgebra structure on A, quantizing the co-Poisson bialgebra
structure induced by (a,0, f).

Proof. This follows from the above relations on twists. O

5.2. Propic version. The quantization of I'-Lie bialgebras has a propic version, which we
now describe.

Define LAr as the prop with generators y € LA(A?,id) and 6, € LA(id, id)*, and relations:
Jacobi identity on p, I' — LAr(id,id)*, v — 6, is a group morphism, and A*(6,) oo " = p.

Define LBAr as the prop with generators p € LBArp(A%,id), § € LBAr(id,A?), 0., €
LBAr(id,id) and f, € LBA(1,A?), and relations: (u,d) satisfy the relations of the prop
LBA, (i, (6+), (fy)~) satisfy the relations of LAp; for each v € T, (p, 6, f) satisfy the defin-
ing relations of LBA¢, as well as A%(6,) 0§ o 9;1 = 0 + ad(f,), and for each pair ,7" € T,
vy = fy + /\2(97) o for.

Define the prop Bialgp of I'-bialgebras as follows. When I' is finite, in addition to the
generators m, A, ¢, n of Bialg, it has generators e, € Bialgp(id, id), and the additional relations
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are 3 cp ey = idid, €y 0ey = dyyey, mo(eyKey) = eyprom, Aoey = e§2 0, ey 0n = 0y,
€0 €y = 0.

In general, Bialgr is defined as follows. If S is a set, define Schg as the category of polynomial
Schur functors Vect® — V of the form (Vi)ses = @z yMz,) ® (RsesZs(Vs)), where Z are
almost all 1 (the unit Schur functor 1(V) = k). Then Schg is a symmetric tensor category.
We define a S-prop as a symmetric tensor category P together with a natural transformation
Schg — P, which is the identity on objects. A S-prop may be defined by generators and
relations. Then Bialg ) is the I'-prop defined by generators m. ,/ € Bialg(F)(idW X id;, idy.)
A, € Bialg(r)(idv,idgz) € € Bialg(ide, 1), 7 € Bialg)(1,id.), and the relations derived
from the finite case. The diagonal embedding Vect — Vect® gives rise to a functor A : Sch —
Schg, and we set Bialgp(F, G) := Bialg ) (A(F), A(G)).

Then any EK quantization functor gives rise to a prop morphism Bialgr — S(LBAr)" with
suitable classical limit properties. A group morphism I' — T" gives rise to a commutative
diagram

Bialgr — S(LBAp)'
I L
Bialgr, — S(LBAp/)f

We have therefore a quantization functor {group Lie bialgebras} — {quasicocommutative group
bialgebras} (where both sides are full subcategories of {co-Poisson cocomutative bialgebras} and
{quasicocommutative bialgebras}).

5.3. Quantization of quasitriangular I'-Lie bialgebras. We defined a quasitriangular I'-
Lie bialgebra as a triple (a,7q,6,), where (a,r4) be a quasitriangular Lie bialgebra (i.e., (
re € a®? satisfies the classical Yang-Baxter identity, and t, := 74 + r2! is a-invariant), and
0y : T — Aut(a,ty) be an action of I' by Lie algebra automorphisms of a, preserving ¢,. It gives
rise to a I-Lie bialgebra, with d(z) = [r,z' + 2%] and f, := 0$*(ra) — 74.

In that case a quantization can be constructed directly: we set A = U(a) x I'[[A]], the
product is undeformed, and the coproduct is A(x) = J(Arq)Ag(x) J(Ary) =t (Ag is the standard
coproduct).

Denote by qtp the prop of quasitriangular I'-Lie bialgebras, and by qtr its completion. We
have a natural prop morphism LBAr — qtp. We claim that the prop morphisms Bialgp, —
S(qtp)' (the above direct construction) and the composed morphism Bialg — S(LBAp)" —
S(qtp)! are equivalent (i.e., can be obtained from each other using an inner automorphism of
S(ate)").

This is a consequence of the following statement on twists. Let (a,r,) be a quasitriangular
Lie bialgebra and let f, € A%(a) be a twist. According to [EK], there exists an invertible
j(a,7q) : U(a)[[R]] — S(a)[[A]], such that m(a) = j(a,7q)omoo (j(a,74)®?) "L, Ala) = j(a,74)®%0
Ad(J(hrq))oAgoj(a,rq) L. Then one proves that j(a, 74+ fa) = i(a, fa)oj(a,74)oAd(v(a,re) 1),
and J(a,7q + fa) = (v(a,74) @ v(a,7q)) * (j(a,74)%?) "1 (F(a, fa)) * J(a,7q) * Ag(v(a,74)) ! (here
* is the undeformed product on U(a)®?[[A]]).

5.4. Open questions. Let a be a simple Lie algebra and let W be its extended Weyl group.
One expects that the only possible quantization of U(a) x W is the Majid-Soibelman algebra of
a. When a is a Mac-Moody Lie algebra, one expects that if Q is any EK quantization functor,
then Q(a, W) is the Majid-Soibelman algebra of a.

Both statements are analogues of well-known results [Dr, EK6].
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