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ABSTRACT. Let R be an integral domain, let A€ R\{0} be such that R/AR is a field, and H.A
the category of torsionless (or flat) Hopf algebras over R. We call H € HA a “quantized func-
tion algebra” (=QFA), resp. “quantized restricted universal enveloping algebras” (=QrUEA),
at h if H/hH is the function algebra of a connected Poisson group, resp. the (restricted, if
R/FLR has positive characteristic) universal enveloping algebra of a (restricted) Lie bialgebra.

We establish an “inner” Galois correspondence on H.A, via the definition of two endo-
functors, ( )V and ( )/, of H.A such that: (a) the image of ( )V, resp. of ( )/, is the full
subcategory of all QrUEAs, resp. QFAs, at k; (b) if p:= C’har(R/hR) = 0, the restrictions
( >V|QFAS and ( y‘QrUEAs yield equivalences inverse to each other; (¢) if p = 0, starting
from a QFA over a Poisson group G, resp. from a QrUEA over a Lie bialgebra g, the functor
()Y, resp. (), gives a QrUEA, resp. a QFA, over the dual Lie bialgebra, resp. a dual Poisson
group. In particular, (a) yields a machine to produce quantum groups of both types (either
QFAs or QrUEASs), (b) gives a characterization of them among objects of H.A, and (¢) gives
a “global” version of the so-called “quantum duality principle” (after Drinfeld’s, cf. [Dr]).

We then apply our result to Hopf algebras of the form k[h] @ H where H is a Hopf alge-
bra over the field k: this yields quantum groups, hence “classical” geometrical symmetries of
Poisson type (Poisson groups or Lie bialgebras, via specialization) associated to the “gener-
alized” symmetry encoded by H. Both our main result and the above mentioned application
are illustrated by means of several examples, which are studied in some detail.

“Dualitas dualitatum
et omnia dualitas”

N. Barbecue, “Scholia”
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Introduction

The most general notion of “symmetry” in mathematics is encoded in the notion of Hopf
algebra. Among Hopf algebras H over a field, the commutative and the cocommutative
ones encode “geometrical” symmetries, in that they correspond, under some technical con-
ditions, to algebraic groups and to (restricted, if the ground field has positive characteristic)
Lie algebras respectively: in the first case H is the algebra F[G] of regular functions over
an algebraic group G, whereas in the second case it is the (restricted) universal envelop-
ing algebra U(g) (u(g) in the restricted case) of a (restricted) Lie algebra g. A popular
generalization of these two types of “geometrical symmetry” is given by quantum groups:
roughly, these are Hopf algebras H depending on a parameter /i such that setting h = 0
the Hopf algebra one gets is either of the type F[G] — hence H is a quantized function
algebra, in short QFA — or of the type U(g) or u(g) (according to the characteristic of
the ground field) — hence H is a quantized (restricted) universal enveloping algebra, in
short QrUEA. When a QFA exists whose specialization (i.e. its “value” at i =0) is F[G],
the group G inherits from this “quantization” a Poisson bracket, which makes it a Poisson
(algebraic) group; similarly, if a QrUEA exists whose specialization is U(g) or u(g), the
(restricted) Lie algebra g inherits a Lie cobracket which makes it a Lie bialgebra. Then by
Poisson group theory one has Poisson groups G* dual to G and a Lie bialgebra g* dual to
g, so other geometrical symmetries are related to the initial ones.

The dependence of a Hopf algebra on & can be described as saying that it is defined over
aring R and h € R: so one is lead to dwell upon the category H.A of Hopf R—algebras
(maybe with some further conditions), and then raises three basic questions:

— (1) How can we produce quantum groups?

— (2) How can we characterize quantum groups (of either kind) within HA?

— (3) What kind of relationship, if any, does exist between quantum groups over
mutually dual Poisson groups, or mutually dual Lie bialgebras?
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A first answer to question (1) and (3) together is given, in characteristic zero, by the
so-called “quantum duality principle”, known in literature with at least two formulations.
One claims that quantum function algebras associated to dual Poisson groups can be taken
to be dual — in the Hopf sense — to each other; and similarly for quantum enveloping
algebras (cf. [FRT1] and [Se]). The second one, formulated by Drinfeld in local terms
(i.e., using formal groups, rather than algebraic groups, and complete topological Hopf
algebras; cf. [Dr], §7, and see [Gad] for a proof), gives a recipe to get, out of a QFA over
G, a QrUEA over g*, and, conversely, to get a QFA over G* out of a QrUEA over g.
More precisely, Drinfeld defines two functors, inverse to each other, from the category of
quantized universal enveloping algebras (in his sense) to the category of quantum formal
series Hopf algebras (his analogue of QFAs) and viceversa, such that Ux(g) — Fr[[G*]]
and F3[[G]] — Ux(g*) (in his notation, where the subscript / stands as a reminder for
“quantized” and the double square brackets stand for “formal series Hopf algebra”).

In this paper we establish a global version of the quantum duality principle which gives
a complete answer to questions (1) through (3). The idea is to push as far as possible
Drinfeld’s original method so to apply it to the category H.A of all Hopf algebras which are
torsion-free — or flat, if one prefers this narrower setup — modules over some (integral)
domain, say R, and to do it for each non-zero element h in R such that R / h R be a field.

To be precise, we extend Drinfeld’s recipe so to define functors from H.A to itself. We
show that the image of these “generalized” Drinfeld’s functors is contained in a category of
quantum groups — one gives QFAs, the other QrUEAs — so we answer question (1). Then,
in the characteristic zero case, we prove that when restricted to quantum groups these func-
tors yield equivalences inverse to each other. Moreover, we show that these equivalences ex-
change the types of quantum group (switching QFA with QrUEA) and the underlying Pois-
son symmetries (interchanging G or g with G* or g*), thus solving (3). Other details enter
the picture to show that these functors endow H.A4 with sort of a (inner) “Galois correspon-
dence”, in which QFAs on one side and QrUEAs on the other side are the subcategories (in
HA) of “fixed points” for the composition of both Drinfeld’s functors (in the suitable order):
in particular, this answers question (2). It is worth stressing that, since our “Drinfeld’s
functors” are defined for each non-trivial point (k) of Spec a4, (R), for any such (k) and for
any H in HA they yield two quantum groups, namely a QFA and a QrUEA, w.r.t. h itself.
Thus we have a method to get, out of any single H € ‘HA, several quantum groups.

Therefore the “global” in the title is meant in several respects: geometrically, we con-
sider global objects (Poisson groups rather than Poisson formal groups, as in Drinfeld’s
approach); algebraically we consider quantum groups over any domain R, so there may
be several different “semiclassical limits” (=specializations) to consider, one for each non-
trivial point of type (k) in the maximal spectrum of R (while Drinfeld has R = k[[A]] so
one can specialise only at i = 0); more generally, our recipe applies to any Hopf algebra,
i.e. not only to quantum groups; finally, most of our results are characteristic-free, i.e. they
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hold not only in characteristic zero (as in Drinfeld’s case) but also in positive characteris-
tic. Furthermore, this “global version” of the quantum duality principle opens the way to
formulate a “quantum duality principle for subgroups and homogeneous spaces”, see [CG].

A key, long-ranging application of our global quantum duality principle (GQDP) is the
following. Take as R the polynomial ring R = k[i], where k is a field: then for any
Hopf algebra over k we have that H[h| := R ®x H is a torsion-free Hopf R-algebra,
hence we can apply Drinfeld’s functors to it. The outcome of this procedure is the crystal
duality principle (CDP), whose statement strictly resembles that of the GQDP: now Hopf
k—algebras are looked at instead of torsionless Hopf R—algebras, and quantum groups are
replaced by Hopf algebras with canonical filtrations such that the associated graded Hopf
algebra is either commutative or cocommutative. Correspondingly, we have a method to
associate to H a Poisson group G and a Lie bialgebra ¢ such that G is an affine space (as
an algebraic variety) and £ is graded (as a Lie algebra); in both cases, the “geometrical”
Hopf algebra can be attained — roughly — through a continuous 1-parameter deformation
process. This result can also be formulated in purely classical — i.e. “non-quantum” —
terms and proved by purely classical means. However, the approach via the GQDP also
yields further possibilities to deform H into other Hopf algebras of geometrical type, which
is out of reach of any classical approach.

The paper is organized as follows. In §1 we fix notation and terminology, while §2
is devoted to define Drinfeld’s functors and state our main result, the GQDP (Theorem
2.2). In §3 we extend Drinfeld’s functors to a broader framework, that of (co)augmented
(co)algebras, and study their properties in general. §4 instead is devoted to the analysis of
the effect of such functors on quantum groups, and prove Theorem 2.2, i.e. the GQDP. In
§5 we explain the CDP, which is deduced as an application of the CDP to trivial deforma-
tions of Hopf k—algebras: in particular, we study in detail the case of group algebras. In
the last part of the paper we illustrate our results by studying in full detail several relevant
examples. First we dwell upon some well-known quantum groups: the standard quantiza-
tion of the Kostant-Kirillov structure on a Lie algebra (§6), the standard Drinfeld-Jimbo
quantization of semisimple groups (§7), the quantization of the Euclidean group (§8) and
the quantization of the Heisenberg group (§9). Then we study a key example of non-
commutative, non-cocommutative Hopf algebra — a non-commutative version of the Hopf
algebra of formal diffeomorphisms — as a nice application of the CDP (§10).

Warning: this paper is not meant for publication! The results presented here will be
published in separate articles; therefore, any reader willing to quote anything from the
present preprint is kindly invited to ask the author for the precise reference(s).
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§ 1 Notation and terminology

1.1 The classical setting. Let k be a fixed field of any characteristic. We call
“algebraic group” the maximal spectrum G associated to any commutative Hopf k—algebra
H (in particular, we deal with proaffine as well as affine algebraic groups); then H is called
the algebra of regular function on G, denoted with F'[G]|. We say that G is connected if
F[G] has no non-trivial idempotents; this is equivalent to the classical topological notion
when F[G] is of finite type, i.e. dim(G) is finite.

If G is an algebraic group, we denote by m, the defining ideal of the unit element e € GG
(it is the augmentation ideal of F[G]); the cotangent space of G at e is g* := me/mez,

which is naturally a Lie coalgebra. The tangent space of GG at e is the dual space g := (gX ) ’
to g*: this is a Lie algebra, which coincides with the set of all left-(or right-)invariant
derivations of F[G]. By U(g) we mean the universal enveloping algebra of g: it is a
connected cocommutative Hopf algebra, and there is a natural Hopf pairing (see §1.2(a))
between F[G] and U(g). If Char(k) = p > 0, then g is a restricted Lie algebra, and
u(g) := U(g)/({ xP — P ‘ x €g}) is the restricted universal enveloping algebra of g. In
the sequel, to unify notation and terminology, when Char(k) = 0 we shall call any Lie

algebra g “restricted”, and its “restricted universal enveloping algebra” will be U(g), and
we shall write U(g) := U(g) if Char(k) =0 and U(g) := u(g) if Char(k) > 0.

We shall also consider Hyp(G) := (F[G]°)_ = {f € F[G]° | f(mo) =0Vn 20},
i.e. the connected component of the Hopf algebra F[G]° dual to F[G], which is called
the hyperalgebra of G. By construction Hyp (G) is a connected Hopf algebra, containing
g = Lie(G); if Char(k) =0 one has Hyp(G) = U(g), whereas if Char(k) > 0 one has
a sequence of Hopf algebra morphisms U(g) — u(g) —— Hyp(G) . In any case, there
exists a natural perfect (= non-degenerate) Hopf pairing between F[G] and Hyp (G).

Now assume G is a Poisson group (for this and other notions hereafter see, e.g., [CP],
but within an algebraic geometry setting): then F[G] is a Poisson Hopf algebra, and its
Poisson bracket induces on g* a Lie bracket which makes it into a Lie bialgebra, and so
U(g*) and U(g*) are co-Poisson Hopf algebras too. On the other hand, g turns into a
Lie bialgebra — maybe in topological sense, if G is infinite dimensional — and U(g) and
U(g) are (maybe topological) co-Poisson Hopf algebras. The Hopf pairing above between
F[G] and U(g) then is compatible with these additional co-Poisson and Poisson structures.
Similarly, Hyp (G) is a co-Poisson Hopf algebra as well and the Hopf pairing between F'[G]
and Hyp (G) is compatible with the additional structures. Moreover, the perfect (=non-
degenerate) pairing g x g* — k given by evaluation is compatible with the Lie bialgebra
structure on either side (see §1.2(b)): so g and g* are Lie bialgebras dual to each other.
In the sequel, we denote by G* any connected algebraic Poisson group with g as cotangent
Lie bialgebra, and say it is dual to G'.
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Let H be a Hopf algebra over an integral domain D . We call H a “function algebra”
(FA in short) if it is commutative, with no non-trivial idempotents, and such that, if
p := Char(k) > 0, then n? = 0 for all n in the kernel of the counit of H. If D is
a field, an FA is the algebra of regular functions of an algebraic group-scheme over D
which is connected and, if Char (k) > 0, is zero-dimensional of height 1; conversely, if G
is such a group-scheme then F[G] has these properties. Instead, we call H a “restricted
universal enveloping algebra” (=rUEA) if it is cocommutative, connected, and generated
by its primitive part. If D is a field, an rUEA is the restricted universal enveloping algebra
of some (restricted) Lie algebra over D; conversely, if g is such a Lie algebra, then U(g)
has these properties (see, e.g., [Mo], Theorem 5.6.5, and references therein).

For the Hopf operations in any Hopf algebra we shall use standard notation, as in [Ab].

Definition 1.2.

(a) Let H, K be Hopf algebras (in any category). A pairing ( , ): Hx K —— R
(where R is the ground ring) is a Hopf (algebra) pairing if (z,y1-y2) = (A(z), y1@ys) :=
Dy (T y) (T y) s (71 T2,y) = (21 @ 22,Ay)) = X (T1,9)) - (T2, ¥(2)) »
(@, 1) = e(z), (Ly)=e(y), (S@),y) = (&, 5@)), for all &,71,2 € H, y,u1,2 € K.

(b) Let g, b be Lie bialgebras (in any category). A pairing ( , ): gxh ——k (where
k is the ground ring) is called a Lie bialgebra pairing if (x,[y1,y2]) = (6(x),y1 @ y2) :=
Z[I] <zz:[1],y1> : <x[2],y2> ) <[331,SC2]7?J> = <331 ® $2,5(y)> = E[y] <a:1,y[1]> : <$2,y[2]>7 for
all z,x1,x2 € g and y,y1,y2 € b, with 6(x) = Z[I] T @9 and 6(y) = Z[I] Y @Y -

1.3 The quantum setting. Let R be a (integral) domain, and let F' = F(R) be
its quotient field. Denote by M the category of torsion-free R—modules, and by HA the
category of all Hopf algebras in M ; note that flat modules form a full subcategory of
M. Let Mg be the category of F—vector spaces, and HAr be the category of all Hopf
algebras in Mp. For any M € M, set Mp := F(R) ® g M. Scalar extension gives a
functor M — Mg, M — Mg, which restricts to a functor HA — HAr as well.

Let h € R be a non-zero element (which will be fixed throughout), and let k := R/(h) =

R/hR be the quotient ring. For any R—-module M, we set Mh‘h = M/hM =k®gr M:
=0
this is a k-module (via scalar restriction R — R / h R =: k), which we call the specialization

of M at h = 0; we use also notation M =0 N to mean shortly that Mh‘ ~ M.
h=0

Moreover, set M, = :i% R™M (this is the closure of {0} in the h-adic topology of M).

€ Ar—
For any HeHA, let I, ::Ker(H—» R—0»]1<> and set [;°:= ::6 L.

Finally, given H in HAF, a subset H of H is called an R-integer form (or simply an
R-form) of H iff H is a Hopf R-subalgebra of H (so H is torsion-free as an R-module,
hence H € HA) and Hp := F(R)®r H = H.

We are now ready to introduce the notion of “quantum group”.
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Definition 1.4. (“Global quantum groups” [or “algebras”]) Let R, h€ R\{0} be as in §1.3.
(a) We call quantized restricted universal enveloping algebra (in short, QrUEA) (at h)
any Uy, € HA such that L{h‘h:():: Uh/huh is (isomorphic to) an rUEA.
We call QrUEA the full subcategory of HA whose objects are all the QrUEAs (at h).
(b) We call quantized function algebra (in short, QFA) (at h) any F}, € HA such that
(Fr)y = In>° (notation of §1.3)" and Fh}h:o:: Fy/hFy is (isomorphic to) an FA.
We call QFA the full subcategory of HA whose objects are all the QFAs (at h).

Remark 1.5: If U is a QrUEA (at i, that is w.r.t. to i) then U is a co-Poisson
Hopf algebra, w.r.t. the Poisson cobracket ¢ defined as follows: if x € Uh‘ heo and x' €Uy
gives = 2’ mod Uy, then é(z) := (h~! (A(2') — A°P(2"))) mod ki (U @ Up). If
k := R/AR is a field, then uh‘h:() >~ U(g) for some Lie algebra g, and by [Dr], §3, the
restriction of § makes g into a Lie bialgebra (the isomorphism Uy,

‘h:O

‘h:o =~ U(g) being one
of co-Poisson Hopf algebras); in this case we write U = Ux(g) .

Similarly, if Fj is a QFA at h, then Fh}h:o
bracket { , } defined as follows: if x, y € Fﬁ}hzo and 2,y € Fp give x =2’ mod h Fj,
y =y mod hFy, then {z,y} := (h"'(2’y’ — y'2')) mod hFy. Therefore , if k :=
R/hR is a field, then Fh}h:o

isomorphism being one of Poisson Hopf algebras): in this case we write Fj = Fj[G].

is a Poisson Hopf algebra, w.r.t. the Poisson

= F[G] for some connected Poisson algebraic group G (the

Definition 1.6.

(a) Let R be any (integral) domain, and let F' be its field of fractions. Given two F—
modules A, B, and an F-bilinear pairing A x B — F', for any R—submodule A C A and
B CB we set A* ::{bEB’<A,b>§R} and B°® ::{aEA’<a,B>§R}.

(b) Let R be a domain. Given H, K € HA, we say that H and K are dual to each
other if there exists a perfect Hopf pairing between them for which H = K* and K = H®.

§ 2 The global quantum duality principle

2.1 Drinfeld’s functors. (Cf. [Dr], §7) Let R, HA and h € R be as in §1.3. For any
HeMA, let I =1, = Ker(H - R—"% R/WR = k) = Ker(H > H/h H > k)
(as in §1.3), a maximal Hopf ideal of H (where € is the counit of H ‘h:o’ and the two
composed maps clearly coincide): we define

HY = ano R = ano (h_ll)n = UnZO (h_ll)n (QHF) :
If J=Jy:=Ker(e) then I =J+h-1,,s0 H' =3 S h7"J" =3 -, (ﬁ‘lJ)n too.

I This requirement turns out to be a natural one, see Theorem 3.8.
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Given any Hopf algebra H, for every n € N define A™:H — H®" by A? := ¢,
Al :=idy, and A" := (A ® idg(”_z)) o A"~ if n > 2. For any ordered subset ¥ =
{iy,...,ix} € {1,...,n} with 41 < --- < i}, define the morphism j, : H®" — H®"
by js(a1 ® - ®ag) = b ®---®b, with b, := 1 1if i ¢ ¥ and b;, = a,, for
1 <m < k;then set Ay = jyo AP, Ay = A% and by = Sy es (—1)" %Ay,
dg := €. By the inclusion-exclusion principle, this definition admits the inverse formula
Ay =Y ycx 0w . We shall also use the notation g := &y, 0, := 6412,... n} , and the useful
formula d, = (idy — €)™ 0 A", for all n € N .

Now consider any H € HA and h € R asin §1.3: we define

H = {a€H|b,(a) e"H®", VneN} (CH).

Theorem 2.2. (“The Global Quantum Duality Principle”) Assume k:=R/hR is a field.

(a) The assignment H — HY , resp. H — H', defines a functor ()": HA — HA,
resp. ():HA — HA, whose image lies in QrUEA, resp. in QFA. Moreover, for
all H € HA we have H C (HV), and H D (H’)V, hence also HY = ((HV)/)V and
H = ((H’)V),. Finally, if H € HA s flat, then H" and H' are flat as well.

(b) Assume that Char(k) =0. Then for any H € HA

H=(H") —= HeQFA and H=(H) < HeQrUEA ;

thus we have two induced equivalences, namely ( )v: QFA —— QrUEA, H — HY,
and ()': QrUEA ——— QFA, H s H', which are inverse to each other.

(¢) (“Quantum Duality Principle”) Assume that Char (k) =0. Then

= RlG)Y /ARG = Ue*), Unlg)| :=Un@)' /nUn(a) = F[G"]

(with G, g, g, ¢ and G* as in §1.1, and Ux(g) has the obvious meaning, cf. §1.5) where

FplG]Y

h=0 h=0

the choice of the group G* — among all the connected Poisson algebraic groups with tangent
Lie bialgebra g* — depends on the choice of the QrUEA Uy(g). In other words, Fu[G]"
is a QrUEA for the Lie bialgebra g*, and Uy(g) is a QFA for the Poisson group G*.
(d) Let Char(k) =0. Let F, € QFA, Up € QrUEA be dual to each other (with respect
to some pairing). Then Fy' and Uy’ are dual to each other (w.r.t. the same pairing).
(e) Let Char(k) =0. Then for all HH € HAp the following are equivalent:
H has an R—integer form H gy which is a QFA at h;
H has an R—integer form H,y which is a QrUEA at h.

Remarks 2.3: after stating our main theorem, some comments are in order.

(a) The Global Quantum Duality Principle as a “Galois correspondence” type theorem.
Let L C E be a Galois (not necessarily finite) field extension, and let G := Gal(E/L) be
its Galois group. Let F be the set of intermediate extensions (i.e. all fields F' such that
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LCF CE), let S be the set of all subgroups of G and let §¢ be the set of all subgroups
of GG which are closed w.r.t. the Krull topology of G. Note that F, & and §° can all be
seen as lattices w.r.t. set-theoretical inclusion — S§¢ being a sublattice of S — hence as
categories too. The celebrated Galois Theorem yields two maps, namely &: F — S,
F Ga(E/F) :={yeG|y|,=idp},and ¥:§ — F, H — E¥ .= {e €
E|n(e)=e VYne H},such that:

— 1) @ and ¥ are contravariant functors (that is, they are order-reversing maps of
lattices, i.e. lattice antimorphisms); moreover, the image of @ lies in the subcategory S¢;

— 2) for H € S one has ¢(¥(H)) = H, the closure of H w.r.t. the Krull topology:
thus H C #(¥(H)), and $oW¥ is a closure operator, so that H € 8¢ iff H = ¢(¥(H));

— 8) for F € F one has ¥(®(F)) = F;

— /) @ and V¥ restrict to antiequivalences @ : F — S§¢ and ¥ : §¢ — F which are
inverse to each other.

Then one can see that Theorem 2.2 establishes a strikingly similar result, which in
addition is much more symmetric: H.A plays the role of both F and S, whereas ()’
stands for ¥ and ( )v stands for @. QFA plays the role of the distinguished subcategory
S¢, and symmetrically we have the distinguished subcategory QridEA. The composed
operator (( )V)’ = () o()" plays the role of a “closure operator”, and symmetrically

(( )')V = ()Y o () plays the role of a “taking-the-interior operator”: in other words,
QFAs may be thought of as “closed sets” and QrUEAs as “open sets” in HA .

(b) Duality between Drinfeld’s functors. For any n € N let pi, : J;%" — H®" " H
be the composition of the natural embedding of J,®™ into H®™ with the n-fold multi-
plication (in H ): then pu, is the “Hopf dual” to §,. By construction we have HY =
> nen Hn (h_”JH®”) and H' =, cn 5n_1(h+”JH®") . this shows that the two functors
are built up as “dual” to each other (cf. also part (d) of Theorem 2.2).

(¢) Ambivalence QrUEA < QFA in HAp . Part (e) of Theorem 2.2 means that some
Hopf algebras over F'(R) might be thought of both as “quantum function algebras” and as

“quantum enveloping algebras”: examples are Up and F for U € QriUEA and F € QFA.

(d) Drinfeld’s functors for algebras, coalgebras and bialgebras. The definition of either of
Drinfeld functors requires only “half of” the notion of Hopf algebra. In fact, one can define
()Y for all “augmented algebras” (that is, roughly speaking, “algebras with a counit”)
and ()’ for all “coaugmented coalgebras” (roughly, “coalgebras with a unit”), and in
particular for bialgebras: this yields again nice functors, and neat results extending the
global quantum duality principle hold for them; we shall prove all this in the next section.
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§ 3 General properties of Drinfeld’s functors

3.1 Augmented algebras, coaugmented coalgebras and Drinfeld’s functors for
them. Let R be a commutative ring with 1, M the category of torsion-free R—modules.

We call augmented algebra the datum of a unital associative algebra A € M with
a distinguished unital algebra morphism ¢ : A — R (so the unit map v : R — A
is a section of €): these form a category in the obvious way. We call indecompos-
able elements of an augmented algebra A the elements of the set Q(A) := J,/J 2 with
J, = Ker (g:A — R). We denote A™ the category of all augmented algebras in M.

We call coaugmented coalgebra any counital coassociative coalgebra C' with a distin-
guished counital coalgebra morphism uw : R — C (so u is a section of the counit map
e: C — R), and let 1 := u(1), a group-like element in C': these form a category in
the obvious way. For such a C' we said primitive the elements of the set P(C) := {c €
ClA(c)=c®1+1®c}. We denote C* the category of all coaugmented coalgebras in M .

We denote B the category of all bialgebras in M ; clearly each bialgebra B can be seen
both as an augmented algebra, w.r.t. €¢ = € = ¢; (the counit of B) and as a coaugmented
coalgebra, w.r.t. u = u = up (the unit map of B), so that 1 = 1 = 1;: then Q(B) is
naturally a Lie coalgebra and P(B) a Lie algebra over R. In the following we’ll do such
an interpretation throughout, looking at objects of B as objects of AT and of CT.

Now let R be a domain, and fix h € R\ {0} asin §1.3. Let A € A", and [ =1, :=

h—0 € lﬁ:O

= Ker (A—E»RE»R/hR = k) = Ker (A—»A/hA—»k) as in §1.3, a max-
imal Hopf ideal of A (where € ‘h:o is the counit of A‘h:o’ and the two composed maps
do coincide): like in §2.1, we define

AY = ano R = ano (h_ll)n = UnZO (h_ll)n (QAF) :

If J=J,:=Ker(e,) then I =J+h-1,, thus AY =3, h T =3, (h71)".

Given any coalgebra C, for every n €N define A™:C — oen by A ::_e, Al :=id,,
and A" := (A ® id?(n_z)) o A" if n > 2. If C is coaugmented, for any ordered subset
Y = {i1,...,ix} C{1,...,n} with 4; < --- < ip, define the morphism j, : C®* — C®"
by js(a1® - -®ag) =b1®---®b, with b;:=11if i ¢ X and b;, :=a,, for 1 <m <k;
then set Ay = juo AF, Ay = A% and by 1= Syos (1" T 1Ag, 6y = e. Like
in §2.1, the inverse formula Ay = ) ;s 0y holds. We'll also use notation dy := dy,
0n = 041,2,....n} » and the useful formula Sn = (ide — € -l)®n o A™, for all n € N, .

Now consider any C' € C* and h € R as in §1.3. We define

C" = {ceC|(c)en"C®, VneN} (CC).

In particular, according to our general remark above for any B € B (and any prime
element A € R as above) BY is defined w.r.t. € = ¢ and B’ is defined w.r.t. 1 =15.
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Lemma 3.2. Let H € HA, and set H :== H/H., (notation of §1.3). Then:

(a) Hw = (H')o, Hew C (HY)_, Ho is a Hopf ideal of H, and (H)_ = {0}.
Moreover, there are natural isomorphisms (F )V =HY/H,, (F)/ =H'/H, .

(b) H € HA, and H}hzo = H‘hzo. In particular, if H‘h:o has no zero-divisors the
same holds for H, and if H is a QFA, resp. a QrUFEA, then H is a QFA, resp. a QrUFEA.

(c) Analogous statements hold for any A € A*, any C € C* and any B € B.

Proof. Trivial from definitions. [

Proposition 3.3. Let Ac AY, BeB, HE'HA. Then AVe AT, BYeB, and HYec'HA.
If in addition A, resp. B, is flat, then AV, resp. BY, is flat as well.

Proof. First, we have AV, BY, HY € M, for they are clearly torsion-free. In addition, A
is obtained from A in two steps: localisation — namely, A >~ A[h‘l} — and restriction,
i.e. taking a submodule — namely, A [h_l} e AV( CA [h_l} ) . Both these steps preserve
flatness, hence if A is flat then AV is flat too, and the same for B and B".

Second, AY := ">  h"J" where J := Ker(e,), so A" is clearly an R-subalgebra of
Ar, hence AY € AT; similarly holds for B and H of course. Moreover, .J; is bi-ideal of
B, so A(J;) € B® Jp + J; ® B, hence A(JB”) C > Jy ®J; forall n € N, thus

r+s=n
AR S Y ek = Y (g e (h*)) € BY@BY forall neN,
r4+s=n r+s=n

whence A(BY) C BY @ BY which means BY € B. Finally, for H we have in addition
S(JH") = Jy" (for all n € N) because J; is a Hopf ideal, therefore S(h_”JH") =h"J"
(for all n € N), thus S(HY) = HY andso HY € HA. O

Lemma 3.4. Let B be any bialgebra. Let a, b € B, and let ® CN, with ® finite. Then
(a)  do(ab) = > dala)dy(b);
AUY =®
(b) if ©#0, then dp(ab—1ba)= > (6a(a)dy(b) — oy (b)da(a));

AUY =®
ANY #0)

(c) if the ground ring of B is a field, and if D,, := Ker (0,41) (for all n € N ), then
D : {0}=D,CDyCDiC---D,C--- (CB)

is a bialgebra filtration of B with [Dm,Dn} C Diypin—1 (Vm,n € N), hence the asso-
ctated graded bialgebra is commutative. If B = H is a Hopf algebra, then D is a Hopf
algebra filtration, so the associated graded bialgebra is a commutative graded Hopf algebra.

Proof. (a) (cf. [KT], Lemma 3.2) First, notice that the inversion formula Ag =3 4 dw
(see §2.1) gives > ycq dw(ab) = Agp(ad) = Agp(a) Aa(b) =D 5 ycqda(a)dy(b); this can
be rewritten as

qug@&l/(ab) = Z\I/Q(b > avy—wdala)dy (D) . (3.1)
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We prove the claim by induction on the cardinality |®| of ®. If & = () then d¢ = jy o€,
which is a morphism of algebras, so the claim does hold. Now assume it holds for all sets
of cardinality less than |®|, hence also for all proper subsets of ®: then the right-hand-side

of (3.1) equals > dy(ab) + > da(a)dy(b). Then the claim follows by subtracting
q;;q; AUY =0

from both sides of (3.1) the summands corresponding to the proper subsets ¥ of ®.

(b) (cf. [KT], Lemma 3.2) The very definitions give dx(a)dy (b) = dy (b) da(a) when
ANY =10, so the claim follows from this and from (a).

(c) Let a € D,,, b € D,,: then ab € D,,;, because part (a) gives 0,,41nt1(ab) =
ZAUY:{I,...,m—I—n—I—l} dr(a)dy (b) = 0 since in the sum one has |A| > m or |Y| > n which
forces 0p(a) =0 or dy(b) = 0. Similarly, [a,b] € Dypn—1 < m+n —1 because part ()
yields 840 ([a,b]) = ZAUY:{l,...,m+n} da(a)dy(b) = 0.

ANY #0)

Second, we prove that A(Dn) C Zr—l—s:n D,.® Dy, forall neN. Let n€ D, \ Dy,_1 .
Then A(n) =¢€(n)-1@14+n®1+1®n+d2(n); since Dy := Ker(d;) = (1) =k-1 we
need only to show that d2(n) € >_,, ., Dy ® Dy . We can write d2(n) = >_; u; ® v; with
uj, vj € J := Ker(e) — so that §;(u;) = u; for all j — and the u;’s linearly independent
among themselves. By coassociativity of A one has (d, ® d5)0ds = d,45 (for all r, s € N);
therefore, 0= dn41(n) = >_; 01(u;) ® 6n(vj) = >, u; ® 0, (v;): since the uy’s are linearly
independent, this yields 6, (v;) =0, that is v; € Ker(6,) =: Dy—1, for all j.

Now, set D := D, N.J for n € N. Splitting J as J = D{ ®W; — for some subspace
Wy of J — we can rewrite d2(n) as d2(n) = u(l) ® v(n Dy S, up @), where u(l)
D, uf e Wy, "V vt e D/
Then also the 99 (uh) s are linearly independent: indeed, if ), cp 62 (u;{) = 0 for some

J_1 (for all 4, h) and the u;’s are linearly independent.
scalars ¢;, then ), ¢ u;: € Ker(d3) =: Dy, forcing ¢;, = 0 for all h. Then again by
coassociativity 0 = 8,41(n) = (02 ® 6,—1) (02(n)) = >, 62 (u;)) @ 1 (v;7), which — as
the d2 (uh) s are linearly independent — yields §,_1 (vh) =0, i.e. vh €D, _o, forall h.
Now we repeat the argument. Splitting J as J = Dy @ Wy — for some subspace Wy
of J — we can rewrite d5(n) as d2(n) = u( ) ®v(n b +22; u(2) v (n Rt Yok Ur ®Uf,
where u;z) € DN J, v§n 2, v € Dn_ng, uy € Wy (for all j, k) and the u}’s are
linearly independent. Then also the d3 (uZ)’s are linearly independent (as above), and by
coassociativity we get 0= 8,11(n) = (63 ® 0,—2) (02(n)) = >4 05(u}) ® 6n—2(v}), which
gives 0, _o (vk) =0, ie. v; € D,,_3, for all k. Iterating this argument we eventually stop
getting 6a(n) = U(1)®U(n 1)+Z u(2)®v(n 2)+ A+, ub (n— 1)®v(1) Z Zt (8)
g’”; *) with ugsg € Dy, S; ) € D,_, forall s, t, so 62(1n) € X gipen Da ® Dy, q.e.d.
Finally, if B = H is a Hopf algebra then AoS = 8920 A, hence A"o S = §®" o A"
(neN),and eoS = Soe, thus §" oS = S®" 0™ (for all n € N) follows, which yields
S (Dn) C D, for all n € N. Thus D is a Hopf algebra filtration, and the rest follows. [
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Proposition 3.5. Assume that k := R/hR is a field. Let C € Ct, Be€ B, H € HA.
Then C'e C*, B'e B, and H' € HA. Moreover, if C, B, is flat, then C', B’, is flat too.

Proof. First, by definition C’ is an R—submodule of C, because the maps ¢,, (n € N) are
R-linear; since C is torsion-free, its submodule C’ is torsion-free too, i.e. C' € M. In
addition, C’ is an R—submodule of C', and taking a submodule preserve flatness: hence if
C is flat then C’ is flat too. The same holds for B and B’ as well.

We must show that C” is a subcoalgebra. Due to Lemma 3.2(¢), we can reduce to prove
it for (U)/, that is we can assume from scratch that Co, = {0} .

Let R be the h-adic completion of R. Let also C be the h-adic completion of C': this
is a separated complete topological ]?ifmodule, hence it is topologically free (i.e. of type
RY for some set Y ); moreover, it is a topological Hopf algebra, whose coproduct takes
values into the %-adic completion C ® C of C ® C'. Since Cu = {0}, the natural map
C—Cisa monomorphism of (topological) Hopf R—algebras, so C identifies with a Hopf
R-subalgebra of C. Further, we have C / mC =C / h"C' for all n € N. Finally, we set

~

C* := Homgp <6, E) for the dual of C.

Pick a € C"; first we prove that A(a) € C' ® C': to this end, since C is topologically
free it is enough to show that (id® f)(A(a)) € C’ ®rR-1 forall f€ C*, which amounts
to show that ((0, ® f) o A)(a) € h"C®" ®p R-1 forall neN,, feC*. Now, we can
rewrite the latter term as

(Gn@floa)(a) = (((i[d—e-1)*"@f JoA™ ) (a) = bu(a) @ f(1)-1+ (1" @ f ) (§n41(a))

and the right-hand-side term does lie in A"C®" Qg R- 1, for a € C’, qed.

Definitions imply A(z) = —¢(2)-1®@1+2®1+1®x+dx(x) for all € C'. Due to the
previous analysis, we argue that d2(a) € C'® C for all a € €', and we only need to show
that da(a) € C' ®@ C": this will imply A(a) € C' ® C' since 1 € C’ (as it is group-like).

Let O be the fi-adic completion of C’: again, this is a topologically free ﬁfmodule,
and since (C')_, = Cs = {0} (by Lemma 3.2(a) and our assumptions) the natural map
¢ — C' is in fact an embedding, so C’ identifies with an R-submodule of oL If
{5; }j € J} is a subset of C’ whose image in O,}hzo

space, then it is easy to see that C' = @ Eﬂj : fixing a section v:k —— R of the
JjeT
projection map R — R / h R =: k, this implies that each element a € C’ has a unique

is a basis of the latter k—vector

expansion as a series a =Yy > 7 V(kjn) K" B; for some k;, € k which, for fixed n,

are almost all zero. Finally 6’\’/716’\’ = C’/hC’ = B/hB, with B:= @ Rf;.
JjeT
We shall also consider (C” )>k := Homp (C’ , ﬁ) , the dual of C”.
Now, we have d3(a) € C' @ C C O’ ® C, so we can expand d2(a) inside C'®C as
62(a) = > er (ZnGN Y ieq v(KG,) B ﬁj> ®¢; for some x%, €k as above and ¢; € C
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(Z being some finite set). Then we can rewrite d2(a) as

(52(@) = Z ﬂj X ( Z Zl/(fié,n)ﬁn'ci) = Z ﬁj X € Cléé
Jje€TJ neNieT JjeJ

where v; := > Ziezv(m§7n) h-c¢; € C for all j, and ¢’ @C is the completion of
C' @ C w.r.t. the weak topology. We contend that all the ~;’s belong to (6)’

In fact, assume this is false: then there is s € Ny such that ds(;) & h*C €% for some
i € J; we can choose such an i so that s be minimal, thus 6y (v;) € re'C® for all
j € J and s’ < s; since 05 = (d ® id) 0 §5_1 — by coassociativity — we have also
ds(5) € hs=1C®s for all j € J. Now consider the element

A — Zjejﬁ_j(g 53(’)’3’) c (6’\’/77,6’\’) @k(h8—16®8/h86®s>

the right-hand-side space being equal to (C”/h C’) Rk (h5_10®5/h50®5) ; hereafter, such
notation as T will always denote the coset of x in the proper quotient space. By construc-

tion, the ﬂ_j’s are linearly independent and some of the W’s are non zero: therefore
A is non zero, and we can write it as A = >, ., A ® Xz (# 0) where £ is a suit-
able non-empty index set, A, (for all £) belongs to the completion C" of C' w.r.t. the
weak topology, x, € hs—1C ®8, the \/’s are linearly independent in the k-vector space
57/%6/’ (which is just the completion of Cl‘h:o = C'/hC’ w.r.t. the weak topology),
and the 7 ’s are linearly independent in the k—vector space hs—10@s / RC®s. In par-

ticular A, & hC’ for all £: so there is r € N, such that d,.(A\y) € e \ IO OT for
all ¢ € L (hereafter, K®m™ denotes the completion of K®™ w.r.t. the weak topology),
hence 6,(A\¢) # 0 € hréé”"/hrﬂéé”". Now write &, for the composition of §, with a
projection map (such as X —» X / h X, say): then the outcome of this analysis is that

(5_T®5_5)(52<a)) - (5_T® id) (ZjEJﬁ_j@)W) = ZZeﬁ () ®Xz # 0
in the k-vector space (hTC‘X’T/hTHC’@T) Rk <h5_10®5/h50®5> :
On the other hand, coassociativity yields (8, ® 65)(d2(a)) = d,45(a). Therefore, since
a € C' we have 6,14(a) € W"t3C®+9)  hence d,4.(a) = 0 in the k-vector space
h”’s_lC®(T+S)/h’"+80®(’"+s) . Now, there are standard isomorphisms

hfow/h“lo@ ~ (HC®)opk for £€{rs—1,r+s—1}
(hr-l-s—lcf@s) opk ((hrcﬂg)r) R k) R ((hs—lc®s) R k)
hr—i—s—lc«@(r—l—s)/h(r+s)c®(r+s) ~ (hr0®r/hr+10®r> R <h5—10®5/h50®5).

Moreover, (hrC‘X’T/h’"HC@’") R (hs_lC’@S/hsC@S) naturally embeds, as a dense subset,
into <hrC’®T/hT+lC®T) Ok <hs_10®5/h50®5> , so via the last isomorphism above we get
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hr+s—10®(r+s)/h(r+s)0®(r+s) SN (hr0®r/hr+10®r> = (hs—lcr@s/hsc(g)s) '

This last monomorphism maps (6, ® 6,)(d2(a)) = d,1s(a) =0 onto (8, ®0d;)(d2(a)) #0,
a contradiction! Therefore we must have ~; € (6 )/ for all j € J, as contended.
The outcome is da(a) = ,c 7 B; ®; € C’@(@)/, s0 dz(a) € (C"®@C)N (C”@(@)/)

N\/

For all n €N, the result above yields (id®46,,)(02(a)) € (C'@C®™)N (C’@ 6. ((C) )) C
C(C'eC® )N (C' ® h”6®”) =C' @ h"C®™ | because 6’/71”6 = C’/hnC (see above)
implies C'(A"C = h"C. So we found (id ® 8,)(d2(a)) € C" ® R*C®" for all n € N.
Acting like in the first part of the proof, we’ll show that this implies d2(a) € C' @ C’. To
this end, it is enough to show that (f ®id)(d2(a)) € R-1®pC' forall fe€ (6’\’)*, which
amounts to show that (f®4,)(d2(a)) € R-1®@p h"C®" forall ne N, , f € (6’\’)* . But
this is true because (f®0d,)(d2(a)) = (f®@id)((i[d®6,)(62(a))) € (f@id)(C’@E"C®™) C
R-1®p h"C®" . We conclude that C' € C*+, q.e.d.

Now look at B € B. By the previous part we have B’ € C*. Moreover, B’ is multi-
plicatively closed, thanks to Lemma 3.4(a), and 1 € B’ by the very definitions. Thus B’
is an R-sub-bialgebra of B, so B’ € B.

Finally, for H € HA one has in addition Ao S = S92 0 A, which implies A" o S =
S®m o A" hence §,0S = S®"04, , for all n € N. This clearly yields S(H') = H’, whence
H'’ is a Hopf subalgebra of H, thus H' € HA, q.ed. O

Remark: The “hard step” in the previous proof — i.e. proving that A(C’) C C' @ C’
— is much simpler when, after the reduction step to C, = {0}, one has that C'is free, as
an R-module (note also that for C' free one has automatically C, = {0} ). In fact, in this
case — i.e. if C is free — we don’t need to use completions. The argument to prove that
d2(a) € C'"®C goes through untouched, just using C' instead of 6, the freeness of C' taking
the role of the topological freeness of C ; similarly, later on if C” also is free (for instance,
when R is a PID, for C’ is an R—submodule of the free R—module C') we can directly use it
instead of the topologically free module 6’\’, just taking { Bj } jeJ } to be an R-basis of
C': then we can write do(a) = Zjej Bi®v; € C'®C for some ~y; € C', and the argument
we used applies again to show that now v; € C’ for all j, so that d2(a) € C' @ C", q.e.d.

Theorem 3.6. Assume that k := R/hR s a field.
(a) X — XV gives well-defined functors from A* to A%, from B to B, from HA to HA.
(b) X — X' gives well-defined functors from C* to C*, from B to B, from HA to HA.

(¢) For any B € B we have BC (BV),, B> (B’)V, hence BY = ((BV),)V, B’ = ((B’)V>,.

Proof. In force of Propositions 3.3-5, to define the functors we only have to set them on
morphisms. So let ¢ € Mor,+(A, E) be a morphism in A™: by scalar extension it gives
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a morphism Ar — Ep of Hopf F(R)-algebras, which maps A~'J, into A='.J, hence
AY into EY: this yields the morphism ¢Y € Mor,+(AY, EY) we were looking for. On
the other hand, if ¥ € Mor,+(C,I") is a morphism in C* then §, o1 = 1p)®" 0, for all
n,so (C’) CI": thus as ¢’ € Mor.+(C',I") we take the restriction 1 o of ¥ to C".

Now consider B € B. For any n € N we have §,(B) C J;°" (see §2.1); this can
be read as 0,(B) C J,2" = h"(h_lJB)®n C h”(Bv)®n, which gives B C (BV)/, q.e.d.

€ Ar— n

On the other hand, let I’ := Ker(B’ —» R—O»]k> ; since (B’)V =", (h_lI’) , in
order to show that B D (B’)V it is enough to check that B D h='I’. Solet 2’ € I’ : then

51(z') € hB, hence 2’ = §;(2') + €(2’) € hB. Therefore h~'2’ € B, q.e.d. Finally, the
last two identities follow easily from the two inclusions we’ve just proved. [

Theorem 3.7. Assume that k := R/hR is a field.

Let B € B. Then Bv‘h—o is an TUEA (see §1.1), generated by h~'J mod hBY .

In particular, if H € HA then HY € QriUUEA.

Proof. A famous characterization theorem in Hopf algebra theory claims the following
(cf. for instance [Ab], Theorem 2.5.3, or [Mo], Theorem 5.6.5, and references therein,
noting also that in the cocommutative case connectedness and irreducibility coincide):

A Hopf algebra H over a ground field k is the restricted universal enveloping algebra
of a restricted Lie algebra g if and only if H is generated by P(H) (the set of primitive
elements of H) and it is cocommutative and connected. In that case, g = P(H).

Thus we must prove that the bialgebra Bv}n:o is in fact a Hopf algebra, it is gener-
ated by its primitive part P(Bv}hzo) and it is cocommutative and connected, for then
Bv‘h:o =U(g) with g= P(Bv}hzo) being a restricted Lie bialgebra (by Remark 1.5).

Since BY = )" -, (h_lJ)n, it is generated, as a unital algebra, by JV := A~ 1J.
Consider ;¥ € JV, and j:=hj¥ € J; then

A()=00)+i®14+10j—€(j) 1®1cjxl+1j+JRJ
for A= +id®l1+1®id—e-1®1 and Im(d2) C J ® J by construction. Therefore

A7) =02(3") +57 @1+1@5" —e(j¥) 1@1=0(")+j"0l+10;" €
cjVRI+1V+hlIeJ=3"@1+105Y +hrT1TV ®@JY

whence
AGVY=jY®1+1®5"Y mod hBY  (Vj¥eJY). (3.2)

This proves that Jv}h:o - P(Bv}hzo) , and since Jv’h:o generates Bv’h:o (for JY gen-
erates BY), a fortiori BY ‘h:o

too. In addition, (3.2) enables us to apply Lemma 5.5.1 in [Mo] — which is stated there

is generated by P(BY }h:O)’ hence BY }h:O is cocommutative
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for Hopf algebras, but holds indeed for bialgebras as well — to the bialgebra BY with
Ag=k-1 and A, = JV/(JVﬂ hBY): then that lemma proves that Bv‘h:o

Another classical result (cf. [Ab], Theorem 2.4.24) then ensures that Bv‘h:o
Hopf algebra; as it is also connected, cocommutative and generated by its primitive part,

‘ h=0"
is connected.

is indeed a

we can apply the characterization theorem and get the claim. [

Theorem 3.8. Assume that k := R/hR 1$ a field.
Let B € B. Then (B') _ = I, and B’

o 18 commutative and has no non-trivial

h=0
idempotents. In addition, when p := Char (k) > 0 each non-zero element of Jg has

[n=0
nilpotency order p, that is ? =0 for all € Jp
In particular, if H € HA then H' € QFA.

|h=0 °

Proof. The second part of the claim (about H € H.A) is simply a straightforward refor-
mulation of the first part (about B € B), so in fact it is enough to prove the latter.

First we must show that Bl‘h:(} is commutative, (B') = Iz and Bl‘h:(} has no
non-trivial idempotents (cf. §1.3-4). For later use, set [:=1;, J:=Jz, J :=Jg , I':=15 .

As for commutativity, we have to show that ab — ba € h B’ for all a, b € B’. First,
by the inverse formula for A" (see §2.1) we have idz = A! = 6, + 6y = §1 + €; so
x =01(x)+e€(x) forall z € B. If x € B’ we have §,(x) € h B, hence there exists z; € B
such that §;(x) = hxy;. Now take a, b € B’: then a = haj +€(a), b = hby + €(b),
whence ab—ba = he with ¢ = h(ai1by —bray); therefore we are left to show that ¢ € B’.
To this end, we have to check that dg(c) is divisible by Al®l for any nonempty finite subset
® of Ny : as multiplication by £ is injective (for B is torsion-free!), it is enough to show
that dg(ab — ba) is divisible by Al®I+1,

Let A and Y be subsets of ® such that AUY = ® and ANY # (: then |A|+|Y| > |®|+1.
Now, 04 (a) is divisible by AlAl and 8y (b) is divisible by AY|. From this and from Lemma
3.4(b) it follows that dg(ab— ba) is divisible by Al®I*+1, q.e.d.

Second, we show that (B’)_ = (I')™. By definition hB’ C I', whence Bl :=

B N ()" = ()7, ie. (B') C(I'). Conversely, I' = hB'+ J' with
hB" C hB and J' = §;(J') C hB: thus I’ Ch B, hence (I’)OO Qﬂ:i% "B =: B .
Now definitions give Boo C B’ and h‘B., = B, forall £ € Z, so h™" (I’)OO Ch™ "By =
B CB' hence (I')” Ch"B’ for all n € N, thus finally (I')” C (B)

Third, we prove that B’ ‘h:o

Let a € B’, and suppose that @ :=a mod h B’ € B"h:O is idempotent, i.e. @2 =a.
Then a? = a + he for some ¢ € hB'. Set ag := €(a), a; := §1(a), and cq := €(c),

c1 :=61(c); since a, c € B" we have a1,c; € hBNJ=~hJ.
2

o
has no non-trivial idempotents.

First, applying d,, to the identity a* = a + hec and using Lemma 3.4(a) we get

> dala)dy(a) = 6,(a®) = dula) + hén(c) V neN, . (3.3)
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Since a, ¢ € B" we have 6,(a), d,(c) € A"B®™ for all n € N. Therefore (3.3) yields

on(a) = S Sala)dy(a) = 280(a)dn(a) + 3 6a(a)dy(a) mod K*TIBE"
AUY'={1,....,n} AUY={1,...,n}
AY£0

for all n € N, , which, recalling that ag := dp(a), gives (for all n € N)

(1—2ag) 0p(a) = > da(a)dy(a) mod A"T!B®" (3.4)
AUY={1,...,n}
ALY A0

2 2 _

Now, applying e to the identity a“ = a + hc gives a¢” = ag + hcg. This implies
(1 — 2a0) ¢ h B: this is trivial if Char(R) =2 or ag = 0; otherwise, if (1 — 2a0) €hB
then ag = 1/2+ ha for some o € B, and so a¢® = (1/2+ha)2 =1/4+ha+h?a? #
1/24+ha+heyg = ag + heg, thus contradicting the identity ag®> = ag + hcy. Now using
(1 — 2a0) ¢ h B and formulas (3.4) — for all n € N, — an easy induction argument
gives 0,(a) € h"T'B, for all n € N;. Now consider a; = a —ay = ha for some
a € hJ: we have dy(a) = e(a) = 0 and 6,(a) = h716,(a) € k"B, for all n € N,
which mean o« € B’. Thus a = a9+ ha = ag mod hB’, whence a = ag € B/‘h:O;
then @p2 =ap € k gives us ag € {0,1}, hence a =ag € {0,1}, q.e.d.

Finally, assume that p := Char(k) > 0; then we have to show that 77 = 0 for each
N € Jp/,_,, or simply n? € hJg for each n € Jp/. Indeed, for any n € N from the
multiplicativity of A™ and from A"™(n) =3 xcqy. .y 0a(n) (cf. §2.1) we have

A ) = (A 0)" = (Sacim 3100) € Naciim 000 +

n—1
+ X G B e Oa )™ 4 n 2 8 () + e
51’~~~76p<p Alv"'ﬂAPg{lv"wn} kZO\Pg{l,...,n}
er+--ep=p |V |=k

because dx(n) ejA<J ®|A|) (forall AC{1,...,n})and [J,,J,|] ChJ,. Then

B/ B’ YpB!
() = (idy— " (A7) € ou()’ + 2 (,0.) 2 oy dacm)™ + "
e1,...,ep<p UpAr={1,...,n}
e1+--ep=p

Now, &"(n)? € (h"B®")” C h"+1B®" because n € B’, and similarly we have also
[Th_, 0a, ()" € h2w Aeler pon C pr e whenever |J;_, Ay = {1,...,n}; in addition,
the multinomial coefficient (elf’_’ep) (with e, ..., e, < p) is a multiple of p, hence it is
zero in R/hR =k, that is (el’.’.’.’ep) € h R: therefore

p
(0l 2 [T 8a, () € A™HiBen .
€1,..,€p<P Ur_ Ap={1,....,n} k=1
e1+-+ep=p

Finally, since J,, C h.J, we have also hJB,®” C A"T1B®"  The outcome then is that
Sn(nP) € AT BE™ for all n € N, thus n € h B" as expected. [J
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§ 4 Drinfeld’s functors on quantum groups

From now on, we assume that k := R/hR is a field.

Lemma 4.1. Let I € QFA, and assume that Fh‘h:o is reduced. Let I := Iy, , let f’,\;

be the I—-adic completion of Fy , and IAn the I—-adic closure of I™ in 1/7% , for all neN.
(a) F, is isomorphic as an R-module (where R is the h—adic completion of R ) to a

formal power series algebra of type EH{Y},}besﬂ (where S stands for some index set).
(b) Letting v:k —— R be a section of the quotient map R — R/hR =:k, use

it to identify (set-theoretically) Fp & E[[{Yb}besﬂ with v(k)[[{Yo} U {Ys},es]] (with

h =Yy ). Then via such an identification both (IA)n and IAn coincide with the set of all
formal series of (least) degree n (in the Y;’s, with i € {0} US ), for all n € N.

(¢c) There exist k-module zsomorphzsms Gr(Fn) = kYo, {Y},}bes] =~ G#( A) for the
graded rings associated to Fy and Fh with the I—-adic and the I adic filtration.

(d) Let u: Fy — Fy be the natural map. Then p(EFy) ﬂI = u(I™) for all n € N.

Proof. Let F|G] = Fh}h:o := F /R F),, and let F[G] = F[[G]] be the m-adic completion
of F[G], where m = Ker (er) is the maximal ideal of F[G] at the unit element of G.
Then I = 7—!(m), the preimage of m under the specialization map = : F, — Fh/h Fy =
F[G]. Therefore 7 induces a continuous epimorphism 7 : Fp — 1?[5] = F[[G]], which
again is nothing but specialization at A~ = 0. Note also that the ground ring of F; is ﬁ,
because the ground ring of the I-adic completion of a unital R—algebra is the (RN I)—adic
completion of R, and the RNI = h R. Then of course 1/7% is also a topological R-module.
Moreover, by construction we have (f’; )OO = {0}.

Now, let {yp},cs be a k-basis of m/m? = Q(F[G]); by hypothesis F[G] is reduced,
thus F[[G]] is just the formal power series algebra in the y,’s, i.e. F[[G]] 2 k[[{Vs},cs]] -
For any b € S, pick a j, € 71 (yp)(J (with J := Ker(ep,)), and fix also a section
v:k —— R of the quotient map R — R/hR =k as in (b). Using these, we can
define a continuous morphism of R-modules ¥ : R[[{Yb}be SH —_— f’;\i mapping Y ¢ :=
[Lres ng(b) to j€:=[lpes jbg(b) for all e € N‘? = {0 €NS|o(b) =0 for almost all b €
S } (hereafter, monomials like the previous ones are ordered w.r.t. any fixed order of the
index set S). In addition, using v one can identify (set theoretically) R = v(k)[[Yo]] (with
h =Yy ), whence a bijection v(k)[[YoU {Yb}beS” H{Yb}beé‘“ arises.

We claim that W is surjective. Indeed, since (Fh)oo = {0}, for any f € ﬁi there is a

unique vy(f) € N such that f € h”ﬁ(f)f’; \ h”ﬁ(f)“f’;, SO ﬁ(ﬁ‘”“”f) = deN? Ce - Y&
for some ¢, € k mnot all zero. Then for f; := f — hvn(f). ZeEN‘? v(ce) - j¢ we have

vr(f1) > vr(f). Tterating, we eventually find for f a formal power series expression of

the type f = ZnEN h" - deN}? V(Cg,n) Jje= Z(eo,g)eNxN? V(“g) -he0j<, so feIm(¥),
g.e.d. Thus in order to prove (a) we are left to show that ¥ is injective too.
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Consider the graded ring associated to the h—adic filtration of ﬁi, that is Gh( ﬁ’;) =
@:ﬁ% (ﬁ”ﬁi/hnﬂﬁi) : this is commutative, because ﬁ;/hﬁ = %(ﬁ’;) = F[|G]] is com-
mutative, and more precisely Gh(l/?;b) o k[ﬁ } Rk (ﬁ/h?’h) = k[Yo] @k FI|G]] =
>~ (F[[G]])[Yo] as graded k-algebras. In addition, the epimorphism (of R-modules)
U: RouF[[G]] —+F), induces an epimorphism Gy, (¥): Gy, (E @k F([G]]) — G» (f’h)
of graded k—algebras, and by the very construction Gy, (¥) is clearly an isomorphism yield-
ing (F[[G]])[Yo] = Gy, (ﬁ @k F[[G]]) = Gﬁ(ﬁi): then by a standard argument (cf. [Bo],
Ch. III, §2.8, Corollary 1) we conclude that ¥ is an isomorphism as well, q.e.d.

As for part (b), we start by noting that I = 7 (Ker (erqay)) = Ker(e7,) + hFy, so
cach element of I is expressed — via the isomorphism W — by a series of degree at least
1; moreover, for all b, d € S we have j, jq — jaj» = hjs+ for some ji € Ker (e;v;) . This
implies that when multiplying n factors from T expressed by n series of positive degree, we
can reorder the unordered monomials in the y;,’s occurring in the multiplication process
and eventually get a formal series — with ordered monomials — of degree at least n. This

—

proves the claim for both 7" and (IA )n .

For part (c), the analysis above shows that the natural map p : F, — ﬁ’; induces

k-module isomorphisms (f)n/(f)n+1 = (7AYL/(J¢)7L+1 = f;/I/nﬁ (for all n € N),

—+o0 +oo n ~n o 400 o~
so Gr(Fy) := Q_}OI”/I”*'1 = 6_90 (1) /(I) g G7(Fp) = Q_}OIT“/I”H; moreover,

—~ o +0o00 —~ —
the given description of the I™’s implies G#( Fy) == €D In/ITH'1 >~ k([Y0, {Ys}pes] as
n=0
k-modules, and the like for G;(Fy), thus (c) is proved.

Finally, (d) is a direct consequence of (c): for the latter yields k-module isomorphisms

B/ 1" 2 Gy (F) [GH(I") = Gy () [Gi (1) 2 By /T7, thus (1) = I" N p(Fy) . O

Remark: the previous description of the “formal quantum group” ﬁi shows that the
latter looks exactly like expected. In particular, in the finite dimensional case we can say
it is a local ring which is also “regular”, in the sense that the four numbers

— dimension of the “cotangent space” Iy, / 1 FHQ ,

— least number of generators of the maximal ideal I, ,

— Hilbert dimension ( = degree of the Hilbert polynomial of the graded ring GT( 1/7;) ),

— Krull dimension of the associated graded ring GT( ﬁ;) )
are all equal. Another way to say it is to note that, if {jl, e ,jd} is a lift in Jy, of any
}h:O) around the identity (with d = dim(G) ), then
the set { Jjo == h,J1,. .., jd} is a “system of parameters” for F} (or, more precisely, for

system of parameters of G = Spec (F b

the local ring Fj ). A suggestive way to interpret all this is to think at quantization as
“adding one dimension (or deforming) in the direction of the quantization parameter i”:
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and here we stress the fact that this is to be done “in a regular way”.

Lemma 4.2. Let Fp € QFA, and assume that Fﬁ‘h:o 18 reduced. Then:

(a) if o€ Fy and h®p € 1" (s,ne€N), then ¢ € I, °;

(b) if y €I, \Ir, then W'y ¢ hFy ;

(©) (F) = ()., (= 13).

(d) Let Char(k) =0, and let U, € QrUEA. Let z' € Uy', and let x € Uy \ hUy,
n € N, be such that @' = h"x . Set T:=x mod hUy. Then 9(x) < n (hereafter O(Z) is
the degree of T w.r.t. the standard filtration of the universal enveloping algebra Uh‘h:o)‘

Proof. (a) Set I := I, . Consider I*° (cf. Definition 1.4(b)) and the quotient Hopf algebra
Fy = Fh/IOO: then I := Iz, = I/IOO. By Lemma 3.2(a), Fj is again a QFA, having
the same specialization at & = 0 than Fj, and such that > := Iz, = {0}. Now,
pell < pelIt forall p € Fp, L € N, with ¢ := ¢+ I>® € Fp: thus it is enough
to make the proof for F'y,, i. e. we can assume from scratch that I°° = {0} . In particular
the natural map from F} to its I—adic completion F; is injective, as its kernel is I°°.

Consider the embedding Fj — ﬁi: from the proof of Lemma 4.1 one easily sees that
It N Fn = I*, for all £ (because Fh/ﬂ = ﬁi/ﬂ ): then, using the description of I in
Lemma 4.1, ¢ € Fj, and h%p €I™ give at once ¢ € In—s N Fr=1""7%, qe.d.

(b) Let y € I, \ Ir,>. Assume h~'y = hn for some n € F;' \ {0}. Since F},’ :=
UN>O h_NIFh" we have n = h~ iy for some N € Ni, in € IFFLN . Then we have A=ty =
hn = R*~Niyn, whence RN "'y = hiyn: but the right-hand-side belongs to IFHNH, whilst
the left-hand-side cannot belong to I FhN 1 due to (a), because y & I Fn2 , a contradiction.

(c) Clearly Fy, C Fy’ implies (Fh)oo = ﬂ:i% A Ey, C ﬂ::(’) hFy' =: (F') . For

oo
the converse inclusion, note that by definitions (Fh)oo is a two-sided ideal both inside

Fj and inside Fj', and Fﬁ\/ = (Fh/(Fh)oo)v = Fhv/(Fh)oo, so we have also (Fhv)oo
mod (Fy), C (B’ [(F) ) =(Fn’) _, with Fyi=Fy /1, = Fy [ (Fr) . (a QFA, by
Lemma 3.2(a)). So, we prove that (F;) ={0} for then (Fy")_ C (Fp)_ will follow.
Let pu: Fp, — 1/7?1 be the natural map f(;oorn F}, to its I, —adic completion, whose kernel
is Ip = = (Fh)oo . this makes F';, embed into ﬁi, and gives Fhv C ﬁ’;v =U,>0 h-nIn
(notation of Lemma 4.1), whence (F;) - (f’; v> . Now, the description of 2_7\’5 and I7

oo oo

in Lemma 4.1 yields that f’;\i Y is contained in the h—adic completion of the R—subalgebra
of F(R) ®pr Fj generated by {h_ljb}bes (as in the proof of Lemma 4.1), which is a

—~V —~V
polynomial algebra. But then F}y is separated in the A—adic topology, i.e. (Fh ) ={0}.

(d) (cf. [EK], Lemma 4.12) By hypothesis 8,1 (z') € BT U@ | whence 8,1 (z) €
RURP Y 50 6,,.1(Z) = 0, ie. T € Ker <5n+1: U(g) — U(g)®(n+1)), where g is the
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Lie bialgebra such that Uh‘h 0" Uh/h Ur = U(g). But since Char(k) =0, the latter
kernel equals U(g), := {7 € U(g)|0(y) <n} (cf. [KT], §3.8), whence the claim. [

Proposition 4.3. Let Char(k) =0. Let F, € QFA. Then (Fhv)’: Fy .

Proof. Theorem 3.6 gives F} C (Fhv)/, so we have to prove only the converse. Let
Fp = Fh/(Fh)oo ; by Lemma 4.2 (¢) we have (Fhv)oo = (F}),, ; by Lemma 3.2(a) we have

— \V — /

(Fr) = Fhv/(Fh)oo = Fhv/(Fhv)oo , whence again by Lemma 3.2(a) we get ((Fh) ) =
(Fhv/(Fhv)oo>, = (Fhv),/(Fhv)oo = (Fhv)’/(Fh)oo. Thus, if the claim is true for Fj
then Fh/(Fh)oo = Fp = ((Fﬁ)\/)/ = (Fhv)//(Fh)oo, whence clearly (Fhv)/ = Fj.

Therefore it is enough to prove the claim for Fp: in other words, we can assume I =
(Fr)o = (Fhv)oo = {0} (see Lemma 4.2(c)). In the sequel, set I := I, .

Let o' € (Fhv), be given; since (Fj), = {0} there are n € N and zV € ' \ h Fy,’
such that 2’ = h"zV. By Theorem 3.7, Fj’ is a QrUEA, with semiclassical limit U(g)
where the Lie bialgebra g is g = IV/(hFhv N1V), with IV :=hr'1.

Fix an ordered basis {bx},c, of g over k, and fix also a subset {x}\/})\eA of I, such
that 2y mod A Fy,’ = by for all A€ A: so Yy = h~lz, for some x, € J, for all \.

Lemma 4.2(d) gives d := 0(Z) < n, so we can write 2V as a polynomial P({bx},c,) in
the by’s of degree d < n; hence zV = P({xX}AGA) mod A Fy, so z¥ = ({az }AGA)
hxf/l] for some :z:[ 1 € FyY. Now 2’ = "z = h”P({xi\/}AeA) + Rty with

(1]
P({z{},en) =" P({i7 0a}, ) € P
because P has degree d < n; thus since Fj C (Fhv), (by Theorem 3.6) we get

vy =a' = h"P({xX}, ) € (Fhv)/ and @) = h"Pa) = My

for some ny € N, ny > n, and some zy € FY \ h Fy'. Therefore, we can repeat this
construction with z} instead of 2/, n; instead of n, and zy instead of 2V, and so on.

Iterating, we eventually get an increasing sequence {nS}S N of natural numbers and a

sequence {PS ({Xx}ren) }SEN of polynomials such that the degree of Ps({Xx},c,) is at
most ng, for all s € N, and 2’ =3 h”SPS({a:X}AGA) )

How should we look at the latter formal series? By construction, each one of the
summands A" P, ({xi\/}AeA) belongs to Fj: more precisely, h"sP, ({xi\/})\eA) IF:S for
all s € N; this means that ) _ A" ({xX}/\ A) is a Well defined element of Fh, the
I, —adic completion of I, and the formal expression ' = > A" P ({x } e A) is an
identity in ﬁ’; So we find 2’ € (Fhv), ﬂﬁ’; Now, consider the embedding p: Fj — ﬁi
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and the specialization map w: Fp —» Fh‘h:o = F[G]: like in the proof of Lemma 4.1, 7

extends by continuity to 7 : Fj —» 1*{[6\7’] = F[[G]]: then one easily checks that the map
‘h 0 = F[[G]] is injective too. Since Ker(m) = h Fj, and
Ker(7) = hﬁ, this implies Fj ) hFﬁ = h Fy, whence Fy(R* ﬁi =h'F), forall £ € N.
Getting back to our 2z’ € (Fhv)/ ﬂf’;\i, we have ' = A~ "y for some n € N and y € Fy;
thus, we conclude that y = "z’ € Fy (" Fh h"F}, , so that o’ € Fy, qed. O

ilpeg: FIG) = Fal,_ O%Fh

Proposition 4.4. Let H KeHA, and ( , ):H x K —— R a Hopf pairing. Then

(a) HY C (K’). and K' C (Hv). (and viceversa). Therefore, the above pairing
induces a Hopf pairing ( , }: H'x K' —— R.

(b) If in addition the pairing H x K — R and its specialization H}h:O X K}h:O — k
at h =0 are both perfect, and K = H®, then we have also K' = (HV). .

(c) Similar results hold for B,22 € B and ( , ):B x {2 —— R a bialgebra pairing
(i.e. a pairing with the properties of Definition 1.2(a) but the one about the antipode).

Proof. (a) The Hopf pairing Hp x Kp — F(R) given by scalar extension clearly restricts
to a similar Hopf pairing HY x K’ — F(R): we must prove this takes values in R.
Let I=1,,s0o H' =], h "I" (cf. §2.1). Pick ¢1, ..., ¢, €I, y € K': then

(e ) = (@i i A"(0) = (@rens Docq,nmdoly)) =

-----

= Z\I/Q{l ----- n}< ®;L:1 ci? 6‘1/ (y)> = E\Ilg{l,,n}< ®i€\11 CrL' 5 5|\1/|(y)> . H]QII/ <C] , 1) e
€ Yucp..mh" R-AYIR=h"R.

The outcome is <I”,K’> C h™R, whence <h”I”,K’> C R, for all n € N; since
HY = h™I™, we get HY C (K’). and K’ C (HV).: then it follows also that the
restricted pairing HY x K’ —— F(R) does take values in R, as claimed.

(b) We revert the previous argument to show that (H V). C K.

Let ¢ € (HV).: then <h_3IS ¢> € R so <IS, zp> € ¥R, for all s. For s=0 we get
<H ¢> € R, thus v € H*= K andso §,(¢) € K®" foralln. If n€N, iy,...,i, €1,

<®k 10k 5 0 > = Z‘ycu ( 1>n—\\p| : <er\p@k ,¢> : Hk@,e(ik) €
€ Z\I/g{l,,n}<ﬂ‘ll|7¢> . hn—\\PI R C Z’;:Ohs BYSR = AR

therefore <I®”, (5n(zp)> Ch"R. Now, H splitsas H=R- 1, ® Jy, with J,:= Ker(ey);
then H®" splits into direct sum of J,©™ plus other direct summands which are tensor
products with at least one tensor factor R-1, . As J, := Ker (ex) { yek ‘ =0 },
we have (H®", j®) = (J,2", j) for j© € J&". Now 6,(¢)) € J & thls and the
previous analysis together give (H®", §,(¢))) C <IH®", 6n(¥)) C A" R, for all n € N.
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Now, H® = K implies (H®”). = K®" for the induced pairing H®" x K" — R.
On the other hand, <H®”, 6n(¢)> C "R (for all n) gives h™"3,(¢) € (H®")® = K@
that is 6, () € " K®™ for all n € N, whence finally ¢ € K’, q.e.d.

(¢) We don’t need antipode to prove (a) and (b): the like arguments prove (¢) too. [

Proposition 4.5. Let Char(k) =0. Let Uy € QriUEA. Then (Uh’ )V =Uy.

Proof. First, let Up, := Up, / (Uh)oo , and assume the claim holds for Up: then repeated

applications of Lemma 3.2(a) give Uh/(Uh)oo =Up = ((Uh)/>v = (Uh')v/(Uh)oo,
whence (U n )V = U}, follows at once; therefore we are left to prove the claim for U}, , which
means we may assume (Uh)oo = {0} . In order to simplify notation, we set H := Uj,.

Our purpose now is essentially to resort to a similar result which holds for quantum
groups “a la Drinfeld”: so we mimic the procedure followed in [Ga4] (in particular Propo-
sition 3.7 therein), noting in addition that in the present case we can get rid of the hy-
potheses dim(g) < +oo (with U(g) = U /hUy), as one can check getting through the
entire procedure developed in [Gad] in light of [loc. cit.], §3.9.

Let H be the h-adic completion of H: this is a separated complete topological R
module, R being the hA—adic completion of R, and a topological Hopf algebra, whose co-
product takes values into HRH:=H®H , the i-adic completion of H®H (indeed, His
a quantized universal enveloping algebra in the sense of Drinfeld). As H,, = {0}, the nat-
ural map H — H embeds H as a (topological) Hopf R—subalgebra of H. Then we set also
H = {ne H | 6n(n) € hnH ®n } and (ITI’)X = U, > P " 5" (Q Q(ﬁ) Qp ﬁ), where
Iz := Ker (ez/)+h-H’' (asin §1.3), and we let (ITI’)V be the h-adic completion of (ITI’)X .

Now consider K := H* = Homgp (ﬁ, ﬁ) , the dual of H: thisisa topological Hopf R
algebra, w.r.t. the weak topology, in natural perfect Hopf pairing with H: in Drinfeld’s ter-
minology, it is a quantized formal series Hopf algebra. We define KX = Yoo IR (Q

Q(ﬁ) ®p I?), where J- := Ker (&) (as in §1.3) and we let KV be the h-adic completion
of K % and we define (IA{ V), in the obvious way. With much the same arguments used for
Proposition 4.3, one proves that (IA( V)/ — K . Like in [Gad], one proves — with much the
same arguments as for Proposition 4.4 — that H = (IA{ V). and KV - (ﬁ ! ). ; moreover,
one has also H = K *, whence one argues KV = (ITI ! ).. Using this and the equality
(IA{V), = K one proves (ﬁ’)v — H as well (sec [Gad] for details).

Now, definitions imply [ /5"H = H /W"H for all n € N: thus A (\H = h"H,
and similarly A" H®* NH® = h"H®*, for all n, £ € N, whence H’ (H = H' follows
at once; this easily implies Iz, (VH = Iy as well. By construction H is dense inside H
w.r.t. the Ai-adic topology; then H’ is dense inside H' w.r.t. the topology induced on the
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latter by the Ai-adic topology of H. Now, the description of H' in [Gad], §3.5 (which can
be given also when dim(g) = +00 ), tells us that H’' (\A"H = I%,; then we argue that H'
is dense within H' w.r.t. the I5,~adic topology of H’. This together with Iz, (H = Iy
implies, by a standard argument, that I, (VH = I;, for all n € N.

Finally, take n € H \ h H. We can show that there exists an n’ € T g@ (notation of
Lemma 4.2(d)) such that ' = A9y 4 7', for some 7/, € Ia(n)Jr , just proceeding like
n [Gad], §3.5 (noting again that we can drop the assumptlon dim(g) < +o00): roughly,
we consider any basis of H } heo = H } h—o containing 77, we look at the dual basis inside
K }h:O and lift it to a topological basis of K, then rescale the latter — dividing out each
element by the proper power of 4 — to sort a topological basis of K V: the dual basis of H’
will contain an element 7’ as required. But then A%Mn = o/ — L el A(n) NH = 1%
thanks to the previous analysis: therefore n = =9 . My e f— 8(77)1'8(’7) - (H’)V . The

outcome is H C (H ! )V , whilst the reverse inclusion follows from Theorem 3.6. [

Corollary 4.6. Let Char(k) =0. Let U, € QrUEA. Then (Uﬁ/)F = (Un)p

Proof. Definitions give H'r = Hp for all H € HA. Therefore, since Uy = (Uh')v by
Proposition 4.5, we have (Uh')F = ((Uh')v>F =Un)p, qed. O

Remark: it is worth noticing that, while HYs = Hp for all H € HA, we have not
in general H'r = Hp; in particular, example exist of non-trivial H € HA such that
H =R-1y, sothat H'r = F(R) - 14 ; H . These cases also yield counterexamples to
Proposition 4.5, namely some H € HA for which (H ! )v ;Ct H.

Theorem 4.7. Let Fy|G] € QFA (notation of Remark 1.5) such that Fh[GHh:o is re-

duced. Then Fy[G]| 1 a universal enveloping algebra, namely

\%
‘h:O

ﬂww

=BG /M% vV = U(g¥)

where g* is the cotangent Lie bzalgebm of G (cf. §1.1).

Proof. Set for simplicity Fy = F|G], Fy = Fh/hFh = F[G], and Fy’ := FH[G]V,
FyY = Fhv/hFhv. By Theorem 3.7, F;” is a QrUEA, so Fy’ = Fhv}ﬁ:()
universal enveloping algebra u(#) of some restricted Lie bialgebra . Our purpose is to
prove that: first, Fy” = u(t) = U(h) for some Lie bialgebra b; second, h = g*

Once again we can reduce to the case when F} is separated w.r.t. the h—adic topol-
ogy. Indeed, we have (Fh)oo = (Fhv)oo by Lemma 4.2(c); then F' := Fhv/(FhV)oo =

Fhv/(Fﬁ)oo = (Fn )v by Lemma 3.2(a) (taking notation from there), and so Fhv‘ =

h=0
= (Fy )v o’ where the first identity follows from Lemma 3.2(b). Therefore it is

is the restricted

By’

h=0 -
enough to prove the claim for Fj, which means that we can assume that (Fh)oo = {0}.
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Like in Lemma 4.1, let I := I, , and let E be the I-adic completion of F;. By
assumption [ = (Fh)oo = {0}, hence the natural map Fj —— Fj is a monomorphism.

Consider J := Ker (6: Fy, — R), and let JY := h~'J C F3’. As in the proof of
Lemma 4.1, let {ys},.s be a k-basis of JO/J02 = Q(F[G)), where Jy := Ker (epe)) =
m, and pull it back to a subset {ji},cs of J. Using notation of Lemma 4.1, we have
I/t o~ fﬁ/f/”ﬁ for all n € N; then from the description of the various It (¢ € N)
given there we see that I™ / I™*! is a k—vector space with basis the set of (cosets of) ordered
monomials { A%°j€¢ mod I"*! | ¢y € N,e € N?, eo + |e| = n} where le| ==Y, se(b).
As a consequence, and noting that A~ "I"*! = k. A=D1 =0 mod A Fy’ , we argue
that A~"I" mod h Fy’ is spanned over k by {77,_‘9|jg mod h Fy’ ‘ e € N‘fs, le|] < n}:
we claim this set is in fact a basis of A~"I" mod k F’ . Indeed, if not we find a non-trivial
linear combination of the elements of this set which is zero: multiplying by A" this gives an
element v, € I"™\ I"t1 such that A=y, =0 mod I Fy' : then there is ¢ € N such that
h "y, € h-h=*I%, so h'y, = K'T"I* C I'T"+: but then Lemma 4.2(a) yields 7, € I"T1,
a contradiction! The outcome is that {h_@'jQ mod A Fy’ } ec N‘Jf } is a k—basis of Fy".

Now let jﬁv :=h~'js forall B €S. Since j,j,—juju € BJ, forany u,v € S, we can
write J, ju — Ju Ju = hZﬂes cgjp + h?y1 + hyy for some cg € R, vy1 € J and v, € J2,
whence [j;{,j,)/} =00 =0 V= Y ses c5jg—|—71—|—h_172 =) pescpiy mod J+JVJ:
but J+JYJ = h(JY +JYJY) ChEy, so [5Y,5)] = > pes iy mod h Fy’ which
shows that b := JY mod hFy’ is a Lie subalgebra of Fy’. By the previous analysis Fp”
has the k—basis {( b V)g mod A Fj’ } ee€ N‘}S } , hence the Poincaré-Birkhoff-Witt theorem
tells us that Fy” = U(h) as associative algebras. On the other hand, we saw in the proof
of Theorem 3.7 that A(jY) =jV®1+1®j¥ mod h (Fhv)®2 for all j¥ € JV, which
gives A(j)=j®1+1®j forall j€b, whence FyY = U(h) as Hopf algebras too.

Now for the second step. The specialization map 7V: Fy" —» Fy' = U(h) restricts to
n:JV —» b :=JVmod hFy’ = JV/JVﬂ(ﬁFﬁv) = JV/(J—i—Jth) , for JVN(RFR') =
JV N h.2 = Jn + JVJ, by Lemma 4.2(b). Moreover, multiplication by A~! yields
an R-module isomorphism g : Ji» JV. Let p:Jy —» JO/J02 =: g* be the natural
projection map, and v: g* —— Jy a section of p. The specialization map 7: F —» Fy
restricts to w’: J —» J/(Jﬂ hFy) = Jh/th = Jo: we fix a section v: Jy — J of 7'

Consider the composition map o := nopuo~yov:g* —— h. This is well-defined,
i.e. it is independent of the choice of v and ~. Indeed, if v,v: g* «—— Jy are two
sections of p, and o, o’ are defined correspondingly (with the same fixed  for both), then
Im(v—1") C Ker(p) = Jo* € Ker(nopuo~), sothat 0 =nopoyov=nopoyor =o’.
Similarly, if ~,~": Jo —— Jp are two sections of 7/, and o, ¢’ are defined correspondingly
(with the same v for both), we have Im(y —~') C Ker(n') = hJ = Ker(n o u), thus
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o=nopoyov=nopoy ov=oc, qed. Inanutshell, o is the composition map
g~ L»JO/JOQLJ/(lﬂ-l-hJ)f—ﬂ»JV/(J-i-JVJ)f—ﬁ»f)

where the maps v, %, fi, 7, are the ones canonically induced by v, v, u, 1, and v, resp. 7,
does not depend on the choice of v, resp. 7, as it is the inverse of the isomorphism
p: JO/Jozi»gX, resp. 7': J/(J2 + hJ)iJO/Joz, induced by p, resp. by «’. We
use this remark to show that o is also an isomorphism of the Lie bialgebra structure.

Using the vector space isomorphism o : g* if) we pull-back the Lie bialgebra struc-
ture of h onto g*, and denote it by (gx, [, s 6.); on the other hand, g* also carries its
natural structure of Lie bialgebra, dual to that of g (e.g., the Lie bracket is induced by
restriction of the Poisson bracket of F[G]), denoted by (g*,[ , ],,0x): we must prove
that these two structures coincide.

First, for all z1, xo € g we have [1’1,332]. = [931,1'2} "

Indeed, let f;:=v(z:), @i :=7(fi), ¢ = nulwi), vi :=n(e) (i=1,2). Then

[5’3175’32]. =g ([U<$1),U($2)]h> o ([yl yz]) (po 7w’ o M_l) ([(p}/,gpg]) =
(:007)( 901 P2 ) = P({f1,f2}) =: [331,5132}X , q.e.d.

The case of Lie cobrackets can be treated similarly; but since they take values in tensor
squares, we make use of suitable maps vg := v%2, vg := 7®2, etc.; we also make use of
notation xg:=Ngo e = (no u)®2 and V:=A — A°P,

Now, for all x € g* we have dqo(x) = dx ().

Indeed, let f:=v(z), ¢ :=7(f), ¢ :=ulp), y:=n(¢"). Then we have

u(@) = 057 By (0(2)) = 057 (34 (n(¢"))) = 06 (e ("' V (")) ) =
=05 (0o 1) o (V(9) =05 ((no107) 5 V(1) = pe(V(F) = pa(V(¥(2)) = 5x(x)

where the last equality holds because dx (x) is uniquely defined as the unique element in
g~ ® g* such that <u1 ® Uus , Ox (aj)> = <[u1,uQ] , :z:> for all uy,us€g, and we have

<[U17u2] > :13> = <[u17u2] ) p(f)> = <U’1 ® UQ,V(f)> = <u1 @ u2 ,,0®(V(I/(IIJ)))> U

4.8 Interlude: quantizations of pointed Poisson manifolds and of their linear
approximation. The proof of Theorem 4.7 in fact leads to a more general result; to
mention it, we need some more terminology.

Namely, among algebraic k-varieties let us consider the pointed Poisson varieties, de-
fined to be pairs (M, m) where M is a Poisson variety and m € M is a point of M where



28 FABIO GAVARINI

the rank of the Poisson bivector is zero: in other words, {m} is a symplectic leaf of M . A
morphism of pointed Poisson varieties (M, m) and (N, n) is any Poisson map ¢ : M — N
such that ¢(m) = n. Clearly this defines a subcategory of the category of all Poisson vari-
eties, whose morphisms are those morphisms of Poisson varieties which map distinguished
points into distinguished points. In terms of their function algebras, any pointed Poisson
variety M is given by the datum (F [M], mm) where m;;, is the defining ideal of m € M .

By assumptions, the Poisson bracket of F'[M] restricts to a Lie bracket onto m : from
this the quotient space Ly 1= my / m2 (the cotangent space to M at m) inherits a Lie
algebra structure too, the so-called “linear approximation of M at m” (see e.g. [We], §4).
In the following we also call it the cotangent Lie algebra of (M, m), or simply of M .

Natural examples of pointed Poisson varieties are the coisotropic Poisson homogeneous
spaces, also called Poisson quotients, i.e. those Poisson homogeneous spaces of the form
G / H, where G is a Poisson group and H is a (closed) coisotropic subgroup, where
coisotropic means that the ideal I(H) in F[G] of all functions vanishing on H is a Poisson
subalgebra of F[G]. The distinguished point is the coset eH of the unit element e € G.

Another special class is given by the category of Poisson monoids (=unital Poisson
semigroups): each one of them is naturally pointed by its unit element. If (M, m) = (A, e)
is any Poisson monoid, then F[4] is a bialgebra (and conversely), and £, has a natural
structure of Lie bialgebra — the cotangent Lie bialgebra of A — the Lie cobracket being
induced by the coproduct of F[A], hence (dually) by the multiplication in A. It follows
then that U(L,) is a co-Poisson Hopf algebra. When in particular the monoid A is a
Poisson group G we have A = g* .

We call quantization of a pointed Poisson variety (M, m) any A € A" such that A‘ ——
F[M] as Poisson k-algebras, and if 7 : A —» A‘h:o >~ F[M] is the specialisation map
(h+ 0), then Ker(mog, )= my; in this case we write A = Fy[M]. For any such
object we set Jys := Ker(¢c,,) and In := Jy +hA. A morphism of quantizations of
Poisson varieties is any morphism ¢ : Fp[M] — Fi[N] in AT such that ¢(Jy) C Jn -
Quantizations of pointed Poisson varieties and their morphisms form a subcategory of AT .

A quick check throughout the proof of Theorem 4.7 (and of Theorem 3.7 for the last
part of the claim) then shows that the same arguments also prove the following:

Theorem 4.9. Let F[M] € A" be a quantization of a pointed Poisson manifold (M, m)
(as above) such that Fy[M]|,_, is reduced. Then Fp[M]
algebra, namely

v . . .
‘h:o 18 a universal enveloping

- Fh[M]V/hFh[M]V = U(Ly)

(notation of §4.8). If in addition M is a Poisson monoid and Fy[M] is a quantization of
F[M] in B, then the last identification above is one of Hopf algebras. [
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Theorem 4.10. Let Char(k) =0. Let Uh( ) € QrUEA (notation of Remark 1.5). Then
Un(e)'|, /() /1 Un(g) = F[G"]

where G* is a connected algebmzc Pozsson group dual to G (as in §1.1).

Proof. Due to Theorem 3.8, Uy (g)’ is a QFA, with Uh(g)’ﬂ F[H]| for some connected
algebraic Poisson group H ; in addition we know by assumption that F[H] is reduced: we
have to show that H is a group of type G* as in the claim.

Applying Theorem 4.7 to the QFA Uy(g)" yields (Uh(g)/)vﬂ U(h*). Since Propo-
sition 4.5 gives Ux(g) = (Uh(g)/)v, we have then

Ule) Un(g) = (Un(g)') —="= U(6")
so that h* = g: thus b := (hx)* =g*, whence H =G*, q.e.d. [

Theorem 4.11. Let Char(k) = 0. Consider Fy, € QFA, Uy € QrUUEA, and a perfect
Hopf pairing { , ):Fn x Uy —— R such that Fy = U® and Up = Fy*. Then

Uh/ = (Fh\/). and Fhv = (Uh/).
Proof. First of all notice that the assumptions imply that the specialized Hopf pairing

Fh‘h:o X Uh}h:O .
addition F’ C (U h') by Proposition 4.4(a), and we have to prove the reverse inclusion.

— k is perfect as well: then Proposition 4.4(b) gives U’ = (Fhv). . In

Let ¢ € (Uh/).; in particular, we can choose ¢ such that <<,0,Uh'> = R. Since
(Uh'). C F(R)®r Fr, = F(R) ®r Fy’, there exists ¢ € R\ {0} such that ¢, :=cp €
Fp/\hFy" : it follows that <gp+ , Uh'> =cR. If F, = F3|G], U = Up(g), then Theorems
4.7-8 give Fj, }h o = U(g*) and Uh/‘h:o = F[G*]. Thus there is 77 € F[G*] such that
<<p+}h:0,77> = 1, hence there is 5 € Uy’ (a lift of 77) such that {py,n) =1+ hx for
some k € R; but (¢4,n) € cR by construction, hence ¢ divides (1+ hk) in R.

As o, € Fy = Unen 27" 1;; we have o = h7"pg for some n € N and ¢y € I;ﬁ;
therefore <<p0,Uh’> = ch™R. On the other hand, since U = (Uh’)v (by Proposition
4.5) each y € Uy can be written as y = h~%y for some ¢ € N and 3y’ € Uy'; then
<gpo,y> = chn_é<go,y’> € RNch"*R because <<,00,y> € R and <<,0,y’> € R. Now,
if "*{p,y’) ¢ R then n— ¢ < 0 and so & divides c¢. Since ¢ divides (1 + hx) we
get an absurd, unless c is invertible in R: hence ¢ = ¢ 'y, € F’, q.e.d. Otherwise,
we have always h”_z<cp,y'> € R, which means <g00,y> € cR for all y € Uy; thus
c Ly € Up® = F,. Now consider the I, —adic completion F; of Fy: the kernel of the
natural map p: Fp —— Fj is Iy = (Fn)y (because Fj € QFA), and the latter is zero
because it is contained in the tr1v1al left radical of the perfect pairing between F; h @ and Up;
therefore F} embeds into Fh via . We have ¢~ gpo € Fy C Fh and g € I - I : then

from Lemma 4.1(a)-(b) we argue that ¢~ 1pq € IFﬁ , hence finally ¢ 1¢g € I .h Fh I,
thanks to Lemma 4.1(d). The outcome is ¢ = ¢~ 'h™"pg € h™ "I C FyY, q.e.d. O
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At last, we can gather our partial results to prove the main Theorem:

Proof of Theorem 2.2. Part (a) is proved by patching together Proposition 3.3, Proposi-

tion 3.5 and Theorems 3.6-8. Now recall that if Char(k) = 0 every commutative Hopf
k—algebra is reduced; then part (b) follows from Theorem 3.6 and Propositions 4.3 and 4.5.
Part (c) is proved by Theorems 4.7-8, whereas Theorem 4.11 proves part (d). Finally, as-
sume Char(k) =0 and consider H € HAp: if Hy € QFA (w.r.t. a fixed prime h € R)
is an R-integer form of H, then H (vf) is an integer form too — by the very definitions —
and it is a QrUEA (at /), by Proposition 3.3; conversely, if H,) € QrUEA (w.r.t. a fixed
prime A € R) is an R-integer form of H, then also H Eu) is an integer form — by Corollary
4.6 — and it is a QFA (again at h ), by Proposition 3.5; this proves part (e). O

§ 5 Application to trivial deformations: the Crystal Duality Principle

5.1 Trivial deformations and GQDP. In this section, we apply the GQDP to
the framework of trivial deformations of Hopf algebras over a field. In particular, we
consider more closely some key examples: function algebras over algebraic groups, universal
enveloping algebras of Lie algebras, and group algebras of abstract groups. The outcome
seems to be of special interest in its own, as a chapter of classical — rather than “quantum”
— Hopf algebra theory, and we propose it as a new tool for specialists in that matter.

To be short we perform our analysis for Hopf algebras only: however, as Drinfeld’s func-
tors are defined not only for Hopf algebras but for augmented algebras and coaugmented
coalgebras too, we might do the same study for them as well (indeed, we do it in [Ga5b]).

Let us now be more precise. Let H.Ag be the category of all Hopf algebras over the field
k. For all n € N, let J" := (Ker(e: H— k))n and D,, := Ker ((5n+1: H — H®”),
and set J := {J”}RGN, D = {Dn}nEN' Of course J is a decreasing filtration of
H (maybe with [,~,J™ 2 {0} ), and D is an increasing filtration of H (maybe with
U,>0 Dn & H), by coassociativity of the d,’s.

Let R = k[2] be the polynomial ring in the indeterminate h: then R is a PID (=
principal ideal domain), and £ is a non-zero prime in R such that R / h R is the field k. Let
Hp = H[h] = R ®k H, the scalar extension of H: this is the trivial deformation of H .
Clearly Hy, is a torsion free Hopf algebra over R, hence one can apply Drinfeld’s functors
to it; in this section we do it with respect to the element A itself. We shall see that the
outcome is quite neat, and can be expressed purely in terms of Hopf algebras in HA :
because of the special relation between some features of H — namely, the filtrations J
and D — and some properties of Drinfeld’s functors, we call this result “Crystal Duality
Principle”, in that it is obtained through sort of a “crystallization” process. Here we bear
in mind, in a sense, Kashiwara’s motivation for the terminology “crystal bases” in the
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context of quantum groups: see [CP], §14.1, and references therein. Indeed, this theorem
can also be proved almost entirely using only classical Hopf algebraic methods within H Ay,
i.e. without resorting to deformations: this is accomplished in [Gab].

Note that the same analysis and results (with only a bit more annoying details to take
care of) still hold if we take as R any domain which is also a k-algebra and as h any
clement in R\ {0} such that R/hR = k; for instance, one can take R = k[[h]] and
h:=h,or R= k[q, q_l} and A := ¢ — 1. Finally, in the sequel to be short we perform
our analysis for Hopf algebras only: however, as Drinfeld’s functors are defined not only
for Hopf algebras but for augmented algebras and coaugmented coalgebras too, we might
do the same study for them as well. In particular, the final result (the Crystal Duality
Principle) has a stronger version which concerns these more general objects too (see [Gab]).

We first discuss the general situation (§§5.2-4), second we look at the case of func-
tion algebras and enveloping algebras (§§5.6-7), then we state and prove the theorem of
Crystal Duality Principle and eventually (§§5.12-13) we dwell upon two other interesting
applications: hyperalgebras, and group algebras and their duals.

Lemma 5.2.
Hy =3 oR-A""=R-J+R-F'J' +- -+ R-A"J"+ - (5.1)
Hy' = Zn>OR'hnDn = R-Dg+R-hDi+---+R-h"Dy +--- (5.2)
Proof. As for (5.1), we have Jg, = R-J, whence Hy =Y A "J" =3 b "J".
On the other hand, one has trivially Hy' O 370 R- WD, . Conversely, let_n c Hy':
then n = >, ¢y for some ¢, € R and 0, € H; in addition, we can assume the n;’s
enjoy the following: m1, ..., nk, € Doy \ Dey—15 Mhy+1s - Moy € Doy \ Doy—1y ooy M1,
oy My € Dy, \ Dy,—1 for some k;, £;,t € N with ky < ky <--- < k¢, they are linearly
independent over k, and moreover ng,y1, ..., Nk,,, belong to a vector subspace W; of
H such that W;( Dy, = {0}, for all i. By the assumptions on R, for any k there is
a unique vy € N such that ¢, € h*R\ h**T1R; then for all n € N we have ¢, = 0
mod A"R when v, > n and ¢, = Zn_l agk) h* mod AR, for some agk) € k with

S=VL

a0, when vy < n. Then Y i<n sl a s dn(mk) = 6p(n) = 0 mod A" and

s=vy

Su(me) € H®™ ¢ Hy®" \ h Hy®™ imply — since H;®" / B H O™ (R/ (h”R)) @y HO

(k[:)s]/(x”)) @k H®" — that Y . _ = agk_)én(nk) =0, where v_ := rrgn {vg}, hence

Zn>vk:v, agji)nk € Ker (8,,) =: D,,—1: since all coefficients aq(,li) in this sum are non-zero,

by our assumptions on the 7;’s this forces n, € Ker(d,) =: D,_1, for all k£ such that
vk = v— . The outcome is: vy <n = n, € D,—1 (for all k, n), whence we get n, € D,,
for all k, so that n =", cpmi € :ﬁg R-h°Dy, q.ed. O

5.3 Rees Hopf algebras and their specializations. We need some more terminol-
ogy. Let M be a module over a commutative unitary ring R, and let
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M = {Mz}

ver = (CM o C CM A CMCM CoeC M, )

be a bi-infinite filtration of M by submodules M, (z € Z). In particular, we consider
increasing filtrations (i.e., those with M, = {0} for all z < 0) and decreasing filtrations
(those with M, = {0} for all z > 0) as special cases of bi-infinite filtrations. First we
define the associated blowing module to be the R-submodule By (M) of M [t,t~!] (where
t is any indeterminate) given by Bas(M) := > ., t*M.; this is isomorphic to the first
graded module? associated to M, namely €, ez M . Second, we define the associated Rees
module to be the R[t]-submodule RY, (M) of M[t,t™'] generated by Ba(M); straight-
forward computations then give R-module isomorphisms

Ry (M) [(t = )R (M) = UM., Ry (M)/tRy(M) = Gy (M)
2€Z

where Gp (M) := @,c, M./M._ is the second graded module associated to M . In

other words, RY,;(M) is an R[t]-module which specializes to |J,o;, M. for t = 1 and

specializes to GQ(M) for t = 0; therefore the R-modules J,., M. and Gy (M) can be

seen as l-parameter (polynomial) deformations of each other via the 1-parameter family

of R—modules given by R%,(M).

We can repeat this construction within the category of algebras, coalgebras, bialgebras
or Hopf algebras over R with a filtration in the proper sense (by subalgebras, subcoalgebras,
etc.): then we’ll end up with corresponding objects Bas (M), RY, (M), etc. of the like type
(algebras, coalgebras, etc.). In particular we’ll cope with Rees ﬁopf algebras.

5.4 Drinfeld’s functors on H; and filtrations on H. Lemma 5.2 sets a link
between properties of Hy', resp. of Hy', and properties of the filtration D, resp. J, of H .

First, formula (5.1) together with the fact that Hp’ € H.A implies that .J is a Hopf
algebra filtration of H ; conversely, if one proves that J is a Hopf algebra filtration of H
(which is straightforward) then from (5.1) we get a one-line direct proof that Hz' € HA.
Second, we can look at J as a bi-infinite filtration by reversing the index notation and then
extending it trivially on the positive indices, namely

J = (...gJ”g...ngJgJO(:H)gHg...gHg...);

then the Rees Hopf algebra RZ(H) is defined (see §5.3). Now (5.1) give Hp’' = RZ(H),
SO Hhv/hHhv =~ RZ(H)/BRZ(H) = G (H). Thus G;(H) is cocommutative because

HyY / h Hy ' is; conversely, we get an easy proof of the cocommutativity of Hp" / hHy’

2Hereafter, I pick such terminology from Serge Lang’s textbook “Algebra”.
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once we prove that G(H) is cocommutative, which is straightforward. Finally, G (H)
is generated by Q(H) = J / J? whose elements are primitive, so a fortiori Gy(H) is
generated by its primitive elements; then the latter holds for Hp’ / h Hy' as well. To sum
up, as Hy' € QrUEA we argue that G;(H) = U(g) for some restricted Lie bialgebra g;
conversely, we can get Hp' € QrUUEA directly from the properties of the filtration J of
H. Moreover, since Gj(H) =U(g) is graded, g as a restricted Lie algebra is graded too.

On the other hand, it is straightforward to see that (5.2) together with the fact that
Hjp' € HA implies that D is a Hopf algebra filtration of H ; conversely, if one proves that
D is a Hopf algebra filtration of H (as we did in Lemma 3.4(¢)) then from (5.2) we get
an easy direct proof that Hp € HA. Second, we can look at D as a bi-infinite filtration
by extending it trivially on the negative indices, namely

D= (--c{oyc--{0}C ({0} =)DoCDIC-CDCo-)

then the Rees Hopf algebra RHQ(H) is defined (see §5.3). Now (5.2) gives Hj' = RHQ(H) ;
but then Hh'/hHh' = RHQ(H)/hRHQ(H) = Gp(H). Thus Gp(H) is commutative

because Hp' / hHy' is; or, conversely, we get an easy proof of the commutativity of

Hh’/hHh’ once we prove that Gp(H) is commutative, as we did in Lemma 3.4(c).
Finally, Gp(H) is graded with 1-dimensional 0-component — by construction — hence
it has no non-trivial idempotents; therefore the latter is true for Hp’ / h Hy' as well. Note
also that I,y = {0} by construction (because Hj is free over R). To sum up, since

Hy' € QFA we get that Gp(H) = F[G] for some connected algebraic Poisson group G;
conversely, we can argue that Hy' € QFA directly from the properties of the filtration D .

In addition, since Gp(H) = F[G] is graded, when Char(k) = 0 the (pro)affine variety
G(ay of closed points of G is a (pro)affine space3, that is Gy = AEI = k? for some
index set Z, and so F[G] =k[{zi},c] is a polynomial algebra.

Finally, when p := Char(k) > 0 the group G has dimension 0 and height 1: indeed, we
can see this as a consequence of the last part of Theorem 3.8 via the identity H}, / hH} =
Gp(H), or conversely we can prove that part of Theorem 3.8 via this identity by observing
that G has those properties. In fact, we must show that 7” = 0 for each n € H:=G p(G):
letting n € Hj, be any lift of 7 in H,, we have n € D, for some ¢ € N, hence d¢11(z) =0.
From A“l(n) = doacqi,...er1y 0a(m) (cf. §2.1) and the multiplicativity of A we have

3For it is a cone — since H is graded — without vertex — since G(Cl), being a group, is smooth.
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p
AL (o) = (AHI(”))Z) = (ZAg{l,...,z+1}5A(77)> € DoAC(l,..041) on ()’ +

(o) > T, 0a, ()" +

et en=p A1, ApC{L,. 041}

1 . k p—1
+ Yoo Xgeq eyt () + (ad (D))" (D)
|w|=k
(since dp(n) € jA<JH,®|A|> for all A C {1,...,£+1}) where Dy := > i D,

k Sk=

—1
and (ad; (D))" (D) := [ Do), [Dee)s - -+ [Die), [Diey, Degy ] +++]] - Then

'

p

5H1(77p) — (idH _ €)®(£+1)(Ae+1(np)) c 5@+1(77)p 4+ Zel,...,ep<p (el,.l.).,ep) X

e1+-ep=p

X 2200 A=ttty Llemr0a, ()™ + (ida — ¥ty ((ad[ : 1(D<e>))p_1(D<e>)> '

Now, 6t*(n)” =0 by construction, and ( P ) (with eq, ..., e, < p) is a multiple of

€1,..,Ep

p, hence it is zero because p = Char(k); therefore we end up with

S (n) € (idw —* Y ((adr (D))" (D)) -

Now, by Lemma 3.4 we have Dy, - Ds, C Ds,45, and [Dsi,Dsj] C D(s,4s,)-1; these

together with Leibniz’ rule imply that (ad[ ](D(Z)))p_l(D(g)) - > 221D, ;
S re=pL+1l—p
moreover, since Dy = Ker (1) = Ker (id — €) we have

. ®U+1 p—1 V4
(idy — )<(ad[ (D) (D(g))) < ZZt Tt:pé—l-l—p@tii Dr -
Tlyeey Te+1>0

In particular, in the last term above we have D, C D,_1yp41—p := Ker (6p—1)e42—p) C
Ker (6(p—1y¢) : therefore, using the coassociativity of the maps d,’s, we get

617@(77) = ((5(p—1)£ ® 1d€) © 55-!-1)(77) C Z 5(p—1)£(DT1) ® DTz Q- ® DTe+1 =0
Et TtZPE—l

T‘1,...,1”[+1>O
i.e. dp¢(n) = 0. This means n € D,¢_1, whereas, on the other hand, n? € D C D,
then P ;=P =0 € ng/ng_l C Gp(H), by the definition of the product in Gp(H).
Finally, by general theory since G has dimension 0 and height 1 the function algebra F[G] =
Gp(H) = H,’i/hH,’i is truncated polynomial, namely F[G] = k[{xi}iez]/({xip}iez) .
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5.5 Special fibers of H +” and H} and deformations. Given H € HA, consider
Hj, . our goal is to study Hy’ and Hp' .

As for H}”, the natural map from H to H:= G;(H) = Hhv/hHhv =: Hy’ sends

h=0
J* = N0/ " to zero, by definition; also, letting H := H/JOO (which is a Hopf

algebra quotient of H because J is a Hopf algebra filtration), we have H = HY. Thus

(HY),' o HY = H = U(g—) for some graded restricted Lie bialgebra g_. On the

other hand, (HV),’ T (Hv)hv/(h ~1)(HY), =3 ,50J = HY (see §5.3). Thus
=1 =

we can see (HV), = RZ (HY) as a l-parameter family inside HAy with regular fibers —

that is, they are isomorphic to each other as k—vector spaces (indeed, we switch from H

to HY just in order to achieve this regularity) — which links HY and H" as (polynomial)

deformations of each other, namely

Ulg_) =HY = (H),’ 0—h—l H”\w =H".
(@) = B = ()| e |
Now look at ((Hv)hv)/: by construction, we have ((Hv)hv)/ = (Hv)hv‘h =HY,
-1 -1

whereas ((Hv)hv)/ .

addition, if Char(k) = 0 then K_ = G* by Theorem 2.2(c). So ((Hv)h\/)’ can be
thought of as a 1-parameter family inside H.Ay , with regular fibers, linking HY and F[G* ]

= F[K_] for some connected algebraic Poisson group K_: in
1

as (polynomial) deformations of each other, namely

HY = ((H) ], ()

h=1  ((HY),")

hfFWJ(:ﬂ@Jﬁcmmng_

Therefore HY is both a deformation of an enveloping algebra and a deformation of a

function algebra, via two different 1-parameter families (with regular fibers) in H.4y; which
match at the value A =1, corresponding to the common element H . At a glance,

0+—h—1 l1—h—0
H\/

Ug-)
(HV)Y (HV)Y)'

ﬂKJ(:ﬁwx]ﬁcmmm:o) (5.3)

Now consider Hy'. We have Hh"h = Hh’/hHh’ = Gp(H) = H, and H =
=0 -

F[G4] for some connected algebraic Poisson group G4 . On the other hand, we have also

Hh” = Hh’/(h -1 Hy = ano D,, =: H'; note that the latter is a Hopf subalgebra

of H, because D is a Hopf algebra filtration; moreover we have H=H , by the very
definitions. Therefore we can think at Hj' = RFLQ (H') as a l-parameter family inside
HA, with regular fibers which links H and H’ as (polynomial) deformations of each other,
namely

0—h—1
- Hy' = H'.

FIG.] = H = Hy/
[ +] h h=0 Hy/ h=1




36 FABIO GAVARINI

Consider also (Hh/)v: by construction, we have (Hh’)v‘h = H}/ = H', whereas
=1 -1

(Hh')v)h .= U(t;) for some restricted Lie bialgebra £, : in addition, if Char(k) = 0

then ¢, = g thanks to Theorem 2.2(c¢). Thus (Hh')v can be thought of as a 1-
parameter family inside H.Ag with regular fibers which links ¢/(€, ) and H' as (polynomial)

deformations of each other, namely

H — (Hh,)v) 1—h—0 (Hh,)v)

T —u(e.) (=U(ef) if Char(k)=0).

h=0
Therefore, H' is at the same time a deformation of a function algebra and a deformation
of an enveloping algebra, via two different 1-parameter families inside H.Ax (with regular
fibers) which match at the value i =1, corresponding (in both families) to H'. In short,

0—h—1 ’ 1—h—0 . X\ s _
FIG,] - H s U(E) (—U(g+) if Char (k) _o). (5.4)
Finally, it is worth noticing that in the special case H = H = HY we can splice
together (5.3) and (5.4) to get
0+—h—1 / 1<—h—0 . X\ . o
FIG4] . H e ULE) <_ U(g)) if Char(k) = o)
I
H (5.5)
I
0—h—1 1—h—0 .
U(g_ HY FIK_] | = F|GZ] if Char(k) =0
(6-) (HY)p' (HY)R")' K- ( ] (k) )

which gives four different regular 1-parameter deformations from H to Hopf algebras en-
coding geometrical objects of Poisson type (i.e. Lie bialgebras or Poisson algebraic groups).

5.6 The function algebra case. Let GG be any algebraic group over the field k. Let
R :=Kk[A] be as in §5.1, and set Fj[G] := (F[G]), = R®x F[G]: this is trivially a QFA
at I, for F3|G]/hFy[G] = F[G], inducing on G the trivial Poisson structure, so that its
cotangent Lie bialgebra is simply g* with trivial Lie bracket and Lie cobracket dual to the
Lie bracket of g. In the sequel we identify F[G] with 1® F[G] C F}[G] .

We begin by computing F}, [G]v (w.r.t. the non-zero element h).

Let J := Jpig) = Ker (epiq)) » let {yp},cs be a k-basis of Q(F[G]) = J/J2 =g%,
and pull it back to a subset {jp},cs of J. Then we see that J”/J”+1 is a k-—vector
space spanned by the set of (cosets of) ordered monomials (using multiindices and all the
notation introduced in the proof of Theorem 4.7) {j¢ mod J"™! | ¢ € N‘?, le] =n}
where |e] := Y, se(b); therefore I™ /1™t as a k-vector space is spanned by { h¢j¢
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mod I"+! ‘ eo €N,e € N‘?, eo + |e| = n }. Noting that A="["t! = p. p=(FD [+ =
mod % F;[G]”, we can argue that A~"I"™ mod h Fj[G]" is spanned over k by {hleje
mod £ F5[G]" |e€ N‘? , le] <n}. Now we have to distinguish the various cases.

First of all, let y € F[G] be idempotent: switching if necessary to y4 :=y — e(y) we
can assume that y € J. Then y = y?> = --- = y® € J* C I" for all n € N, so that
y =0 mod A Fp|G|. Thus in order to compute F}, [G]/h F3|G] the idempotents of F[G]

are irrelevant: this means Fh[G]/h F,|G] = Fp [GO}/h F;[G°], where G° is the connected
component of G; thus we can assume from scratch that G be connected.

First assume G is smooth, i.e. F|G] is reduced, which is always the case if Char(k) = 0.
Then the set above is a basis of h~"I" mod I F,[G]" : for if we have a non-trivial linear
combination of the elements of this set which is zero, multiplying by A™ gives an ele-
ment v, € 1"\ I"*t! such that A"y, = 0 mod hFx[G]"; then there is £ € N such
that A"y, € h-h I, so h'y, = BRI C '+ whence clearly 7, € I"!, a
contradiction! The outcome is that {77,_‘9|jg mod & Fy[G]" ‘ e € Nf } is a k-basis of
Fh[G]v)h = Fy[G)” /h FR[G]Y . Now let jy = h7ljs for all 3 € S. By the previous
analysis FE[G]v‘hfo has k-basis {(;V)° mod hF}[G] | e € N¢ }, hence the Poincaré-

Birkhoff-Witt theorem tells us that Fj[G]"
where b is the Lie algebra spanned by {j; mod hFh[G]V}bGS (as in the proof of The-

= U(h) = S(h) as associative algebras,

orem 4.7), whose Lie bracket is trivial for it is given by [jg/,jg] = h2(jvjp — Jg jv)
mod % F;[G]Y = 0. Further, we have also A(jV)=7V®1+1®;5Y mod h (Fh[G]v)®2
for all j¥ € JY := hJ (cf. the proof of Theorem 3.7), whence A(j)=j®1+1®]j for all
jebh, so FylG]Y .

= U(h) = S(h) as Hopf algebras too. Now, consider the linear map

o:g” = J/J2 — b (CU(h)) given by y, — j/ (b€ S). By construction this is clearly
a vector space isomorphism, and also a Lie algebra isomorphism, since the Lie bracket is
trivial on both sides (G has the trivial Poisson structure!). In addition, one has

<U1 ®uy, dy (U(yb))> = <u1 ®uz, h' (A =A%) (o(y)) mod h> =
= (ur @us, h2(A— A%)(3y) mod h) = { (ur -uy —uy-ur) A%, mod h) =

_ <[u1,u2] B2, mod h> - <u1®u2, 126, (y») mod h> - <u1®uQ (0®0) (8, (yb))>

for all uy,us € g (with (u; -ug —ug-u;) € U(g)) and b € S, which is enough to prove
that 0y 00 = (0 ® 0) 0§y« , i.e. 0 is a Lie bialgebra morphism as well. Therefore the
outcome is Fh[G]V’h_Oz U(g*) = S(g*) as co-Poisson Hopf algebras.

Another extreme case is when G is a finite connected group scheme: then, assuming

for simplicity that k be perfect, we have F[G] = k|z4,... ,xn]/(x’l’el e wﬁen) for some

n,ey,...,e, € N. The previous analysis, with minor changes, then shows that F}, [G]V‘
h=0
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is now a quotient of U(g*) = S(g*): namely, the x;’s take place of the j’s, so the
cosets of the z)’s (i = 1,...,n) modulo hF;[G]" generate g*, and we find F;:,J[G]v}h =
=0

U(gx)/((xlv)pEI,...,(:(:X)pen) . Now, recall that for any Lie algebra h we can consider

hlel™ .= {x[p]n = gP" ‘x eh,neN } , the restricted Lie algebra generated by b inside
U(h), with the p-operation given by z[Pl := 2P then one always has U(h) = u(f)[p]oo) .
In the present case, the subset {(mY)pq, cee (mv)pen} generates a p-ideal T of (g*)IPI™,

n

an

SO gr, 1= g[P]m/I is a restricted Lie algebra too, with {(azY)pal, coy ()P

a; <

Elyeneylpy < en} as a k-basis. Then the previous analysis proves Fh[G]V‘h =u(gy,) =
=0

s@) /({@r™, @y

The general case is intermediate; we get it via the relation Fj|[G] / hF[G) = Gy (FIG)).
Assume again for simplicity that k be perfect. Let F[[G]] be the J-adic comple-

€n

}) as co-Poisson Hopf algebras.

tion of H = F[G]. By standard results on algebraic groups (cf. [DG]) there is a subset

{z;};,cr of J such that {Z; :=1z; mod J? }ieI is a basis of g% =J/J? and F[[G]] =

k[[{xi}iezﬂ/<{xip"(mi)} . ) (the algebra of truncated formal power series), for some
i€Zo

€ N%o. Since G, (F[G]) = G4 (F[[G]]), we argue

1€Zo
pn(a;i)

that G, (F[G]) = k[{@}lez]/<{§1 }ieIo) ; finally, since k[{T;},c7] = S(g)

~ > —pn(®)
we get Gy (FIG) = s(@) /({="7} )
nilradical of F[G] and p™®) is the order of nilpotency of x € N(F[G)).

Now, let 0 #7 € J/J?, andlet n € J bealift of 7: then A(n) =e€(n)- 10146 () ®
141®01(n)+d2(n) =n®1+1n+d2(n), by the very definitions. But d2(n) € J @ J,
hence d2(n) =0 € G, (F[G]) @ G (F[G]): so A(f) = A(n) =T®1+1®T7. Therefore,
all elements of J / J? = g* are primitive: this implies that the previous isomorphism

subset Zyp C 7 and some (n(wz))

as k-algebras, where N (F[G]) is the

respects also the Hopf structure. As for the Lie cobracket of G s (F [G]) , by construction

it is given by é¢, (ria)(T) = V(z) = A(x) — A°?(z). Now, in the natural pairing
between F[G] and_U(g), for all z € J we have (V(2),Y ® Z) = (A(z) — A?(2),Y ®
Z> = <x,YZ — ZY> = <:z:, Y, Z]>, hence <5GJ Fien(T),Y ® Z> = <x, Y, Z]> for all Y,
Z € g; similarly (6,x(Z),y ® z) = (x,[Y, Z]S for all Y, Z € g. We then argue that
dc, (ria)(T) = 6gx (T) for all x € g*, whence the two Lie cobrackets do correspond to

one another in the isomorphism above. Since Fh[G]v‘ = G (FI[G]), the outcome is

that Fh[G]v‘h:O S S(m/({zp )

Note also that the description of Fj,[G]" in the general case is exactly like the one we

z € N(F[G)) }) as co-Poisson Hopf algebras.

gave for the smooth case: one simply has to mod out the ideal generated by N (F [G])V =
h'N(F[G]), i.e. (roughly) to set (x\/)pn(xi): 0 (with zy := h~lz;) forall i € Z. By the

7
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way, to have this description we do not need k to be perfect. As for F[G]Y := F[G]/J>,
it is known (cf. [Ab], Lemma 4.6.4) that F[G]Y = F|G] whenever G is finite dimensional
and there exists no f € F[G] \ k which is separable algebraic over k.

It is also interesting to consider (F} [G]v)’. If Char(k) =0, then the proof of Proposi-
tion 4.3 does work, with no special simplifications, giving (Fh[G]V)/ = F[G]. If instead
Char (k) = p > 0, then the situation might change dramatically. Indeed, if the group
G has height 1 — i.e., if F[G] = k[{x,}lezﬂ/({xf‘z € I}) as a k-algebra — then
the same analysis as in the characteristic zero case may be applied, with a few minor
changes, whence one gets again (FH[G]V)/ = F3|G]. Otherwise, let y € J\ {0} be prim-
itive and such that y? # 0: for instance, this occurs for F[G] = k[z], i.e. G = G,,
and y = x. Then yP is primitive as well, hence d,(y?) = 0 for each n > 1. It follows
that 0 # h(yY)’ € (FH[G]V)/, whereas h(yY)" € Fy|G], as follows from our previous
description of F;[G]". Thus (Fh[G]v)/ 2 F3[G]", a counterexample to Proposition 4.3.

—_~—

What for F3[G]" and F[G]? Again, this depends on the group G under consideration.
We give two simple examples, both “extreme”, in a sense, and opposite to each other.

Let G := G, = Spec(k[z]), so F[G] = F[G,] = klz] and F[G,] := R @ k[z] = R[z].
Then since A(z) :=2®1+1®z and e(z) = 0 we find Fj[G,]) = R[hz] (like in §5.7
below: indeed, this is just a special instance, for F[G,| = U(g) where g is the 1-dimensional
Lie algebra). Moreover, iterating one gets easily (Fh[Ga]/), = R[h*z], ((FH[GQ]')/>/ =
R[R3z], and in general (((FH[GQ]’)/>/ . .)l = R[h"z] = R[z] = F3[G,] for all n € N.

n

Second, let G := G,, = Spec (k[z“,z‘ﬂ) , that is F[G] = F[G,] = k[zT!,271] so

that Fy[G,,] := R ® ]k[z*’l,z_l} R[zH, z_l} . Then since A(zil) = 2Tl @ 2+ and

e(z1) =1 we find A"(z*!) = zil)@m and 8, (zF!) = (! —1)®n for all n € N.
From that it follows easily Fj[G,,]" = R-1, the trivial possibility (see also §5.13 later on).

~, —

5.7 The enveloping algebra case. Let g be any Lie algebra over the field k, and U(g)
its universal enveloping algebra with its standard Hopf structure. Assume Char(k) =0,
and let R = k[A] as in §5.1, and set Ux(g) := R ®y U(g) = (U(g)),- Then Ux(g) is
trivially a QrUEA at h, for Uy(g)/hUr(g) = U(g) , inducing on g the trivial Lie cobracket.
Therefore the dual Poisson group is nothing but g* (the topological dual of g w.r.t. the weak
topology), an Abelian group w.r.t. addition, with g as cotangent Lie bialgebra and function
algebra F[g*] = S(g): the Hopf structure is the standard one, given by A(x) = z@1+1®x
(for all x € g), and the Poisson structure is the one induced by {z,y} := [z, y] for all z,
y € g. This is the so-called Kostant-Kirillov structure on g*.

Similarly, if Char(k) = p > 0 and g is any restricted Lie algebra over k, let u(g)
be its restricted universal enveloping algebra, with its standard Hopf structure. Then if
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R = k[h] the Hopf R-algebra Uy(g) := R @ u(g) = (u(g)), is a QrUEA at A, because
u,(g) /hup(g) = u(g), inducing on g the trivial Lie cobracket: then the dual Poisson group
is again g*, with cotangent Lie bialgebra g and function algebra F[g*] = S(g) (the Poisson
Hopf structure being as above). Recall also that U(g) = u(gl?!™) (cf. §5.6).

First we compute uy(g)’ (w.r.t. the prime 4 ) using (5.2), i.e. computing the filtration D .

By the PBW theorem, once an ordered basis B of g is fixed u(g) admits as basis the
set of ordered monomials in the elements of B whose degree (w.r.t. each element of B)
is less than p; this yields a Hopf algebra filtration of u(g) by the total degree, which
we refer to as the standard filtration. Then from the very definitions a straightforward
calculation shows that D coincides with the standard filtration. This together with (5.2)
immediately implies up(g)’ = (§) = (fig): hereafter § := hg, and similarly we set
% :=hax for all € g. Then the relations zy —yx = [z,y] and 2P = z[P] in u(g) yield
TY—gx = hm =0 mod hux(g) and 2P = m=10) = 0 mod hup(g)’; therefore from
the presentation? u(g) = TR(g)/({ ry—yx—|x,y], 2P — 2Pl ‘ T,Y,Z € g }) we get

(@) = (@ ——"— u(g) = Tk@/({fﬂ-ﬂwpWvgeﬁ}) -
:Tk(g)/({wy—yx, 2 lay,zeg}) ZSk(g)/({Zp}ZEQ}) :F[g*]/({zp‘zeg})

that is 1;(\9/) := Gp(u(g)) = uh(g)//huh(g)/ = F[g*]/({ 2’| z € g}) as Poisson Hopf

algebras. In particular, this means that u(g) is the function algebra of, and up(g)’ is a
QFA (at k) for, a non-reduced algebraic Poisson group of dimension 0 and height 1, whose
cotangent Lie bialgebra is g, hence which is dual to g; thus, in a sense, part (¢) of Theorem
2.2 is still valid in this (positive characteristic) case.

Remark: Note that this last result reminds the classical formulation of the analogue of
Lie’s Third Theorem in the context of group-schemes: Given a restricted Lie algebra g,
there exists a group-scheme G of dimension 0 and height 1 whose tangent Lie algebra is g
(see e.g. [DG]). Here we have just given sort of a “dual Poisson-theoretic version” of this
fact, in that our result sounds as follows: Given a restricted Lie algebra g, there exists a
Poisson group-scheme G of dimension 0 and height 1 whose cotangent Lie algebra is g.

As a byproduct, since Ux(g) = uh(g[p]oo) we have also Up(g) = uh(g[p]oo)/, whence

) = 67 2 5 (07) (5 gorm) = L] (1))

Furthermore, uy(g)’ = (§) implies that I, v is generated (as a two-sided ideal)

n(g)
by AR -1y, + Rg, hence h_lluh(g)/ is generated by R-1+ Rg, thus (uh(g)/)v =

4Hereafter, Tx (M), resp. Sa(M), is the tensor, resp. symmetric algebra of an A-module M.
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Un>o (A~ Iuh(g)) = Unso (R-1 —|—Rg)n = up(g); this means that also part (b) of
Theorem 2.2 is still valid, though now Char(k) > 0.

When Char (k) = 0 and we look at U(g), the like argument applies: D coincides with
the standard filtration of U(g) given by the total degree, via the PBW theorem. This
and (5.2) immediately imply U(g)’ = (g) = (hg), so that from the presentatlon Un(g) =

Tr(s) /({oy —yo — 23]}, .c,) Weget Un(e) = Ta(@) /({75 - 57— h }M )
whence we get at once

—~—

Un(e) = Tr(@) / ({7 5-57—h-[a.y]

ie. (/J\(;) :=Gp(U(g)) = Un(g)'/h Un(g)' = Flg*] as Poisson Hopf algebras, as predicted
by Theorem 2.2(c). Moreover, Ux(g) = (§) = T(g)/({ Ty—yr=nh- m |Z,5€8})
implies that Iy, 4y is generated by h R-1y, (q)+Rg: therefore h_lIUh(g)/ is generated by
R -1y, (s + Rg, whence (Uh(g)/)v = Un>o (h_lfUh(g)/)n = Un>o (R-1u,(q) + Rg)" —
Ur(g), which agrees with Theorem 2.2(b).

What for the functor () ? This heavily depends on the g we start from!

First assume Char(k) = 0. Let g1 := g, gu) := [g,g(k_l)] (k € N4), be the lower
central series of g. Pick subsets By, Ba, ..., By, ... (C g) such that By, mod g(,41) be
a k—basis of g(k)/g(kH) (for all k€ N ), pick also a k-basis Bo, of g(o0) = ﬂkeN+ , and

set J(b) := k for any b € By, and each k € Ny U{oo}. Then B := <Uk€N+ Bk> U B
is a k—basis of g; we fix a total order on it. Applying the PBW theorem to this ordered
basis of g we get that J” has basis the set of ordered monomials {b7'b5%---b% | s €
Ni,b, € B, Y7 _b,0(by) > n}. Then one easily finds that Un(g)” is generated by
{h™'b|be B;\ B2} (as a unital R-algebra) and it is the direct sum

Una)” = (@sem R (h_a(bl)bl)el o (h_a(bS)bs)es) D (@86N+,br€B R[h~!] by "'b§S>

b,.€ B\ Boo 37:br€Boo

From this it follows at once that Ujx(g / hUp(g Ve yu (g / g(oo)) via an isomorphism
which maps A~?®b mod hUx(g)" to b mod G(o) € 8/8(00) C U (8/8(c0y) for all b €
B\ By, and maps h~"b mod hUpy(g)" to 0 forall be B\ By and all n € N,

Now assume Char(k) = p > 0. Then in addition to the previous considerations one
has to take into account the filtration of u(g) induced by both the lower central series of
g and the p-filtration of g, that is g D gl?! D g[p]2 D...DglPl" O ... where gl?!" is the
restricted Lie subalgebra generated by { zPl” ‘ TEQ } and z +— z[P! is the p—operation in
g: these encode the J-filtration of U(g), hence of H = up(g), so permit to describe H".

In detail, for any restricted Lie algebra b, let b, := <U(mpk2n (h(m)>[pk]> for all n €
Ny (where (X) denotes the Lie subalgebra of b generated by X') and boo :=[1,,cy, bn:
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we call {hn}n e, the p—lower central series of . It is a strongly central series of b, i.e. it
is a central series (= decreasing filtration of ideals, each one centralizing the previous one)
of h such that [b,,, b,] < hmyrn for all m, n; in addition, it verifies r),if’] < bhpt1. When b is
Abelian {hn}n en, coincides (after index rescaling) with the p—power series {b[ﬁ”] }nEN .

Applying these tools to g C u(g) the very definitions give g, C J" (for all n € N)
where J := Jy(q): more precisely, if B is an ordered basis of g then the (restricted) PBW
theorem for u(g) implies that J" / J™t1 admits as k-basis the set of ordered monomials

€1 .62

of the form f!xz{?---x7* such that ), e.0(x;,) = n where 9(z; ) € N is uniquely

determined by the condition z;, € go(s,,) \ga(mir)_i_l and each z;, is a fixed lift in g of an

element of a fixed ordered basis of 90(xs,) / 90, )41 - This yields an explicit description of

J, hence of u(g)" and up(g)", like before: in particular uh(g)v/h ui(g) = u (9/8) -

Definition 5.8. For any k—coalgebra C, define X \Y = A~1 (X RC+C® Y) for all
subspaces X, Y of C. Set also N'X := X and \"T' X = (A" X)AX forall neNy,
and also \°X :=k-1 if C is a k-bialgebra.

Lemma 5.9. Let H be a Hopf k—algebra. Then D, = /\n+1(]k 1) for all n € N.

Proof. Definitions give Dy := Ker(6;) = k-1 = A'(k-1). By coassociativity we have
D,, .= Ker(0,4+1) = Ker (((5n ® 1) o 52) = Ker ((5n ® 01) o A) = A1 (Ker (0n ® (51)) =
A=Y (Ker (5,)® H+H®Ker (6,)) = A~ (D, 1@ H+H®Dy) = D1 \ Dy = Dpr_1 \(k-1)
for all n€N, ; so by induction D, = D,,_1A(k-1) = (N'(k-D)Ak-1) = A" (k-1). O

Definition 5.10.

(a) We call pre-restricted universal enveloping algebra (in short, PrUEA) any H €
HAy which is down-filtered by J (that is, (), -nJ"™ = {0}). We call PrUEA the full
subcategory of HAyx of all the PrUFEAs.

(b) We call pre-function algebra (in short, PFA) any H € HAx which is up-filtered by
D (that is, U, ey Dn = H ). We call PFA the full subcategory of HAyx of all the PFAs.

neN

The content of the notions of PrUEA and of PFA is revealed by parts (a) and (b) of
next theorem, which collects the main results of this section.

Theorem 5.11. (“The Crystal Duality Principle”)

(a) The assignment H — HY := H/J>, resp. H — H' := {J,cyDn, defines
a functor ()": HA, — HAg, resp. (): HA, — HAyx, whose image is PrUEA,
resp. PFA. More in general, the assignment A — AV := A/JAO", resp. C — C' :=
Unen Pn(C) , defines a surjective functor from augmented k-algebras, resp. coaugmented
k—coalgebras, to augmented k—algebras which are down-filtered by J, resp. coaugmented
k—coalgebras which are up-filtered by D ; and similarly for k—bialgebras.
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(b) Let H € HA,. Then H := G (H) = U(g), as graded co-Poisson Hopf algebras,
for some restricted Lie bialgebra g which is graded as a Lie algebra. In particular, if
Char (kK)=0 and dim(H)€ N then H =k-1 and g = {0} .

More in general, the same holds if H = B is a k—bialgebra.

(¢c) Let H € HAy. Then H := Gp(H) = F|G], as graded Poisson Hopf algebras, for
some connected algebraic Poisson group G whose variety of closed points form a (pro)affine
space. If Char(k) =0 then F[G] = H is a polynomial algebra, i.e. F|G]) = k[{xi}iez}
(for some set T); in particular, if dim(H) € N then H = k-1 and G = {1}. If
p := Char(k) > 0 then G has dimension 0 and height 1, and if k is perfect then F|G]| = H
is a truncated polynomial algebra, i.e. F[G]| = k[{xi}ieI]/({xip}ieI) (for some set T).

More in general, the same holds if H = B is a k—bialgebra.

(d) For every H € HAy , there exist two 1-parameter families (HV),” = RE(HY) and

((Hv)hv)/ in HAy giving deformations of HY with reqular fibers

if Char(k) =0, U(g_)}:ﬁ 0h—1 gy _ 1<h=0 {F[K—]:F[G*_]
if Char(k)>0, u(g-) (HY), (V)Y FIK_]

and two 1-parameter families Hy = RF"Q(H’) and (H}{)v in HAx giving deformations of
H' with regular fibers

F[G_l_]:ﬁ 0—h—1

H/
Hy (Hh/)v

1—h—0 { Uty) =U(gf) if Char(k) =0
u(ty) if Char(k) >0

where G is like G in (¢), K_ is a connected algebraic Poisson group, g_ is like g in (b),
b, is a (restricted, if Char(k) > 0 ) Lie bialgebra, g;° is the cotangent Lie bialgebra to G
and G* is a connected algebraic Poisson group whose cotangent Lie bialgebra is g_ .

—

(e) If H = F[G] is the function algebra of an algebraic Poisson group G, then F[G] is
a bi-Poisson Hopf algebra (see [KT], §1), namely

FG = s /({7 s e a)) = v /({7

where NF[G] is the nilradical of F[G], p™(®) s the order of nilpotency of x € NF[G] and
the bi-Poisson Hopf structure of S(gx)/({ P

T € NF[G]})

x € NF[G]}> 1s the quotient one from

—

S(g*) ; in particular, if the group G is reduced then F[G] = S(g*) = U(g*) .
(f) If Char(k) =0 and H = U(g) is the universal enveloping algebra of some Lie
bialgebra g, then U(g) is a bi-Poisson Hopf algebra, namely
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where the bi-Poisson Hopf structure on S(g) is the canonical one.
If Char(k) = p > 0 and H = u(g) is the restricted universal enveloping algebra of

some restricted Lie bialgebra g, then u(g) is a bi-Poisson Hopf algebra, namely
u(e) = S(g)/({a"|x€g}) = FIG"]

where the bi-Poisson Hopf structure on S(g)/({xp } T € g}) 15 1nduced by the canonical
one on S(g), and G* is a connected algebraic Poisson group of dimension 0 and height 1
whose cotangent Lie bialgebra is g .

(9) Let H, K € HAx and let m: H x K —— k be a Hopf pairing. Then 7 induce a
filtered Hopf pairing ny: HY xK' —— k, a graded Hopf pairing 7, : HxK —k , both
perfect on the right, and Hopf pairings over k[h| (notation of §5.1) Hp x K —— k[h]
and Hyp' x Ky —— Kk[R], the latter being perfect on the right. If in addition the pairing
np: HY x K' —— k is perfect, then m, is perfect as well, and HyY and Ky are dual to
each other. The left-right symmetrical results hold too.

Proof. Parts (a) through (¢) of the statement are proved by the analysis in §5.4, but for
the naturality of H — HY and H — H’, which is however clear because, gp(J ;O) cJx
and ¢(D,(H)) C D, (K) for any morphism ¢: H — K within HAx. In addition, for
part (b) when Char(k) =0 and dim(H) € N we have to notice that H = U(g) is finite
dimensional too, hence H = U (9) =k-1 and g = {0} ; similarly for (¢) these assumptions
imply that H = F[G] is finite dimensional too, so H = F[G] =k-1 and G = {1}, q.e.d.
Finally, if H = B is just a k-bialgebra then both B := G;(B) and B = Gp(B) are
irreducible graded k-bialgebras: then by [Ab], Theorem 2.4.24, they are also graded Hopf
algebras, whence we conclude as if B were a Hopf algebra.

Part (d) is proved by §5.5.

As for part (e), it is almost entirely proved by the analysis in §5.6, noting also that
in the case of H = F[G] one has S(g*) = U(g*) because g* is Abelian. What is
left to check is whatever refers to bi-Poisson structures. Indeed, the Lie bracket of g*
extends to a Poisson bracket which makes S(g*) into a bi-Poisson Hopf algebra (see §5.1);

then ({jpnu)} ) is a bi-Poisson Hopf ideal, thus S(QX)/<{EPMI>} )
zENF(g) - e

is a bi-Poisson Hopf algebra as well. But F[G] also inherits a Poisson bracket from F'[G]
which makes it into a bi-Poisson Hopf algebra too: it is then clear that the isomorphism

—

S(gx)/({ P }xeNp[G] ) >~ F[G] is one of bi-Poisson Hopf algebras.

Similarly, part (f) is proved by the analysis in §5.7, noting also that both U(g) and

—_~—

S(g) = F|G*] are naturally bi-Poisson Hopf algebras, isomorphic to each other via

—_—

the previously considered isomorphism. In addition, the same holds also for u(g) and
S(g)/({xp ‘az € g}) = F[G*], because ({xp ‘ x € g}) is a bi-Poisson Hopf ideal of S(g) .
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Finally, we go for part (g). Let m: H x K —— k be the Hopf pairing under study.
Consider the filtrations J = {JH”}RGN and D = {Dﬁ}neN. The key fact is that

n H

ntl ) + and J,

DE = (J mC (DpE)* forall neN.  (5.6)

Indeed, if X is a subspace of a coalgebra C' and C' is in perfect “Hopf-like” pairing
with an algebra A, one has \" X = ((XL)H)L (cf. Definition 5.8) for all n € N, where
the superscript | means “orthogonal subspace” (either in A or in C) w.r.t. the pairing
under exam (cf. [Ab] or [Mo]). Now, Lemma 5.9 gives DX = A"T'(k-1,), thus DX =
/\n+1(]k-1K) = (((]1&-11r<)J')n+1>L = (JH”JFI)L because (k-lK)L = J, (w.r.t. the pairing 7
above). Therefore DX = (JH”H)L, and this also implies .J," ™! C (DE )L.

Now K':=U,cn D = Unen (JH"‘H)L = (Nhen JH"JFI)L = (JHOO)L . Thus 7 induces
a Hopf pairing 7;: HY x K’ —— k as required, and by (5.6) this respects the filtrations
on either side. Then by general theory 7 induces a graded Hopf pairing 7, as required:
in particular 7, is well-defined because DJ C (JH"H)L and J,"t' C (DX )L (for all
n € Ny ) by (5.6), and both 7 and 7 are perfect on the right because all the inclusions
Dr C (JHTH'l)L happen to be identities. Clearly by scalar extension 7 defines also a Hopf
pairing Hy x K — k[h]; then (5.6) and the description of H and K’ in Lemma 5.2
directly imply that this yields another Hopf pairing Hp’ x K; — k[A] as claimed.

Finally when 7 is perfect it is easy to see that 7 is perfect as well; note that this
improves (5.6), for we have J, "1 = (Df )L for all n € N. It is also clear that the pairing
Hy x Ky — k[h] is perfect as well, and that H, + and K} are dual to each other. [

Remarks: (a) It is worth noticing that, though usually introduced in a different way,
H’ is an object which is pretty familiar to Hopf algebra theorists: indeed, it is the con-
nected component of H (cf. [Gab] for a proof); in particular, H is a PFA if and only if it is
connected. Nevertheless, surprisingly enough the pretty remarkable property of its associ-
ated graded Hopf algebra H = G p(H) expressed by Theorem 5.11(¢) seems to have been
unknown so far (at least, to the author’s knowledge)! Similarly, the “dual” construction of
HY and the important property of its associated graded Hopf algebra H=G J(H) stated
in Theorem 5.11(b) seem to have escaped the specialists’ attention.

(b) Part (d) of Theorem 5.11 is quite interesting for applications in physics. In fact, let
H be a Hopf algebra which describes the symmetries of some physically meaningful system,
but has no geometrical meaning (typically, when it is not commutative nor cocommutative,
as it usually happens in quantum physics), and assume also H' = H = HY . Then Theorem
5.11(d) yields a recipe to deform H to four different Hopf algebras bearing a geometrical
meaning, which means having two Poisson groups and two Lie bialgebras attached to H,
hence a rich “geometrical symmetry” (of Poisson type) underlying the physical system; if
the ground field has characteristic zero (as usual) we simply have two pairs of mutually
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dual Poisson groups together with their tangent Lie bialgebras. In §10 we’ll give a nice
application of this kind with the two pairs of groups strictly related, yet different.

5.12 The hyperalgebra case. Let G be an algebraic group, which for simplicity
we assume to be finite-dimensional. By Hyp (G) we mean the hyperalgebra associated to
G, defined as Hyp(G) := (F[G]')6 = {qb € F|G)° ‘ p(mS") =0,Vn >0 }, that is the

irreducible component of the dual Hopf algebra F[G]° containing e = , which is a

6F G
Hopf subalgebra of F[G]°; in particular, Hyp (G) is connected cocommutati[ve];. Recall that
there’s a natural Hopf algebra morphism & : U(g) — Hyp(G); if Char(k) =0 then ®
is an isomorphism, so Hyp (G) identifies to U(g); if Char(k) > 0 then ® factors through
u(g) and the induced morphism ® : u(g) — Hyp(G) is injective, so that u(g) identifies

P

with a Hopf subalgebra of Hyp (G). Now we study Hyp (G)’, Hyp(G)", Hyp(G), Hyp (G).
As Hyp(G) is connected, letting Cy := Corad (Hyp(G)) be its coradical we have

Hyp(G) = Upen A" Co = Upen A" (k- 1) = Upen Dor1 (Hyp(G)) =: Hyp(G)' .

—

Now, Theorem 5.11(¢c) gives Hyp(G) := GQ(Hyp(G)) = F[I'] for some connected al-
gebraic Poisson group I'; Theorem 5.11(e) yields }7/’[6\1'] o S(g*)/({gl’"(m)} ) _
mENF[G]

{50 /({2 y,, ))) = @) 00 s (]2

—

g,neN }) C F|[G], and noting that g* = g*. On the other hand, exactly like for U(g)
and u(g) respectively in case Char(k) =0 and Char(k) > 0, the filtration D of Hyp (G)
is nothing but the natural filtration given by the order of differential operators: this im-
plies immediately Hyp (G)p’ := (k[h] ®x Hyp(G))/ = ({ By (n) } z€g,neN}), where
hereafter notation like (™) denotes the n—th divided power of = € g (recall that Hyp (G) is
generated as an algebra by all the 2(™)’s, some of which might be zero). It is then immediate
to check that the graded Hopf pairing between Hyp (G)h'/h Hyp (G’ = H;:;(/G) = F[I

—

and F[G] given by Theorem 5.11(g) is perfect. From this we easily argue that the cotan-
gent Lie bialgebra of I is isomorphic to ((g*)p )

As for Hyp(G)" and Hm), the situation is much like for U(g) and u(g), in that it
strongly depends on the algebraic nature of G (cf. §5.7).

5.13 The CDP on group algebras and their duals. In this section, G is any
abstract group. We divide the subsequent material in several subsections.

Group-related algebras. For any commutative unital ring A, by A[G] we mean the group
algebra of G over A and, when G is finite, we denote by Ax(G) := A[G]" (the linear dual
of A[G]) the function algebra of G over A. Our purpose is to apply the Crystal Duality
Principle to k[G] and Ay (G) with their standard Hopf algebra structure: hereafter k is a
field and R :=k[A] as in §5.1, and we set p := Char (k).
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Recall that H := A[G] admits G itself as a distinguished basis, with Hopf algebra
structure given by g+, v:=g-.7v, 1, :=1,, A(g) :=g®g, e(g):=1, S(g) :=¢g !, for
all g,v € G. Dually, H := A, (G) has basis {gpg ‘gEG} dual to the basis G of A[G], with
wg(y) = d4~ for all g,y € G; its Hopf algebra structure is given by ¢, - ¢, = 04494,
L, = deG Pg, Alpg) = Zy.g:g Oy @ pp, €(pg) = 0g1a, S(pg) = g1, for all
g, € G. In particular, R[G] = R ®k k[G] and Agr[G] = R ®y Ak[G]. Our first result is
Theorem A: (k[G])h/ =R-1, K[G]' =k-1 and kf[\G/] =k-1=F[{}].

Proof. The claim follows easily from the formula 8, (g) = (¢g—1)®", for g€ G, n e N. O

R[G]Y, k[G]", 11?[5] and the dimension subgroup problem. In contrast with the triviality
result in Theorem A above, things are more interesting for R[G]" = (k[G])hv , k[G]" and

@] . Note however that since k[G] is cocommutative the induced Poisson cobracket on
k[G] is trivial, and the Lie cobracket of g := P(k[G]) is trivial as well.

Studying k[G]" and ﬂ@] amounts to study the filtration {J”}neN , with J := Ker (¢,,),
which is a classical topic. Indeed, for n€N let D,(G) := {g € G|(g—1) € J" }: this
is a characteristic subgroup of G, called the n'" dimension subgroup of G. All these
form a filtration inside G: characterizing it in terms of G is the dimension subgroup
problem, which (for group algebras over fields) is completely solved (see [Paj, Ch. 11, §1,
and [HBJ, and references therein); this also gives a description of {J"} en, - Thus we
find ourselves within the domain of classical group theory: now we use the results which
solve the dimension subgroup problem to argue a description of k[G]", ﬂ@] and R[G]",
and later on we’ll get from this a description of (R[G]v)/ and its semiclassical limit too.

By construction, J has k-basis {n, | g€ G\{1,}}, where ny := (g—1). Then k[G]" is
generated by {7, mod J*|ge G\{1,}}, and 11([5] by {7y | 9€G\{1,}}: hereafter
7 :=x mod J"! for all z € J", that is T is the element in ﬂ@] which corresponds to
z € k[G]. Moreover, g = 1+, =1 for all g € G; also, A(n_g) =N, R7+137M, =

Mg ®1+1®7,: thus 7, is primitive, so {7, | g€G\ {1,}} generates tg = P(]k/[a]) .

The Jennings-Hall theorem. The description of D,,(G) is given by the Jennings-Hall

theorem, which we now recall. The construction involved strongly depends on whether
p := Char(k) is zero or not, so we shall distinguish these two cases.

First assume p = 0. Let Gy := G, Gy := (G,Gy-1)) (k € Ny), form the lower
central series of G ; hereafter (X,Y’) is the commutator subgroup of G' generated by the
set of commutators {(x,y) = xyx ty! ‘x e X,y € Y}: this is a strongly central
series in (G, which means a central series {Gk} keN, (= decreasing filtration of normal
subgroups, each one centralizing the previous one) of G such that (G,,,Gn) < Gpyyy for
all m, n. Then let /G, :={z € G|Is € N; :2° € G(,)} for all n € Ny : these form
a descending series of characteristic subgroups in G, such that each composition factor
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A(Cfl) = \/G(n)/\/G(n+1) is torsion-free Abelian. Therefore Lo(G) = €D,,en, Agl) is

a graded Lie ring, with Lie bracket [g,Z} = W for all homogeneous g, £ € Lo(G),
with obvious notation. It is easy to see that the map k ®z Lo(G) — tg, g—T7,, is an
epimorphism of graded Lie rings: therefore the Lie algebra tg is a quotient of k®zLy(G) ;
in fact, the above is an isomorphism, see below. We shall use notation 0(g) := n for all
9€ VG \ VGt -

For each k € N pick in A(C;;) a subset B}, which is a Q basis of Q ® A(C;;) ; for each
b e By, choose a fixed b € \/% such that its coset in A(Gk) be b, and denote by By, the
set of all such elements b. Let B := Ukel\u By, : we call such a set t.f.1.c.s.-net (= “torsion-
free-lower-central-series-net”) on G. Clearly By = (B NGy ) \ (B N/Git1) ) for all

k. By an ordered t.f.l.c.s.-net is meant a t.f.l.c.s.-net B which is totally ordered in such a

way that: (i) if a € B,,,, b € B,, m <n, then a <b; (ii) for each k, every non-empty
subset of By has a greatest element. An ordered t.f.l.c.s.-net always exists.

Now assume instead p > 0. The situation is similar, but we must also consider the
p—power operation in the group G and in the restricted Lie algebra ;. Starting from
the lower central series {G(k)}kel\u’ define Gy, := Hkpgzn (G(k))plZ for all n € N
(hereafter, for any group I' we denote I'P* the subgroup generated by {77’6 M el } E
this gives another strongly central series {G[n]}n en, in G, with the additional property
that (Gp,))" < Gpuqq) for all n, called the p-lower central series of G. Then L,(G) :=
@neN+G[n]/G[n+1] is a graded restricted Lie algebra over Z, := Z/pZ, with operations
g+l:=g-L, [3.0] :=(g,0), gl :=4P, forall g, £ € G (cf. [HB], Ch. VIII, §9). Like
before, we consider the map k®z, £,(G) — tg, g+ 7y, which now is an epimorphism
of graded restricted Lie Z,-algebras, whose image spans £g over k: therefore £ is a
quotient of k ®z, L,(G); in fact, the above is an isomorphism, see below. Finally, we
introduce also the notation d(g) :=n for all g € G, \ Glpyq) -

For each k € Ni choose a Z, basis By, of the Z,vector space G[k]/G[k+1] ; for each
be By, fix be Gy such that b= bG[r41], and let By be the set of all such elements b.
Let B := UkeN+ By : such a set will be called a p-L.c.s.-net (= “p-lower-central-series-net”;
the terminology in [HB] is “s-net”) on G. Of course By = (BN Gpy) \ (BN Gyq)) for
all k. By an ordered p-l.c.s.-net we mean a p-l.c.s.-net B which is totally ordered in such
a way that: (i) if a € B,,, b € B,, m <n, then a < b; (ii) for each k, every non-empty
subset of By has a greatest element (like for p = 0). Again, p-l.c.s.-nets do exist.

We can now describe each D,,(G), hence also each graded summand J™/J"+! of ﬂ@] )
in terms of the lower central series or the p—lower central series of G, more precisely in
terms of a fixed ordered t.f.l.c.s.-net or p-l.c.s.-net. To unify notations, set Gy, := Gy,
0(g) := 9(g) if p=0, and G, = G|, 0(g) :=d(g) if p>0, set G = ﬂn€N+Gn, let
B = Uk€N+ By be an ordered t.f.l.c.s.-net or p-l.c.s.-net according to whether p=0 or
p>0, and set £(0) := 400 and £(p) :=p for p > 0. The key result we need is
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Jennings-Hall theorem (cf. [HB], [Pa] and references therein). Let p := Char (k).
(a) For all ge G, ny € J" < g €G,,. Therefore D, (G) =G, for all n € N, .
(b) For any n € Ny, the set of ordered monomials

B, = {U—lnel"'n—luer b; EBdi? eieN-l-? ei<£(p)7 b1 éébr? Zzzleidi:n}
is a k—basis of J"/J" !, and B := {1} U,y Bn is a k-basis of 11?[5] .
(c) {m ‘ be B,} is ak-basis of the n—th graded summand tc N (J"/J" ') of the

graded restricted Lie algebra g, and {m ‘ be B} 1s a k—basis of g .

(d) {7 | b€ B} is a minimal set of generators of the (restricted) Lie algebra tc .
(e) The map k®z L,(G) — o, G+ Ty, is an isomorphism of graded restricted Lie

—

algebras. Therefore k[G] = Z/{(k Rz Ep(G)) as Hopf algebras (notation of §1.1).
(f) J* = Span({ng }g € Gy }) , whence k[G]v = Dgecie k7 = k[G/GOO} . O

Recall that A[z, 27| (for any A) has A-basis {(z—1)"z~ /2 |n € N}, where [q] is
the integer part of ¢ € Q. Then from Jennings-Hall theorem and (5.2) we argue

Proposition B. Let x,:=h=%9n,, for all g€ {G}\ {1}. Then

RIG)" = (@

e1 3, —le1/2] er 7. —le,/2 1 o
bi€B, O<ei<£(p)R'Xbll by YT Xy by ler/ ]> @R[ T =
reN, blé"'ébr

- (e Roxi b i) @ (e AT )

b,€B, 0<ei<£(p)
reN, by 2 2b,

If J°=J" for some neN (iff Goo = G, ) we can drop the factors bl_[el/z], . ..,b;[eT/Q] O

Poisson groups from k|[G|. The previous discussion attached to the abstract group G the

(maybe restricted) Lie algebra € which, by Jennings-Hall theorem, is just the scalar
extension of the Lie ring L cpqri) associated to G via the central series of the G,,’s; in
particular the functor GG +— g is one considered since long in group theory.

Now, by Theorem 5.8 (d) we know that (R[G]v), is a QFA, with (R[G]v),’ = F|I¢]
for some connected Poisson group [ . This defines a functor G — I frg?n abstract
groups to connected Poisson groups, of dimension zero and height 1 if p > 0; in particular,
this I'¢ is a new invariant for abstract groups.

The description of R[G]V in Proposition B above leads us to an explicit description of

(R[G]v)/, hence of (R[G]v)/ .
on(xg) = h(”_l)e(g)xf)”, S0 1y 1= hx, = B9, € (R[G]v)/ \ h(R[G]V), for each
g € G\ G« , whilst for v € G we have 7, € J* which implies also 7, € (R[G]v)/, and
even 7, € [,y 2" (R[G]v)/. Therefore (R[G]v)/ is generated by {v¢, | g € G\ {1}} U
{n, }’y € G} . Moreover, g =1+ RO =1y, € (R[G]v)/ for every g € G\ G, and
y=14+(y—-1)€el+J>C (R[G]v)/ for v € G, . This and the previous analysis along
with Proposition B prove next result, which in turn is the basis for Theorem D below.

=F [F G] and I'g too. Indeed, direct inspection gives
0
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Proposition C.

(RIG]Y) = (EB Ry bl—[el/zl,_,wbir bT—[er/m) @R[ T® =

b, €B, 0<ei<£(p)
reN, by S Zb,

- (@ R by b T @ (8 o BRI )

b,€B, 0<ei<£(p)
reN, by S Zb,

In particular, (R[G]v)/ = R[G] if and only if Gy ={1} = G . If in addition J>®°=J"
for some neN (iff G = G, ) then we can drop the factors bl_[el/z], Lob A g

Theorem D. Let x4 := 1, mod h (R[G]V),, zg = g mod h (R[G]V), for all g # 1,
and By :={beB|6(b) =1}, B> :={beB|0(b) >1}.

(a) If p =0, then F[Fg} = (R[G]v)/‘hio is a polynomial /Laurent polynomial alge-
bra, namely F[Fg] = k[{zbﬂ}beBlu {xb}beBJ , the zp’s being group-like and the xp’s

being primitive. In particular I'g = (GgBl) X (GaXB>) as algebraic groups, that is I'q is
a torus times a (pro)affine space.

(b) If p>0, then F[Fg} = (R[G]v)/‘hio is a truncated polynomial /Laurent polyno-

mial algebra, namely F[Fg} = k[{zbﬂ}beBlU {l’b}bGBJ /({pr_l}beBlU {l’f}beBJ , the
zp’s being group-like and the xp’s being primitive. In particular ['q = (upXBl) X (apXB>)
as algebraic groups of dimension zero and height 1.

(¢) The Poisson group I'c has cotangent Lie bialgebra tc , that is coLie(I'q) = tq .

Proof. (a) Definitions give 9(g¢) > 0(g) + 9(¢) for all g,¢ € G, so that [ihg, ] =
fit—9(9)—-0(6)+3((g.0)) Vg9l €h- (R[G]v)/, which proves (directly) that (R[G]v)/‘h . is
commutative! Moreover, the relation 1 = g~ 'g = ¢! (1 + ha(g)_lwg) (for any g¢ c G)
yields z,-1 = 2z ' iff d(g) =1 and z,-1 =1 iff d(g) > 1. Noting also that J> =0
mod h (R[G]V)/ and g = 1+ R%W=1yp, =1 mod h (R[G]V), for g € G\ G, and also
vy=1+(y—-1)€l+J*°=1 modh (R[G]v), for v € G, Proposition C gives

— k.zal...zas) ( k.xel...xe’”)
h=0 (EBbiEBl,aiez b1 b )& ®bieB>,eieN+ by by

s€N, b1 3---Fbs reN, by 2 2b,

F[Ie] = (RIGIY)

which means that F [F G} is a polynomial-Laurent polynomial algebra as claimed. Again
definitions imply A(zy) = 2y ® 24 forall g € G and A(xy) =z,01+1®z, iff 0(g) > 1;
thus the z;’s are group-like and the z’s are primitive as claimed.

(b) The definition of d implies d(g¥¢) > d(g)+d(¢) (g,¢ € G), whence we get [y, 1] =
A= d(9)=dO+d(9.0) o gl € Ti- (R[G]V)/, proving that (R[G]V)/‘h . is commutative.

/

In addition d(gp) >p d(g) , SO wgp — ppr(1—d(9)) ngp — pp—1+d(g”)—pd(g) wg” ch- (R[G]V) ,
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whence (@bgp}hzo)p = 0 inside (R[G]v)/ .

sion 0 and height 1. Finally o* = (1+ 1)’ =1+ =1 mod h (R[G]v)/ for all b € By,
so b1 =0vP~! mod h (R[G]v)/. Thus letting x4 := 1, mod h (R[G]v)/ (for g#1) we get

=F [F G} , which proves that I'¢ has dimen-
0

F[rg] = (R[G]Y)

— k.zel...zes> ( k.a’;el...xe"‘)
s€N, blémébs reN, blénéb,«

just like for (a) and also taking care that z, = 2, + 1 and sz =1 for b € By. Therefore
(R[G]v) ,’ is a truncated polynomial/Laurent polynomial algebra as claimed. The prop-

erties of the x3’s and the z,’s w.r.t. the Hopf structure are then proved like for (a) again.

(¢) The augmentation ideal m, of (R[G]v)/‘hio = F[I¢] is generated by {@s}ycp;
then AL [4hy,1h] = ROUSOI=0@=0®) gy (14 hO@D=1gp ) (1 4+ hOO=1y,) by the pre-
vious computation, whence at A = 0 one has {a:g ,le’g} = T(g,0) mod m2 if 9((9,5)) =
0(9)+0(¢),and {zg,2¢} =0 mod m? if 0((g,¢)) > 6(g)+0(¢). This means that the

cotangent Lie bialgebra m, / m?2 of I'; is isomorphic to £, as claimed. [

Remarks: (a) Theorem D claims that the connected Poisson group K¢ := I¢ is dual to
t: in the sense of §1.1. Since R[G]v}h, =U(ts) and (R[G]v),‘h, = F[K(], this gives
a close analogue, in positive characteri_s%ic, of the second half of Tﬁgorem 2.2(c).

(b) Theorem D gives functorial recipes to attach to each abstract group G and each
field k a connected Abelian algebraic Poisson group over k, namely G — I = K ,
explicitly described as algebraic group and such that coLie(K() = t¢. Every such I'g
(for given k) is then an invariant of G, a new one to the author’s knowledge. Indeed, it
is perfectly equivalent to the well-known invariant s (over the same k), because clearly
I'g, = I'g, implies £g, = £g, , whereas £, = £, implies that ¢, and I'g, are isomorphic
as algebraic groups — by Theorem D (a—b) — and bear isomorphic Poisson structures —
by part (¢) of Theorem D — whence I'g, = I'g, as algebraic Poisson groups.

The case of Ax(G). Let’s now dwell upon H := Ag(G), for a finite group G .

Let A be any commutative unital ring, and let k, R :=k[h] be as before. By definition
Ap(G) = A[G]", hence A[G] = Ax(G)", and we have a natural perfect Hopf pairing
Ap(G) x A[G] — A. Our first result is one of triviality:

—

Theorem E.  Ar(G)” = R-1® R[A '] J = (Ar(®)Y)", A(@) = k-1, A(G) =
Ap(@)Y| =k -1=U(0) and (AR(@))'| =k-1=F[{x}].

= h=0

Proof. By construction J := Ker (¢, ) has k-basis {Spg}gEG\{l }U{golg—lAk(G)}, and
G

since ¢, = ¢, for all g and (p1,—1)? = —(p1,—1) we have J = J®, so Ax(G)" =k-1

and Ai(G) = k-1. Similarly, Ar(G)" is generated by {h_l‘pg}gec:\ug} U {A 1 —
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1 )}, moreover, J = J> implies h~"J C Ar(G)" for all n, whence Agr(G)’ =

AR(G)
/

R1® R[h]J. Then Ja, v = R[A71]J C hAR(G)", which implies (Ap(G)") =
Agr(G)": in particular, (AR(G)V)/ = AR(G)V‘ =k-1, as claimed. O

—_—

Poisson groups from Ag(G). Now we look at Ar(G)’, Ax(G)" and Ax(G). By con-
struction Ar(G) and R|G] are in perfect Hopf pairing, and are free R-modules of fi-

nite rank. In this case, since Proposition 4.4 yields Ar(G) = (R[G]V). we have in
fact Ar(G) = (R[G]v). = (R[G]v)*: thus Ag(G)" is the dual Hopf algebra to R[G]";
then from Proposition B we can argue an explicit description of A R(G)/, whence also of
(AR(G)')V. By Theorem 5.10(g) and its proof, namely that Ay (G)" = (Jk‘[)g])L, there
is a perfect filtered Hopf pairing ]k[G]V x Ag(G) — k and a perfect graded Hopf
pairing 11?[5] X m — k: thus A (G) = (k[G]V)* as filtered Hopf algebras and
Ax(G) = (ﬂ@])* as graded Hopf algebras. If p = 0 then J = J°°, as each g € G has finite

order and ¢g" = 1 implies g € G : then k[G]" =k 1 = 11([5] , 50 A(G) =k-1 = Ax(G).

—_—

If p > 0 instead, this analysis gives Ax(G) = (k/[a])* = (u({fg))* = F[K¢g], where Kg
is a connected Poisson group of dimension 0, height 1 and tangent Lie bialgebra €5 . Thus

Theorem F.

(a) There is a second functorial recipe to attach to each finite abstract group a connected
algebraic Poisson group of dimension zero and height 1 over any field k with Char(k) > 0,
namely G — Kqg := Spec <Ak(G)>. This Kqg is Poisson dual to I'¢ of Theorem D in the
sense of §1.1, in that Lie(Kg) = tg = coLie(Ig) .

(b) If p:= Char(k) >0, then (AR(G)/)v‘h_Oz u(tl) = S(Eé)/({xp}x ctl}) .
Proof. Claim (a) is the outcome of the discussion above. Part (b) instead requires an
explicit description of (AR(G)/)V. Since Agr(G) = (R[G]Vyk , from Proposition B we get
AR(G) = (@ biCB. 0<es<p R- pZi:::_‘zg:) where each p;!"}" is defined by

r€N, b13---2b,

Copmer o B ) = 6, T G
(for all b;, 8; € B and 0 < e;,e; < p). Now, using notation of §1.3, K, C K’ forany K €
HA, whence K' = W‘l(F,) where 7: K —» K/Koo =: K is the canonical projection.
So let K := R[G]v , H := Ar(G)"; Proposition B gives K., = R[h‘l} - J*>° and provides
at once a description of K ; from this and the previous description of H one sees also that in

the present case K, is exactly the right kernel of the natural pairing H x K — R, which
is perfect on the left, so that the induced pairing H x K — R is perfect. By construction
its specialization at h = 0 is the natural pairing F[K¢g] X u(teg) — k, which is perfect
too. Then we can apply Proposition 4.4(c) (with K playing the role of K therein) which
yields K = (HV). = <(AR(G)/)V>.. By construction, K'= (R[G]v)//(R[h_l] - J>),
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e . -/ — €1 — €r
and Proposition C describes the latter as K = (@ Ry, -y ) , where
b;€B, 0<e;<p ! "
reN, byX-3b,

Ebi := 1y, mod R[h‘l} - J°° for all 7; since K'= ((AR(G)/)V>. and 1, = h™lx,, this
analysis yields (AR(G)/)V = (@ R-h i ez-ple)l,...,;r) o~ (F’)* , whence we

b;€B, 0<e;<p LaeenyOr
reN, b1 3. 3b,

get (Ar(G)") = (K'Y = () = ((R[G]V)'\hzo) ~ FlIe]” =u(ty) =
S(Eé)/({x” } et }) as claimed, the latter identity being trivial (as ¢ is Abelian). [

Remarks: (a) this K¢ is another invariant for G, but again equivalent to &g .
(b) Theorem F(b) is a positive characteristic analogue for Fy[G] = Ar(G)" of the first
half of Theorem 2.2(c).

Examples:

(1) Finite Abelian p -groups. Let p be a prime number and G := Zye1 X Zpez X« - - X Lpe
(k,e1,...,ex € N), with e > ey > --- > €. Let k be a field with Char(k) =p > 0,
and R :=Kk[h] as above, so that k|G|, = R[G].

First, €¢ is Abelian, because G is. Let g; be a generator of Zye; (for all i), identified
with its image in G'. Since G is Abelian we have G|, = GP" (for all n ), and an ordered p-

l.c.s.-net is B := UTEN+ B, with B, := {glpr, gQPT, e gﬁr} where 7, is uniquely defined

by e; >r, e; < r. Then £z has k—basis , and minimal set
v = ¢ 7,z }19'9«; 0<si<es

of generators (as a restricted Lie algebra) {77—91, Mg s -+ - s n—%} , for the p-operation of

tq is (779?5 )[p] =T and the order of nilpotency of each 7, is exactly p®, i.e. the
order of g;. In addition J> = {0} so k[G]'=k[G]. The outcome is k[G]" = k[G] and

K[G) = u(te) = U(EG>/<{(”95'5 ) = T }iz; U {(ngfeil )p}1§i§k>

whence ﬂ([@] ~ klxg, ... ,a:k]/({ b
As for k[G],’, for all r < e; we have d(gfr) = p" and so X = B (gfr—l) and
RS h—p (gfr —1); since Go) = {1} (or, equivalently, J>° = {0} ) and everything is

1§i§k}>, via Myr* Hxips (for all 7, s).

/
Abelian, from the general theory we conlude that both k[G],” and (k[G] N ) are truncated-

polynomial algebras, in the Xgr" ’s and in the wgfr’s respectively, namely
K(GL = M0 {0 ik ogoce,] = W w0 0i] / ({v/" [1=i<k})
(k[G]f;/), = k[h] [{ wgfs }lgigk; 0§s<ei] = k[h] [{ Zias}lﬁiﬁk; 0§s<ei:| /({ Zi’sp I<i<k })

S

via the isomorphisms given by Xgr°® y? and wgps — 2; s (foralli, s). When e; > 1
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this implies (k[G] Y )/ 2 ]k[G] ,» that is a counterexample to Theorem 2.2(b). Setting
@Dgys = @Dgys mod h (k[G]hv) (forall 1<i<k, 0<s<e;)wehave

— 1 0<s<e; | A, 0<s<e;
o k[{%i’s 19‘9] - k[{ WisS1<i<k }/qu

(via 7,[1 pe Wi ) as a k-algebra. The Poisson bracket trivial, and the w; s’s are primitive
for s > 1 and Alwir) =wi1 @1 +1Q w1 + w1 ®w,;q forall 1 <i < k. If instead
e; = - =ep =1, then (]k[G],;/), = k[G], . This is an analogue of Theorem 2.2(b),
although now Char (k) > 0, in that in this case k[G], is a QFA, with k[G]h)h:O: k[G] =

FlIe] = (k[G],)

F[@} where G is the group of characters of G. But then F[CA?] = k[G] = k[G]h‘h—o =
e, )|

connected, Poisson group-scheme of dimension 0 and height 1 dual to tg,ie. g = Kj.

=F [F G] (by general analysis) which means that G can be realized as a finite,
0

Finally, a direct easy calculation shows that — letting xj := h9) (o, — 1) € Ax(G)},
and 1y = YD (o, — 1) € (Ak(G) )v (for all g € G\ {1} ) — we have also

ad@y = W[ 15 ] = (XSS ()

(4460 = W[ WE5] = Wn[{zaV550] (2 - 255

via the isomorphisms given by x* o —Y; s and ¢* s — Z,; s, from which one also gets the
— A.(G) = F[KG] and of (Ay(G); )" L =)

(2) A non-Abelian p—group. Let p be a prime number, k be a field with Char (k) =
p >0, and R :=Kk[h]| as above, so that k|G|, = R[G].

Let G := Z, X Z,>, that is the group with generators v, 7 and relations ¥ = 1,
P = =1, vrv! = 7'1+p. In this case, Gig) = -+ = G| = {1,Tp}, Gip+1) = {1}, so
we can take By = {v,7} and B, = {77} to form an ordered p-l.c.s.-net B:= B; U B,
w.r.t. the ordering v <7 < 7P. Noting also that J> = {0} (for G| = {1} ), we have

a c —a—b—c a b ¢
k[G]," = @ okl - xEXEXE = @ g kR h 7077 (v = 1) (7 = 1)" (77 — 1)
as k[h]-modules, since d(v) =1=d(r) and d(77)) = p, with A(xy) =x,@1+1® x4+
h(9) Xg ® Xy for all g € B. As a direct consequence we have also

Dok X X X © = K[G], K[G] = @F,. ok 7 7 P

The two relations v” =1 and 72" = 1 within G yield trivial relations inside k[G] and
-1

analogous descriptions of Ak(G);i

k[G], ; instead, the relation v7v~! = 7*P turns into [n,,7n,] = 7> - Tv, which gives
[Xvs Xr] = PP72 Xrp TV in k[G]hv. Therefore [X,, X7 ] = 0p.2Xzr . Since [Xr, X7r | =0 =
[Xv , Xor | (because v7Pv—1 = (Tl+p)p = P P° = 7P) and {X,, X7, Xor } 18 a k-basis
of t¢ = L,(G), we conclude that the latter has trivial or non-trivial Lie bracket according
to whether p # 2 or p = 2. In addition, we have the relations x? = 0, x5 = 0 and

XP = x-»: these give analogous relations in k[G] hv o’ which read as formulas for the
0
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p-operation of £¢, namely ¥, P! =0, v Pl =0, P! =y..
To sum up, we have a complete presentation for k[G] hv by generators and relations, i.e.
~ v1 V3 — vavy — P23 (1 + ho,) (1 + ho,
k[G]h\/ ~ k[h] <'U1,'U2,'U3>/( 102 2 lp » 3( p)( )
V13 —v3V1, Vi, VUy —U3, V3, V2VU3—UV3V2
via X, — U1, Xr > U2, Xr» — vg. Similarly (as a consequence) we have the presentation

~ Y1Y2 — Y2 y1 — 0p 293, Ys — Y3
>~ Kk (y1, v, P, 2
(192 y3>/< Viys—Ysyis Yl YL, Yeus—Ysyo )

via X, — Y1, Xr — Y2, X-p — Y3, with p—operation as above and the y;’s being primitive

—

k[G] = k[G],’

h=0

Remark: if p # 2 exactly the same result holds for G' = Z, X Z,2 , i.e. EZP“ZH = Eszzpz :
this shows that the restricted Lie bialgebra £ may be not enough to recover the group G.
As for (k[G]hV),, it is generated by ¥, =v—1, ¢, =7 —1, p = AP (Tp — 1) , with
relations . =0, ¥ = i, . E =0, Gy by — b by = B2 Vb (1410,) (1410,)
Yr thre — Yrp by =0, and Yy re — Yrp b, = 0. In particular (k[G] hv)/ 2 k[G],,, and

_ P _ pp—1 _
VY~ uluz —ugul, Uy — NPT uz,  uzuz —uzug
(k[G]h ) - k[h] <u1,u2,U3>/< ulp, U1 U — U2 UL — hp_lu:% (1 + U2) (1 + Ul) ) u3p)

via ¥, — uy, Y, — us, Y — ug. Letting 2z := 1,
T3 =1, this gives (k[G],")
3 w p‘h:() 1S g1v! ( [ ]h) he

‘hzo—i—l, Zo 1= wT‘hZO—l—l and

= k[zl,,:/:g,xg}/(zf—l, 2y —1,23) as a k-algebra,

with the z;’s group-like, x3 primitive (cf. Theorem D (b)), and Poisson bracket given by
{21,22} = 0p221 2203, {22,333} =0 and {21,1133} = 0. Thus (k[G]h\/),’h_O: F[I'g] with
I'c = pp X pp X 0y, as algebraic groups, with Poisson structure such that coLie (I'c) = t¢ .
Since Go = {1} the general theory ensures that Ay(G) = Ax(G). We leave to the in-
terested reader the task of computing the filtration D of Ay(G), and consequently describe
Ar(@Q), (AR(G)’)v , m and the connected Poisson group Kg := Spec (M) :

(3) An Abelian infinite group. Let G = Z™ (written multiplicatively, with generators
e1,...,en ), then k[G] =k[Z"] = k[efl, ...,e=t] (the ring of Laurent polynomials). This
is the function algebra of the algebraic group G,,', i.e. the n—dimensional torus on k (which

is exactly the character group of Z™), thus we get back to the function algebra case.

§ 6 First example: the Kostant-Kirillov structure

6.1 Classical and quantum setting. We study now another quantization of the
Kostant-Kirillov structure. Let g and g* be as in §5.7, consider g as a Lie bialgebra with
trivial Lie cobracket and look at g* as its dual Poisson group, hence its Poisson structure
is exactly the Kostant-Kirillov one.

Take as ground ring R := k[v] (a PID): we shall consider the primes h = v and
h=v—1, and we’ll find quantum groups at either of them for both g and g*.
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To begin with, we assume Char(k) =0, and postpone to §6.4 the case Char(k) > 0.
Let g, := glv] = k[v] ® g, endow it with the unique k{v]-linear Lie bracket [, |,
given by [x,y], :=v[z,y] for all , y € g, and define

H = Uk[u](gl/) :Tk[u](gl/)/({x'y_y'x_V[xay] ‘ xayEQ})a

the universal enveloping algebra of the Lie k[v]-algebra g, , endowed with its natural
structure of Hopf algebra. Then H is a free k[v|-algebra, so that H € HA and Hp :=
k(v) @k H € HAF (see §1.3); its specializations at v =1 and at v =0 are

H/(y—l) H = U(g) as a co-Poisson Hopf algebra,

H/VH = S(g) = Flg"] as a Poisson Hopf algebra;
in a more suggesting way, we can also express this with notation like H BamiiN i (9),
H V—_)O>F[g*] . Therefore, H is a QrUEA at h:= (v—1) and a QFA at h := v; thus now
we go and consider Drinfeld’s functors for H at (v—1) and at (v).

6.2 Drinfeld’s functors at (v). Let ()" :HA — HA and ()®:HA — HA
be the Drinfeld’s functors at (v) ( € Spec(k[v]) ). By definitions J := Ker (e: H — k[v])
is nothing but the 2-sided ideal of H := U(g,) generated by g, itself; thus H " which
by definition is the unital k[v]-subalgebra of Hp generated by JV& := v=1J is just
the unital k[v]-subalgebra of Hp generated by g,'® :=v~!g,. Now consider the k[v]-
module isomorphism () : g, — g, = vlg, given by z — 2V 1= v 1z € g,V
for all z € g, ; consider on g, := k[v] ® g the natural Lie algebra structure (with trivial
Lie cobracket), given by scalar extension from g, and push it over g,V via ( )™, so that

nat
v

bialgebra. Consider zV, y" € g,"» (with z, y € g, ): then HY® 3 (zVy"¥ —yVa") =
1/‘2(my — yx) = v 2[zyl, = viviz,y] = v iz,y = [x,y]v = [mv,yv} € g, » .
Therefore we can conclude at once that HYe) = U (g, ") = U (gl .

As a first consequence, (HV<V>)’ = U(g,’}“t)/y Ul(gpet) = U(g,’}“t/y gﬁat) =Ul(g),

v=0
v—0

that is HY» ——U(g), thus agreeing with the second half of Theorem 2.2(c¢).
Second, look at (HV(:/))'(”). Since HY») = U(g,"), and d,(n) = 0 for all n €
U(g,"®) such that d(n) < n (cf. the proof of Lemma 4.2(d)), it is easy to see that

g, is isomorphic to g (i.e. g, carrying the natural Lie bialgebra structure) as a Lie

(1Y0) = (va)0) = (vv7'0,) = Ula,) =

(hereafter (S') is the subalgebra generated by S'), so (H V<V>)/(”) = H, which agrees with
Theorem 2.2(b). Finally, proceeding as in §5.7 we see that H'® = U(vg,), whence

(H/@))’V:O: (U(yg,,))‘yzog S(gas) = Flg5_,,] where gap, resp. gj_,,, is simply g,
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v=0 -
S(gab) = F[g5_,p) has trivial Poisson bracket. Similarly, we can iterate this procedure

/ v
and find that all further images (-~-((H)'<”))l(”) ) "

many times to H are all isomorphic, hence they all have the same specialization at (v),

(( L ((H)Y @) .)’<”>)

6.3 Drinfeld’s functors at (v—1). Now consider (v—1)( € Spec(k[v])), and let
() :HA — HA and () :HA — HA be the corresponding Drinfeld’s func-
tors. Set g,/¢-» = (v—1)g,, let :g, — g/ = (v—1)g, be the k[v]-module

resp. g*, endowed with the trivial Lie bracket, resp. cobracket, so that (H ! <V>)

of the functor ()™ applied

namely

= S(Qab) = F[gg—ab} .
v=0

isomorphism given by z — 2’ := (v—1)z € g,/ for all z € g, , and push over via it the
Lie bialgebra structure of g, to an isomorphic Lie bialgebra structure on g,/¢v , whose
Lie bracket will be denoted by [, |, . Notice then that we have Lie bialgebra isomorphisms

g = g”/(V_DgV = gy'<”*1>/(y—1)gyl<y71> .
Since H := U(g,) it is easy to see by direct computation that

H'en = (v=1)g,) = U(g,)/o), (6.1)

where g,/-1 is considered as a Lie k[v]-subalgebra of g, . Now, if 2/, ¢’ € g,/ (with
x,y €g,), we have

2y —y'a’ = -1 (zy—yz) = w-1)[z,9], = (v [e,y], = (v=1) [2",¥/], . (6.2)

This and (6.1) show at once that (H'e-) im0 S(gy'(H)/(y—l) g,,'“*”) as Hopf

algebras, and also as Poisson algebras: indeed, the latter holds because the Poisson bracket

{, } of S(gV’Wl)/(y—l) g,,’@*l)) inherited from H't- (by specialization) is uniquely
determined by its restriction to g,’e1 /(v—1) g,/ , and on the latter space we have
{,}=1,], mod (v—1)g,/e» (by (6.2)). Finally, since g,//o» /(v—1)g,/o» = g

as Lie algebras we have (H’(wl)) ’( : = S(g) = F[g*] as Poisson Hopf algebras, or, in
r—1)=0

short, H'w-n Y=L, F [g*], as prescribed by the “first half” of Theorem 2.2 (¢c).

Second, look at (H’<H>)V(H). Since H't»=1H = U(gy’o’*l)), we have that J/e-» =
Ker (e: Heb — k[y]) is nothing but the 2-sided ideal of H'-1) = U(g,ﬂy—l)) generated
by g,/ ; thus (H’@—l))v(”_l), generated by (J’<V—1>)V(”_1) .= (v—1)"'J'e) as a unital
k[v]-subalgebra of (H't-1) » = Hr, is just the unital k[v]-subalgebra of Hp generated
by (v—1)"'gSo = (v=1)""(v—1) g, = g, , that is to say (H’<V—1>)V(”_1) =U(g,)=H,
according to Theorem 2.2(b).

Finally, for HY®~1 one has essentially the same feature as in §5.7, and the analysis
therein can be applied again; the final result then will depend on the nature of g, in
particular on its lower central series.
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6.4 The case of positive characteristic. Let us consider now a field k such that
Char (k) = p > 0. Starting from g and R := k[v] as in §6.1, define g, like therein, and
consider H := Uy,1(g,) = Ur(g,). Then we have again

H/(V—l) H=U(g) = u(g[p]oo) as a co-Poisson Hopf algebra,,
H/VH = S(g) = Flg"] as a Poisson Hopf algebra

so that H is a QrUEA at A := (v—1) (for the restricted universal enveloping algebra
u(g[p]oo)) and is a QFA at A := v (for the function algebra F'[g*]); so now we study
Drinfeld’s functors for H at (v—1) and at (v).
Exactly the same procedure as before shows again that HV¢) = U (gVWV)) , from which
it follows that (H“®)
“parallel” to the second half of Theorem 2.2(c).
Changes occur when looking at (HV<V>) @) since HY») =U(g,"») = u((g,,VW))[p]oo)

~ U(g), i.e.in short HY® =20, U(g), which is a result quite

we have 6,(n) = 0 for all n € u((gyv(ﬂ)[p]w) such that 9(n) < n w.r.t. the standard

filtration of u((g,,WV))[p]oo) (cf. the proof of Lemma 4.2(d), which clearly adapts to the

present situation): this implies

(Hv(y))’@) _ <V. (gyv<y))[p]°°> (C u(y- (gyv(y))[p]‘x’) )

which is strictly bigger than H, because <1/- (g,/®) T~ > < Sv- V(v))[p]"> =
n>0

:<gy+1/1_p{93p}93€9u}+7/1_p2{33p2}xegy} = > U(g,) =H.
Finally, proceeding as above it is easy to see that H'®» = <1/P Ul(g, > = <V g[p]oo>
whence, letting g:=vg and 7 :=vx for all x € g, we have
rocol)

7,92 €8 }) = Sulaw) /({27 z€9}) =

— Flai_al /(] 2 € 0). tat i 70| = Flgi ] /({#] 2 < 0)) s Poison
Hopf algebras, where gq;, and g5_,, are as above Therefore H'® is a QFA (at h = v ) for

"' :TR(Q)/({a}g—ga}—y2 2.y, 27 — P 1200]

a non-reduced algebraic Poisson group of height 1, whose cotangent Lie bialgebra is the
vector space g with trivial Lie bialgebra structure: this again yields somehow an analogue
of part (c) of Theorem 2.2 for the present case. If we iterate, we find that all further images

")
(- > ((H)/(”>)/(") > ) of the functor ( )'™ applied to H are all pairwise isomorphic, so

(. . ((H)’<u>)’<V> ...)/(”)

= Slow)/({+"|2€0}) = Floi-u] /({+" | € 0}).

v=0
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Now for Drinfeld’s functors at (v—1). Up to minor changes, with the same procedure
and notations as in §6.3 we get analogous results. First, an analogue of (6.1), namely

H'o = ((v=1)- P(U(g,)) ) = (=1) (8,)"" ) = <<(gy)[p]°°)'(””>, holds and yields
H'b =Tg <((9u)[p]m)l(yl)) /({ y =y —(v-1) [¢', Y], (@) —(v—1)P* (2l

rca))

(u—l):og Sk(g)/({xp ‘ reg}) = F[E*]/({x” \ reg}) as
Poisson Hopf algebras: in short, H'(- %ﬁlF[g*]/({ 2 |zeg }) '

and consequently H't-v

. : o (& o :
Iterating, one finds again that all ( e ((H)/<V))/< 1 ) are pairwise isomorphic, so

(...((H)’@_l))’((u_l),..>’<v—1> ~ S(gab)/({zp ‘ zeg}) _ F[gg—ab}/({zp ‘ zeg}) )

(r—1)=0

V(v-1)

Further on, one has (H’<"—1>)V(”_1) = <(1/—1) (g,,)[p]oo> ={((v-1)"" (v-1)g,) =
= <g,,> = Ug(g,) =: H, which perfectly agrees with Theorem 2.2(b).

Finally, as for HY®1 one has again the same feature as in §5.7: one has to apply the
analysis therein, however, the p—filtration in this case is “harmless”, since it is essentially
encoded in the standard filtration of U(g). In any case the final result will depend on the
properties of the lower central series of g.

Second, we assume in addition that g be a restricted Lie algebra, and we consider
H :=wuyp,(g,) = ur(g,). Then we have

H/(z/—l) H = u(g) as a co-Poisson Hopf algebra,,

H/I/H = S(g)/({ zp‘ zeg}) = F[g*]/({ 2P ‘ z€g}) as a Poisson Hopf algebra

which means that H is a QrUEA at h:= (v—1) (for u(g)) and is a QFA at h:= v (for
F[g*]/({ 2P } z € g })); we go and study Drinfeld’s functors for H at (v—1) and at (v).
As for HV® | it depends again on the p—operation of g, in short because the I-filtration
of u,(g) depends on the pfiltration of g. In the previous case — i.e. when g = hlel™ for
some Lie algebra h — the solution was a plain one, because the p—filtration of g is “encoded”
in the standard filtration of U(h); but the general case will be more complicated, and in
consequence also the situation for (H Ve )/(") , since HV® will be different according to the

nature of g. Instead, proceeding exactly like before one sees that H't) = <1/ P(u(gy))> =

<V g> , whence, letting g:=vg and 7 := vz for all x € g, we have

—_—~—

H'® :Tk[u](ﬁ)/<{:i’?]—?]35—vz [z, y], 2 —Vp_lg[\lﬂ T,Y, 2 € 9})
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;z-,g,%g}) :Sk(gab)/({zp\zeg}) =

= F[gg_ab]/({ zp‘ z €g}), thatis H'® = F[gg_ab]/({ zp‘ z € g}) as Poisson
=0
Hopf algebras (using notation as before). Thus H'® is a QFA (at h = v) for a non-reduced

algebraic Poisson group of height 1, whose cotangent Lie bialgebra is g with the trivial Lie
bialgebra structure: so again we get an analogue of part of Theorem 2.2(c). Moreover,

- 1) T .
iterating again one finds that all ( . ((Hy(y))/(u 1 ) are pairwise isomorphic, so

(. .. ((H)/(V—l)),((V—l). _ .>’(V1>

> S(gu) [ ({"| z€8}) = Flai_u] /({| z€a}) -

(r—1)=0

As for Drinfeld’s functors at (v —1), the situation is more similar to the previous case
of H =Ug(gy). First H'¢-» = <<v—1> : P(u(gy>)> = ((v—1)g,) =: (g,/*" ), hence

H'0 =Tg (g,ﬂ”‘l))/({ 2y -y —(v-1) [x',y']* , ()P — (y—l)p_l(x[p]),
ven)

( 1)0N5k /{:L'p}xeg}) g]/({xp}xEQ}) as Poisson
Hopf algebras, that is H'¢-) ———— - F[g*]/({ xP ‘ T EYP }) . Tteration then shows that all

thus again H't-»

v () .. . .
<~ . ((H)/(”))/( R ) are pairwise isomorphic, so that again

(. .. ((H)l(ufl))/((vfl). ‘ .>’(V1>

> S(ow) [ ({="] 2€0}) = Floi-ul / ({="| 2€0}) .

(r-1)=0

Further, we have (H’<V*1>)V(”_1) = <(1/—1)gl,>v(”_1) ={((v-1)""(w-1)g,) =(g) =
= ug(g,) =: H, which agrees at all with Theorem 2.2(b). Finally, HY-b again has the
same feature as in §5.7: in particular, in this case the final result will strongly depend both
on the properties of the lower central series and of the pfiltration of g.

6.5 The hyperalgebra case. Let k be again a field with Char(k) = p > 0. Like in
§5.12, let G be an algebraic group (finite-dimensional, for simplicity), and let Hyp (G) :=
(FIGI°), ={¢ € FIG) | #(me*) =0,Yn>0} be the hyperalgebra associated to G .

For cach v € k, let g, := (g,[, ],) be the Lie algebra given by g endowed with the
rescaled Lie bracket [ , |, :=v[, | . By general theory, the algebraic group G is uniquely
determined by a neighborhood of the identity together with the formal group law uniquely
determined by [ , ] o ¢ similarly, a neighborhood of the identity of G' together with [, ],
uniquely determines a new connected algebraic group G, , whose hyperalgebra Hyp (G,)
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is an algebraic deformation of Hyp (G); moreover, GG, is birationally equivalent to G, and
for v # 0 they are also isomorphic as algebraic groups, via an isomorphism induced by
g g,, r+— v 1z (however, this may not be the case when v = 0). Note that Hyp (Go)
is clearly commutative, because G is Abelian: indeed, we have

Hyp(Go) = 5.(g") /({xp}megw) = F[(a®™)] / ({v"},cq~)

where g™ := Span ({az(pn) ‘az €g,n € N}) . here as usual ("™ denotes the n-th
divided power of z € g (recall that Hyp(G), hence also Hyp(G,), is generated as an
algebra by all the z(™)’s, some of which might be zero). So Hyp (Go) = F[I'] where I'is a
connected algebraic group of dimension zero and height 1: moreover, I" is a Poisson group,
with cotangent Lie bialgebra g(?)™ and Poisson bracket induced by the Lie bracket of g.
Now think at v as a parameter in R := k[v| (asin §6.1), and set H :=k[v|®x Hyp (G,) .
Then we find a situation much similar to that of §6.1, which we shall shortly describe.
Namely, H is a free k[v|-algebra, thus H € HA and Hr :=k(v) @) H € HAF (see

§1.3); its specialization at v =1 is H/(V—I)H = Hyp(Gy) = Hyp(G), and at v =0
is H/VH = Hyp(Go) = F[I'] (as a Poisson Hopf algebra), or HV—H%Hyp (G) and

- F[I'],ie. H is a “quantum hyperalgebra” at h:= (v —1) and a QFA at h:=v.
Now we study Drinfeld’s functors for H at h = (v—1) and at h = v.

First, a straightforward analysis like in §6.2 yields HY® 2= k[v] ® Hyp(G) (in-
duced by g = g,, x — v~ lz) whence in particular (HVW)’V?O = Hyp(G), that is

HYo) iHyp(G). Second, one can also see (essentially, mutatis mutandis, like in
§6.2) that (HV®)'™ = H, whence (HY®) ™| = H‘V:o = Hyp(Go) = F[I7.

v=0

At h = (v—1), we can see by direct computation that H'-1 = <(g(p)oo)/(”_1)> where
(g(p)oo)/(”’l) := Span ({ (v —1)P" @) )x eg,neN }) . Indeed the structure of H'x-v
depends only on the coproduct of H, in which v plays no role; therefore we can do the
same analysis as in the trivial deformation case (see §5.12): the filtration D of Hyp (G,)
is just the natural filtration given by the order (of divided powers), and this yields the
previous description of H'*-1 . When specializing at v = 1 we find

H’(va)/(y—l)H’(vfl) = S]k(g(p)"")/({xp }meg@)“’) = Hyp(Gy) = FI[I

as Poisson Hopf algebras: in a nutshell, H'*-v is a QFA, at & = v—1, for the Poisson group
I'. Similarly H'® = <(g(p)oo)/<»>> with (g(p)oo)/(”) := Span <{ VP (") }:c cg,ncN }) ;
thus on the upshot we have

o furo = 5.(68)7) J({2") ey ) = FILw)



62 FABIO GAVARINI

where g, is simply g with trivialized Lie bracket and I, is the same algebraic group

as I' but with trivial Poisson bracket: this comes essentially like in §6.2, roughly because
{ﬁ,y_y} = (V_l[yx,yy])}yio = (l/_l-yg[a:,y]g) = (V-y[a:,y]g)} o 0 (x,y €g).

Finally, we have (H’(V*D)V(”_l) = <{ (v — 1P L") ‘SC €g,ne N}> & H and
(H/(,,))Vm = <{ P g (P") ‘$ €g,neN }> & H, by direct computation. For HY¢-1

we have the same features as in §5.7: the analysis therein can be repeated, the upshot de-

pending on the nature of G (or of g, essentially, in particular on its p—lower central series).

§7 Second example: quantum SL,, SL,, finite and affine Kac-Moody groups

7.1 The classical setting. Let k be any field of characteristic p > 0. Let G :=
SLo(k) = SLo; its tangent Lie algebra g = sly is generated by f, h, e (the Chevalley
generators) with relations |h,e] = 2e, [h, f] = —2f, [e, f] = h. The formulas §(f) =
h®f—f®h, §(h) =0, d(¢) =h®e—e® h, define a Lie cobracket on g which gives
it a structure of Lie bialgebra, corresponding to a structure of Poisson group on G. These
formulas give also a presentation of the co-Poisson Hopf algebra U(g) (with the standard
Hopf structure). If p > 0, the p-operation in sly is given by elPl =0, flPl =0, alPl =h.

On the other hand, F[SLs| is the unital associative commutative k—algebra with gen-
erators a, b, ¢, d and the relation ad — bc = 1, and Poisson Hopf structure given by

Ala)=a®a+b®c, Ab)=a®b+b®d, Alc)=cRa+d®c, A(d)=c®b+d®d
e(a)=1, ¢(b)=0, €(c) =0, e(d) =1, S(a)=d, SOb)=-b, S(c)=—-c, Sd)=a
{a,b} =ba, {a,c}=ca, {b,c}=0, {d,b}=-bd, {d,c}=—cd, {a,d}=2bc.

The dual Lie bialgebra g* = sly" is the Lie algebra with generators f, h, e, and relations
[h,e] = e, [h,f] = f, [e,f] = 0, with Lie cobracket given by §(f) = 2(f® h —h ® f),
d(h)y=exf—f®e, d(¢) =2(h®e—e®h) (we choose as generators f:= f*, h:= h*,
e := e*, where {f*, h*,e*} is the basis of sly" which is the dual of the basis {f, h,e} of
sly ). This again yields also a presentation of U (sly"). If p > 0, the p-operation in sly*
is given by el?! =0, flPl =0, hP) = h. The simply connected algebraic Poisson group
whose tangent Lie bialgebra is sly" can be realized as the group of pairs of matrices (the
left subscript s meaning “simply connected”)

s = {06 2)

This group has centre Z := {(I,I),(—I,—1I)}, so there is only one other (Poisson) group
sharing the same Lie (bi)algebra, namely the quotient ,SLs" := ¢SLo* / Z (the adjoint

x,yEk,sz\{O}} < SLy x SLy .
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of ¢SLy", as the left subscript a means). Therefore F' [SSLQ*] is the unital associative
commutative k-algebra with generators x, z*!, y, with Poisson Hopf structure given by

Al@)=z@z ' +z0z, A() =0, Ay =yo:'+:20y
e(x) =0, 6(2i1)=1, e(y) =0, S(r) = -z, S(zil):z:Fl, S(y) =~y
{z,y} = (* —277) /2, {2} = £z *, {zFy} =55y

(N.B.: with respect to this presentation, we have f=39,| , h=2z 6z}e , €= Bm}e, where e
is the identity element of ;SLo™ ). Moreover, F [QSLQ*} can be identified with the Poisson
Hopf subalgebra of F’ [5 S Lg*] spanned by products of an even number of generators — i.e.

2 and 2z~ ly.

monomials of even degree: this is generated, as a unital subalgebra, by xz, z

In general, we shall consider g = g” a semisimple Lie algebra, endowed with the Lie
cobracket — depending on the parameter 7 — given in [Gal], §1.3; 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.

7.2 The® QrUEAs Uq(g) . We turn now to quantum groups, starting with the sly case.
Let R be any domain, h € R\ {0} an element such that R/kR = k; moreover, letting
q := h+1 we assume that ¢ be invertible in R, i.e. there exists ¢~ ! = (A + 1)_1 €R. Eg.,
one can pick R := k[q, q_l] for an indeterminate ¢ and h:=¢g — 1, then F(R) =k(q).

Let Uy(g) = Uy(slz) be the associative unital F'(R)-algebra with (Chevalley-like) gen-
erators F', K*! E, and relations

K- K1
KK '=1=K 'K, K*'F =¢PFK*" |, K*'E = ¢*’EK*' | EF-FE= ———— .
q9—dq
This is a Hopf algebra, with Hopf structure given by
AF)=FK '+10QF, A(K*) = K* @ K+, AEY=E®1+K®E
e(F)=0, e(K*') =1, ¢(E)=0, S(F)=-FK, S(K*')=K%, S(E)=-K 'E.
K-1
Then let U,(g) be the R-subalgebra of U,(g) generated by F, H := T
q J—
I' = ————, K~, E. From the definition of U,(g) one gets a presentation of U,(g)
q9—4q

as the associative unital algebra with generators F, H, I, K*' E and relations

KK '=1=K 'K, KTH=HK*,6 K*f'Ir=rkK*. HI'=TH
(-1)H=K-1, (¢—¢ ) I'=K-K ', HA1+K ')=(1+4¢ ')[', EF-FE=T
K*'F =¢™FK*, HF=q?FH-(¢+1)F, TI'F=q?FI—(q+q¢ ")F
KilE:qjﬁEKil’ HE:q+2EH+(q+1)E, I'E =q"2El + (q-i—q_l)E

5In §§7-9 we should use notation U,_1(g) and F,_1[G], after Remark 1.5 (for h = g — 1); instead,
we write Uq(g) and Fy[G] to be consistent with the standard notation in use for these quantum algebras.
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and with a Hopf structure given by the same formulas as above for F, K1 and E plus

AM)=TeK+K ', «I)=0, S(I)=-r
AH)=H1+K®H, e(H)=0, S(H)=-K'H.

Note also that K =1+(¢—1)H and K~! = K — (q—q_l)F =1+(¢q—1)H - (q—q_l)F,
hence U,(g) is generated even by F, H, I' and E alone. Further, notice that

Uy(g) = free F(R)-module over {F“KzEd ‘ a,de N,z € Z} (7.1)
U,(g) = R-span of {F“HbFCEd ’ a,b,c,d € N} inside U,(g) (7.2)

which implies that F(R)®rU,(g) = U,(g) . Moreover, definitions imply at once that U,(g)
is torsion-free, and also that it is a Hopf R-subalgebra of U,(g). Therefore U,(g) € HA,
and in fact U,(g) is even a QrUEA, whose semiclassical limit is U(g) = U(slz), with the
generators F, K*', H I', E respectively mapping to f, 1, h, h, e € U(sly).

It is also possible to define a “simply connected” version of U,(g) and U,(g), obtained
from the previous ones — referred to as the “adjoint (type) ones” — as follows. For U,(g),
one simply adds a square root of K*! call it L*!, as new generator; for U,(g) one adds
I —

q—
that U,(g) is another quantization (containing the “adjoint” one) of U(g) .

the new generators L' and also D := . Then the same analysis as before shows

In the general case of semisimple g, let U,(g) be the Lusztig-like quantum group —
over R — associated to g =g as in [Gal], namely U,(g) := U,",(g) with respect to the
notation in [loc. cit.], where M is any intermediate lattice such that @ < M < P (this is
just a matter of choice, of the type mentioned in the statement of Theorem 2.2(¢)): this is
a Hopf algebra over F'(R), generated by elements F;, M;, E; for i =1,...,r =: rank(g) .

Then let U,(g) be the unital R-subalgebra of U,(g) generated by the elements F;, H; :=

M; —1 K, — K1

T ry=——>m, Miil, E; , where the K; = M, are suitable product of M;’s,
q— q—dq
defined as in [Gal], §2.2 (whence K;, K; ' € U,(g)). From [Gal], §§2.5, 3.3, we have that

U, (g) is the free F'(R)-module with basis the set of monomials

U e s 11 e

ae(b‘i’ =1 QGCI)‘F

foasea EN, 2z, €7, ‘v’a€<1>+,7j:1,...,n}

while U,(g) is the R—span inside U,(g) of the set of monomials

{ 11 FO{a-f[leff[leﬂ'- I E
1= Jj=

acdt acdt

fartiscj,eq €N Va€q>+,i,j:1,...,n}

(hereafter, ®* is the set of positive roots of g, each E, , resp. F, , is a root vector attached
to a € ®1, resp. to —a € (—®T), and the products of factors indexed by ®* are ordered
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with respect to a fixed convex order of ®T, see [Gal]), whence (as for n = 2) U,(g) is a
free R-module. In this case again U,(g) is a QrUEA, with semiclassical limit U(g) .

7.3 Computation of U,(g) and specialization Uq(g)/&F[G*] . We begin

with the simplest case g = sly. From the definition of U,(g) = U,(sl2) we have (Vn € N)

0n(E) = (id — )" (A™(E)) = (id — )" ( S Ke6) g B 1®<n—s>> _

= (ld _ E>®n (K®(n—1) ® E) — (K _ 1)@(71—1) ® E — (q . 1>n—1 . H®(n_1) ® E

from which 8, ((¢ — 1)E) € (¢ —1)"Uy(g) \ (¢ — 1)""'U,(g), whence (¢ —1)E € U,(g)’,
whereas E ¢ U,(g)’. Similarly, (¢ — 1)F € U,(g)’, whilst F ¢ U,(g)’. As for generators
H, I', K*' we have A"(H) = Y7 K®¢=) @ H @ 190=s) An(K+1) = (K£1)®",
AMD) =" K®tVelIe (K_1)®(n_s), hence for 8, = (id — €)®" o A™ we have

on(H) = (g—1)" - HO", 6" (K1) = (¢—1)"- (=K "H)™"

5”(K) = (q - 1)” . H®n, (5”(F) = (q _ 1)n—1 . i (_1)n—sH®(s—1) @I'® (HK_1)®(n—s)
s=1

for all n € N, so that (¢—1)H, (¢— 1)I", K*' € U,(g)" \ (¢ — 1)U,(g)". Therefore U,(g)’
contains the subalgebra U’ generated by (¢—1)F, K, K=, (¢—1)H, (¢—1)I", (¢—1)E.
On the other hand, using (7.2) a thorough — but straightforward — computation along
the same lines as above shows that any element in U,(g)" does necessarily lie in U’ (details
are left to the reader: everything follows from definitions and the formulas above for A™).
Thus U,(g)" is nothing but the subalgebra of U,(g) generated by E:= (¢ —1)F, K, K,
H:=(q-1H, T :=(¢q— 1T, E := (¢ — 1)E; notice also that the generator H is
unnecessary, for H = K — 1. As a consequence, Uq(g)’ can be presented as the unital
associative R—algebra with generators F, ') K*¥', F and relations

KK '=1=K 'K, K¥I'=TK*, 1+¢)'=K-K*', FF —FE=(¢—-1)I
K-K'=(1+q¢"I', KYF=¢PFK*, K*E=¢?EK*
[F=q?FI—(¢-1)(q¢+q " )F, TE=q¢?El+(q-1)(¢+q")E

with Hopf structure given by

A(F)=FK1+1®F, e(F)=0, S(F) =-FK

AMY=TI'eK+K'&Tr, e(I') =0, S(I') =-T
A(Kil) — Kil ®Ki1, G(Kil) =1, S(Kil) — K:Fl
AE)=E®1+K®FE, e(B) =0, S(E)=-K'E.

When ¢ — 1, an easy direct computation shows that this gives a presentation of the
function algebra F [aSLg*}, and the Poisson structure that F [aSLg*} inherits from this
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quantization process is exactly the one coming from the Poisson structure on ,SL»": in
fact, there is a Poisson Hopf algebra isomorphism

Uy(a) /(4 — 1) Uyla) —=—F[.SLy] (€ Fl.sLs] )

given by: E mod (¢ —1) — zz, K*' mod (¢ —1) — 2*2, H mod (¢ —1) — 22 — 1,
I’ mod (¢ — 1) — (22 - 2_2)/2, F mod (¢ — 1) — z'y. In other words, U,(g)’
specializes to F [aSLg*} as a Poisson Hopf algebra. Note that this was predicted by
Theorem 2.2(c) when Char (k) =0, but our analysis now proved it also for Char(k) > 0.

Note that we got the adjoint Poisson group dual of G = SL,, that is ,SLs" ; a different
choice of the initial QrUEA leads us to the simply connected one, i.e. ¢SLo". Indeed, if
we start from the “simply connected” version of U,(g) (see §7.2) the same analysis shows
that Uq(g)’ is like above but for containing also the new generators L', and similarly
when specializing ¢ at 1: thus we get the function algebra of a Poisson group which is
a double covering of ,SLs", namely ¢SLs". So changing the QrUEA quantizing g we get
two different QFAs, one for each of the two connected Poisson algebraic groups dual of
S Lo, i.e. with tangent Lie bialgebra sly" ; this shows the dependence of the group G* (here
denoted G* since g* =g*) in Theorem 2.2(c) on the choice of the QrUEA (for a fixed g).

With a bit more careful study, exploiting the analysis in [Gal], one can treat the general
case too: we sketch briefly our arguments — restricting to the simply laced case, to simplify
the exposition — leaving to the reader the (straightforward) task of filling in details.

So now let g = g” be a semisimple Lie algebra, as in §7.1, and let U,(g) be the QrUEA
introduced in §7.2: our aim again is to compute the QFA U, (9)".

The same computations as for g = s[(2) show that §,(H;) = (¢— 1)~ - H®" and
o) = (g— 1)L ()" HEC Y @ o (H K1) which gives
Hy:=(q—1)H; € Uy(9)' \ (g — 1) Uy(g)" and I} := (¢ —1)I; € Uy()' \ (¢ — 1) Uy(g) -

As for root vectors, let E, := (¢ — 1)E, and F, := (¢ — 1)F, for all y € &%
using the same type of arguments as in [Gal]®, §5.16, we can prove that E, ¢ U,(g)’
but B, € Uy(g)" \ (¢ — 1)Uy(g)". In fact, let Uy(by) and U,(b_) be quantum Borel
subalgebras, and ilf‘; > L{:D‘f > ﬂi‘; < L{:D‘f < their R-subalgebras defined in [Gal], §2: then
both U,(bs+) and U,(b_) are Hopf subalgebras of U,(g); in addition, letting M’ be the
lattice between @) and P dual of M (in the sense of [Gal], §1.1, there exists an F'(R)-valued
perfect Hopf pairing between U, (b4) and Uy (bs) — one built up on M and the other on M’

—such that 4y = (L) e = (UL ) Uy = (k) and U = (WL )

6Note that in [Gal] the assumption Char(k) = 0 is made throughout: nevertheless, this hypothesis is
not necesary for the analysis we are concerned with right now!
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Now, (q — q_l)Ea € Uy = (L[ﬁé) , hence — since ilf‘;"g is an algebra — we have

A((q - q_l)Ea> € (ﬂfg’é ®ﬂfg"§> = (ilf‘;’lg) ® (ﬂfﬁé) =Uy's ®UL' . Therefore, by
definition of ¢}'. and by the PBW theorem for it and for ilf‘;"g (cf. [Gal], §2.5) we have

that A((q—q_l)Ea) is an R-linear combination like A((q—q_l)Ea> =>. A£1)®A,(~2)
in which the Aij)’s are monomials in the M;’s and in the E,y’s, where E,y = (q — q_l)E,y

for all v € &% : iterating, we find that A’ ((q — q_l)Ea> is an R-linear combination
A ((q — q‘l)Ea> =V AV AP g... @AWY (7.3)

in which the A&j )'s are again monomials in the M;’s and in the E,’s. Now, we distinguish
two cases: either AY) does contain some E, (€ (q — q_l) Uq(g)) , thus €<A£j)> =AY ¢
(¢ —1)U,(g) whence (id —€) (A&”) =0; or AY) does not contain any E, and is only a
monomial in the M,’s, say AY) = [T, M;™: then (id — €) <A$j)) =1, M —1 =
[T, ((¢—1)H, + l)mt — 1€ (¢—1)Uy(g). In addition, for some “@Q-grading reasons”
(as in [Gal], §5.16), in each one of the summands in (7.3) the sum of all the ~’s such
that the (rescaled) root vectors F7 occur in any of the factors Agl), Ag), cee A&”) must
be equal to a: therefore, in each of these summands at least one factor E,y does occur.
The conclusion is that & (E4) € (1+¢71)(g— 1)* Uq(g)m (the factor (1+¢~') being
there because at least one rescaled root vector E7 occurs in each summand of (Fa) ,
thus providing a coefficient (q — q_l) the term (1 + q_l) is factored out of), whence
d¢ (Ea) € (g—1)* Uq(g)w. More precisely, we have also dy (Ea) Z (qg— 1)1 Uq(g)w, for
we can easily check that A’ (Ea) is the sum of M, @ M, ® --- @ M,, ® E, plus other
summands which are R-linearly independent of this first term: but then d, (Ea) is the
sum of (g — 1)8_1Ha QH,Q @ Hy®E, (where H, := N([IO‘__II is equal to an R-linear
combination of products of Mj;’s and H;’s) plus other summands which are R-linearly
independent of the first one, and since Hy, @ Ho ®@---@ Ho @ Eo ¢ (q—1)? Uq(g)w we can
conclude as claimed. Therefore d; (Ea) € (g — 1) Uq(g)w \ (g — 1) Uq(g)w, whence
we get Fo = (q— 1)Eq € Uy(g) \ (¢ — 1) Uy(g)" Vo€ ®*. An entirely similar analysis
yields also F, := (¢ —1)F, € Uy(g)' \ (¢ — 1) Uy(g)’ Ya € dT.

Summing up, we have found that U, (g)' contains for sure the subalgebra U’ generated
by F., H;, I, E, forall « € ®* and all i =1,...,n. On the other hand, using (7.2)
a thorough — but straightforward — computation along the same lines as above shows

that any element in U,(g)" must lie in U’ (details are left to the reader). Thus finally
U,(g)' = U’, so we have a concrete description of U,(g)’.

Now compare U’ = U,(g)" with the algebra Uy (g) in [Gal], §3.4 (for ¢ = 0), the
latter being just the R-subalgebra of U,(g) generated by the set { F., M, E, } a€dti=

1,...,n}. First of all, by definition, we have U} (g) C U’ = U,(g)"; moreover,



68 FABIO GAVARINI

(Ua(0)), = Uale)' /(a = 1) Uglg)’ = U (a) [(a = DU (a) = F[G}]

where G7%, is the Poisson group dual of G = G7 with centre Z(G%,) = M/Q and
fundamental group m1(G%,) = P/M, and the isomorphism (of Poisson Hopf algebras)
on the right is given by [Gal], Theorem 7.4 (see also references therein for the original
statement and proof of this result). In other words, U,(g)" specializes to F[G%,] as a
Poisson Hopf algebra, as prescribed by Theorem 2.2. By the way, notice that in the present
case the dependence of the dual group G* = G%, on the choice of the initial QrUEA (for
fixed g) — mentioned in the last part of the statement of Theorem 2.2(¢) — is evident.
By the way, the previous discussion applies as well to the case of g an untwisted affine
Kac-Moody algebra: one just has to substitute any quotation from [Gal] — referring to
some result about finite Kac-Moody algebras — with a similar quotation from [Ga3] —
referring to the corresponding analogous result about untwisted affine Kac-Moody algebras.

7.4 The identity (Uq(g)/)v = Uy(g). In the present section we check that part of
Theorem 2.2(b) claiming that, when p =0, one has H € QrUEA — (H')V = H for
H =U,(g) as above. In addition, our proof now will work for the case p > 0 as well. Of
course, we start once again from g = sls .

Since e(F) = e(H) = e(F) = e(E) = 0, the ideal J := Ker(e: Uy(g) — R)
is generated by F, H, I', and E. This implies that J is the R-span of {F‘PH”fVE" ’

€ —1
(907 Ky, 77) € N4\{(07 07 07 O)}} . Now I := Ker <UQ(9>/ — R q—» k) = (q_l)UQ(g)/+J7
therefore we get that (Uq(g)/)v = ano ((q — 1)_1I) is generated, as a unital R-
subalgebra of U,(g), by the elements (g — D '"F=F, (¢g—1)"'"H=H,(¢q—1)"'I"'=T,
(g—1)""E = E, hence it coincides with U,(g), q.e.d.

An entirely similar analysis works in the “adjoint” case as well; and also, mutatis mu-
tandis, for the general semisimple or affine Kac-Moody case.

7.5 The quantum hyperalgebra Hyp ,(g). Let G be a semisimple (affine) algebraic
group, with Lie algebra g, and let U,(g) be the quantum group considered in the previous
sections. Lusztig introduced (cf. [Lul-2]) a “quantum hyperalgebra”, i.e. a Hopf subalgebra
of Uy(g) over Z[q, q_l] whose specialization at ¢ = 1 is exactly the Kostant’s Z-integer
form Uyz(g) of U(g) from which one gets the hyperalgebra Hyp(g) over any field k of
characteristic p > 0 by scalar extension, namely Hyp(g) = k ®z Uz(g). In fact, to be
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precise one needs a suitable enlargement of the algebra given by Lusztig, which is given
in [DL], §3.4, and denoted by I'(g). Now we study Drinfeld’s functors (at h=¢ —1) on
Hyp ,(g) == R®zq,q-11 I'(g) (with R like in §7.2), taking as sample the case of g = sl .
Let g = sly. Let Hyp?(g) be the unital Z[q, ¢~']-subalgebra of U,(g) (say the one
of “adjoint type” defined like above but over Z[q, _1}) generated the “quantum divided

powers” F(™) .= F”/[n]q ( ) 1_[1 qc+; S_Kl_ ! EM .= E”/[n]q! (for all n €
N, ¢ € Z) and by K~!, where [n],! = T1i— [s], and [s], = (¢° - q_s)/(q —gq~') for all
n, s € N. Then (cf. [DL]) this is a Hopf subalgebra of U,(g), and Hyp?(g)‘q_1 = Uz(g);
therefore Hyp ,(g) := R ®gz(q,4-1) Hyp%(g) (for any R like in §7.2, with k := R/h R and
p := Char(k) ) specializes at ¢ = 1 to the k—hyperalgebra Hyp (g). Moreover, among all

the (Kf) ’s it is enough to take only those with ¢ = 0. From now on we assume p > 0.

Using formulas for the iterated coproduct in [DL], Corollary 3.3 (which uses the opposite
coproduct than ours, but this doesn’t matter), and exploiting the PBW-like theorem for
Hyp ,(g) (see [DL] again) we see by direct inspection that Hyp q(g)/ is the unital R-
subalgebra of Hyp,(g) generated by K ! and the “rescaled quantum divided powers”

(q—1)"F™ | (¢g—1)" (K;()) and (¢—1)"E™ for all n € N. Since [n],! e n! =0

iff p ‘n we argue that Hyp ( is generated by the corresponding specializations

;_A

L
of (¢q—1)° alty ), (¢—1 ps (K O) and (¢ —1)” "B®) for all s€N: in particular this

, has dimension 0 and height 1, and its cotangent
q:

shows that the spectrum of Hyp q(g)

Lie algebra J / J? — where J is the augmentation ideal of Hyp, (g) ‘ L has basis
4=

{(a=1""F®, (q=1)"" (%), (a=1)" E®) mod (¢=1) Hyp, () mod J2 |seN}.
Furthermore, (Hypq(g)’)v is generated by (q — 1)Ps—1F(pS), (g—1)° s—1 <K;.0) K1

pé
s_1 s . . v
and (¢ —1)” “"E®") for all s € N: in particular we have that (Hypq(g)') S Hyp ,(9),
and (Hypq(g)/)v’ is generated by the cosets modulo (¢ — 1) of the previous elements,
q=1

which do form a basis of the restricted Lie bialgebra ¢ such that (Hypq(g)')v’ = u(®).
q:

We performed the previous study using the “adjoint” version of U,(g) as starting point:
instead, we can use as well its “simply connected” version, thus obtaining a “simply con-

7

nected version of Hyp ,(g)” which is defined exactly like before but for using L*! instead
of K*! throughout; up to these changes, the analysis and its outcome will be exactly
the same. vNote that all quantum objects involved — namely, Hyp ,(g), Hyp q(g)/ and
(Hypq(g)’) — will strictly contain the corresponding “adjoint” quantum objects; on the

other hand, the semiclassical limit is the same in the case of Hyp (g) (giving Hyp (g),
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in both cases) and in the case of (Hypq(g)')v (giving u(®), in both cases), whereas the
semiclassical limit of Hyp q(g)/ in the “simply connected” case is a (countable) covering of
that in the “adjoint” case.

The general case of semisimple or affine Kac-Moody g can be dealt with similarly,
with analogous outcome. Indeed, Hyp? (g) is defined as the unital Z[q, q_l]fsubalgebra
of Uy(g) (defined like before but over Z[q,q_l}) generated by K, 1 and the “quantum

divided powers” (in the above sense) Fi(n) , (K;;C) , Ei(n) forall ne N, c€Z and i =

1,...,rank(g) (notation of §7.2, but now each divided power relative to 4 is built upon g;,

see [Gal]). Then (cf. [DL]) this is a Hopf subalgebra of U, (g) with Hyp?(g)‘ = Uz(g),
q=1

so Hyp,(g) == R ®z[q,q-1] Hyp?(g) (for any R like before) specializes at ¢ = 1 to the

Y

k—hyperalgebra Hyp (g); and among the (K;j C) s it is enough to take those with ¢=0.

Again a PBW-like theorem holds for Hyp ,(g) (see [DL]), where powers of root vec-

tors are replaced by quantum divided powers like F\™ | (K;;C K Ent(n/2) and E
for all positive roots a of g (each divided power being relative to ¢,, see [Gal]) both in
the finite and in the affine case. Using this and the same type of arguments as in §7.3
— i.e. the perfect graded Hopf pairing between quantum Borel subalgebras — we see by

direct inspection that Hypq(g)/ is the unital R-subalgebra of Hyp ,(g) generated by the
K Vs and the “rescaled quantum divided powers” (go — 1)”Fo(¢n) , (g —1D)" (Ki§0> and

(2 n

(g — D"ESY for all n € N. Since [n],.!

«

=n! =0 iff p|n, one argues like before
q=1

that Hypq(g)" is generated by the corresponding specializations of (g, — 1)” ") ,

(¢; — )7 (K;S;O) and (o — 1) E¥”) for all s € N and all positive roots a: this

shows that the spectrum of Hypq(g)/‘ has (dimension 0 and) height 1, and its cotan-
q=1
gent Lie algebra J / J? (where J is the augmentation ideal of Hypq(g)/‘ 1) has basis
q:

{@=1"FE, (a=17"(75") (o= 1) E®) mod (g-1)Hyp, () modJ2|se N}

ps

Moreover, (Hypq(g)/)v is generated by (ga — 1) "'FF), (g — 1)p5_1<l{;;0), Kt
and (g — 1)”3‘1E§3’S) for all s, ¢ and «: in particular (Hypq(g)’)v S Hyp,(g), and

(Hyp q(g)/)v‘ is generated by the cosets modulo (¢ —1) of the previous elements, which
q=1

in fact form a basis of the restricted Lie bialgebra ¢ such that (Hyp q(g)/)v‘ = u(®).
g=1

7.6 The QFA F;,[G]. In this and the following sections we pass to look at Theorem
2.2 the other way round: namely, we start from QFAs and produce QrUEAs.

We begin with G = SL,,, with the standard Poisson structure, for which an especially
explicit description of the QFA is available. Namely, let F,[SL,] be the unital associative
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R-algebra generated by {p;; |¢,7=1,...,n} with relations

PijPik = 4 PikPij PikPhk = q PhkPik Vi<k,i<h
PPk = PikPil s PikPjl — Pitpik = (4 — ") pupik Vi<j, k<l
(o
det‘](pw> = Z (_Q) ( )pl,a(l)pQ,U(Q) “ o Pnyo(n) = 1
ceSy,

This is a Hopf algebra, with comultiplication, counit and antipode given by
A(pij) = kzlpz‘k ® prj,  €(pig) =iz, Spij) = (=)™ det, ((Phk>h§;>

for all 4,j =1,...,n. Let F,[SL,] := F(R) ®gr F,;[SL,]. The set of ordered monomials

{ prm H pN’”‘ II psz Ny €N Vs, t; m1n{N1 1,...,Nn,n} = O} (7.4)

1>] I<m

is an R-basis of F,[SL,] and an F'(R)-basis of F;[SL,,| (cf. [Ga2|, Theorem 7.4, and [GaT7],

q—>1

Theorem 2.1(c)). Moreover, F,[SL,] isa QFA (at h = ¢—1), with F,[SL,] —— F[SL,].
7.7 Computation of F,[G]’ and specialization F,[G]" =t U(g*). In this sec-

tion we compute F,[G]" and its semiclassical limit (= specialization at ¢ = 1). Note that

= { [1o5” T1 (pnse — D™ TT ppie | N

i>] h=Ek I<m

Ng € N Vs, t; mln{Nll,...,Nn,n}zo}

is an R-basis of F,[SL,] and an F(R)-basis of F,[SL,]; then, from the definition of the
counit, it follows that M’ \ {1} is an R-basis of Ker (e : F;[SL,] — R). Now, by

€ q—1

definition I := Ker (Fq [SL,] R k) , whence I = Ker(€) + (¢ — 1) - F,[SLy];

therefore (M’ \ {1}) U {(q —1)-1} is an R-basis of I, hence (q— 1)"'I has R-basis
(¢g—1)~"- (M’ \ {1}) U{1}. The outcome is that E,[SL,]" = > >0 ((q - 1)_1I> is
just the unital R-subalgebra of F,[SL,,| generated by

PR
{T’ijlzipm L 2,]21,,71}

q—1
Then one can directly show that this is a Hopf algebra, and that F [SLn]v Ly (sl,")
as predicted by Theorem 2.2. Details can be found in [Ga2], §§ 2, 4, looking at the algebra
F,[SL,] considered therein, up to the following changes. The algebra which is considered

) 51
n [loc. cit] has generators (1+ q_l) v P =0
q

———— (4,7 = 1,...,n) instead of our r;;’s
(they coincide iff ¢ = j ) and also generators p;; =1+ (¢ —1)7; (i=1,...,n); then the
presentation in §2.8 of [loc. cit.] must be changed accordingly; computing the specialization
then goes exactly the same, and gives the same result — specialized generators are rescaled,
though, compared with the standard ones given in [loc. cit.], §1.
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We sketch the case of n = 2 (see also [FGJ). Using notation a := p11, b := pi 2,
c:=p2,1, d:= p22, we have the relations

ab=g¢gba, ac=gqca, bd =¢qdb, cd=gqdc,

bc=ch, ad—da:(q—q_l)bc, ad—qgbc=1
holding in F,[SLs] and in F,[SLs|, with
Ala)=a®a+b®c, A(b)=a®b+b®d, A(c)=c®a+d®c, A(d)=c®b+d®d
e(a) =1,¢e(b) =0,¢(c) =0,e(d) =1, S(a)=d, S(b) = —¢'b, S(c) = —¢T'c, S(d) = a.

—1 b
Then the elements Hy :=1r1; = a , BEi=rig=——, Fi=1ry; = ¢ and
I q _ 1 bl q _ 1 bl q _ 1
d—1
H_ =199 = P generate Iy, [SLQ]V: these generators have relations
q —_

H.E=qFH, +E, HLF=qFH,+F, EH_=qH_FE+E, FH_=qH_F+F,
EF=FF, HH —-H_H,=(q—q¢ ')EF, H_+H;=(q—1)(¢qEF —H,H_)

and Hopf operations given by

AHy)=H;y®1+1®@H +(¢q—-1)(HL®H{+E®F), eHy)=0, S(
AEy=E®1+10FE+(q—1)(H® E+ E®H_), €E)=0, S(E)=-¢'E
AF)=F®1+10F+(q-1)(FHy +H_®F), €¥F)=0 )
AH_)=H_-®1+19H_+(q—-1)(H-QH_+F®E), e¢H_)=0, S(H_)=H,

from which one easily checks that F,[SLa]" i

for a co-Poisson Hopf algebra isomorphism

U(sly") as co-Poisson Hopf algebras,

FolSLalY [(a=1) Fy[SLa] Y —— U(sty')

exists, given by: Hy mod (¢ —1) — +h, F mod (¢ —1) — e, F mod (¢ — 1) — f;
that is, Fj [SLs]" specializes to U(sly") as a co-Poisson Hopf algebra, q.e.d.

Finally, the general case of any semisimple group G = G”, with the Poisson structure
induced from the Lie bialgebra structure of g = g™, can be treated in a different way.
Following [Gal], §§5-6, F,[G] can be embedded into a (topological) Hopf algebra U,(g*) =
Uy, (g"), so that the image of the integer form Fy[G] lies into a suitable (topological)
integer form U.",(g") of Uy(g*). Now, the analysis given in [loc. cit.], when carefully
read, shows that F,[G]" = F,[G] N U;ﬂo(g*)v ; moreover, the latter (intersection) algebra
“almost” coincides — it is its closure in a suitable topology — with the integer form F,[G]
considered in [loc. cit.]: in particular, they have the same specialization at ¢ = 1. Since
in addition F,[G] does specialize to U(g*), the same is true for F,[G]", q.e.d.

The last point to stress is that, once more, the whole analysis above is valid for p :=
Char (k) > 0, i.e. also for p > 0, which was not granted by Theorem 2.2.
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/
7.8 The identity (Fq [G]v> = F,[G]. In this section we verify the validity of that
part of Theorem 2.2(b) claiming that H € QFA — (HV)/ = H for H = F,[G] as
above; moreover we show that this holds for p > 0 too. We begin with G = SL,, .

From A(pij) = kZ Pik @ pr,j, weget AN (p;;) = %: Piky @ Phy ks @ @ Prn_y 5 5
=1 1y ,kn—1=1

by repeated iteration, whence a simple computation yields

n

On(rig) = Y. (@=17 ((q=D)rig, @(q=1) Ty 5y @@ (= 1) Ty, 5) Vi j
kl,...,k]\r_lzl
so that
on((g = )rig) € (¢ = VY F[SLL)Y \ (g = )N E,[SL,]Y Vi, (7.5)

Now, consider again the set M’ := { 11 pgij T (prr — DV 11 phim
i>j h=k I<m

min { Nig,....Non } =0 } : since this is an R-basis of F},[SL,], we have also that

Nst € NVs,t;

M = { Hrgijhnkr}f:%k I1 Tl]Xém

1>] l<m

Ng € N VS,t; I’IliIl{Nl’l,...,Nn’n}:O}

is an R-basis of F,[SLy,] . This and (7.5) above imply that (Fq[SLn]v)/ is the uni-
tal R-subalgebra of F,[SL,| generated by the set {(q — 1)ry;
(¢ — 1) 7; = pij — d;; , the latter algebra does coincide with F,[SL,], as expected.

1, = 1,...,n}; since

For the general case of any semisimple group G = G” , the result can be obtained again

by looking at the immersions F,[G] C U,(g*) and Fy[G] C U, (g"), and at the identity
/

F,[G]Y = F,[G] N Z/lé‘ﬁp(g*)v (cf. §7.6); if we try to compute (Ué‘ip(g*)v> (noting that

(Z/{é‘ﬂp(g*))v is a QrUEA), we have just to apply much the like methods as for U,(g)’,

thus finding a similar result; then from this and the identity F,[G]" = F,[G] N L{(;ﬂo(g*)v

/
we eventually find (Fq [G]V) = F,|G], q.e.d.

We’d better point out once more that the previous analysis is valid for p := Char (k) >
0, i.e. also for p > 0, so the outcome is stronger than what ensured by Theorem 2.2.

Remark: Formula (7.4) gives an explicit R-basis M of F;;[SLs]. By direct computation
one sees that 0, (u) € F,[SLo)®™" \ (¢ — 1) F,[SLy)®" for all y € M\ {1} and n € N,
whence F,[SL,]' = R-1, which implies (F, [SLQ]/)F = F(R)-1 G Fy[SLy] (cf. the Remark
after Corollary 4.6) and also (Fq[SLQ],)\/ = R-15 F,[SLy].

7.9 Drinfeld’s functors and L—operators for U,(g) when g is classical. Let now
k have characteristic zero, and let g be a finite dimensional semisimple Lie algebra over
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k whose simple Lie subalgebra are all of classical type. It is known from [FRT2] that in
this case Uéj (g) (where the subscript P means that we are taking a “simply-connected”
quantum group) admits an alternative presentation, in which the generators are the so-
called L-operators, denoted lgfj) with ¢ = £1 and ¢, j ranging in a suitable set of indices
(see [FRT2], §2). Now, if we consider instead the R-subalgebra H generated by the L—
operators, we get at once from the very description of the relations between the lgfj)’s given
in [FRT2| that H is a Hopf R-subalgebra of qu (g), and more precisely it is a QFA for

the connected simply-connected dual Poisson group G*.
elements (g — 1)_112(;11 and (g — 1)_1l§3’i are enough to generate. Now, Theorem 12 in

When computing HY, it is generated by the elements (q—1) even more, the

[FRT?2] shows that these latter generators are simply multiples of the Chevalley generators
of Uf(g) (in the sense of Jimbo, Drinfeld, etc.), by a coefficient +¢* (1 + q_l) , for some
s € 7, times a “toral” generator: this proves directly that H" is a QrUEA associated to g,
that is the dual Lie bialgebra of G*, as prescribed by Theorem 2.2. Conversely, if we start
from U(f(g), again Theorem 12 of [FRT2] shows that the (¢ — q_l)_llfj)’s are quantum
root vectors in U[ (g). Then when computing U/}’ ()" we can shorten a lot the analysis in
§5.3, because the explicit expression of the coproduct on the L—operators given in [FRT?2]
— roughly, A is given on them by a standard “matrix coproduct” — tells us directly that
all the (1 + q_l)_llfj)’s do belong to Uf(g)/, and again by a PBW argument we conclude
that Uf(g)/ is generated by these rescaled L—operators, i.e. the (1 + q_l)_llfj) )

Therefore, we can say in short that shifting from H to HY or from UF (g) to U(f(g)/
essentially amounts — up to rescaling by irrelevant factors (in that they do not vanish at
q =1) — to switching from the presentation of U} (g) via L-operators (after [FRT2]) to
the presentation of Serre-Chevalley type (after Drinfeld and Jimbo), and conversely. See
also the analysis in [GaT7| for the cases g = gl,, and g = sl, .

7.10 The cases U,(gl,), F,[GL,] and F,[M,]. In [Ga2|, §5.2, a certain algebra
U,(gl,,) is considered as a quantization of gl, ; due to their strict relationship, from the
analysis we did for the case of sl,, one can easily deduce a complete description of Uq(g[n)'
and its specialization at ¢ = 1, and also verify that (Uq(g[n)/)v = Uy(gl,,) .

Similarly, we can consider the unital associative R-algebra F,[M,] with generators
pij (i, j =1,...,n) and relations p;;pix = qpirpij, PikPrk = qprkpix (for all j < k,
i < h), pupix = pikpas pikpit — pipic = (@—a7 ') papje (for all @ < j, k < 1)
— i.e. like for SL, , but for skipping the last relation. This is the celebrated standard
quantization of F[M,], the function algebra of the variety M,, of (n x n)-matrices over
k: it is a k-bialgebra, whose structure is given by formulas A(p;;) = > 1 _; pik @ pij,
€(pij) = 6;; (for all 4, j = 1,...,n) again, but it is not a Hopf algebra. The quantum
)l(g)pl,g(l) P2,0(2) " Pr,o(n) 18 central in Fy[M,], so
by standard theory we can extend F,[M,] by adding a formal inverse to det,(p;;), thus

determinant dety(p;;) := desn (—q
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getting a larger algebra F,[GL,] = F,[M,] [detq(pij)_l] : this is now a Hopf algebra,
with antipode S(p;;) = (—q)"™? det, ((phk)zz) (for all 4, 5 =1,...,n), the well-known
standard quantization of F'[GL,], due to Manin (see [Mal).

Applying Drinfeld’s functor ()Y w.r.t. hi:= (¢ —1) at F,[GL,] we can repeat stepwise
the analysis made for F,[SL,]: then we have that F,[GL,]" is generated by the r;;’s and
(g—1)7" (detq(pij)—1) , the sole real difference being the lack of the relation det,(p;;) =1,
which implies one relation less among the 7;;’s inside F,[GL,]", hence also one relation
less among their cosets modulo (¢ — 1). The outcome is pretty similar, in particular
F,[GL,]" = U(gl,)) (cf. [Ga2], §6.2). Even more, we can do the same with F,[M,]:

things are even easier, because we have only the r;;’s alone which generate F, [Mn]v, with
no relation coming from the relation det,(p;;) = 1; nevertheless at ¢ = 1 the relations

among the cosets of the r;;’s are exactly the same as in the case of Fj, (GL,]" , whence
q=1

is a Hopf algebra,
q=1

we get F,[M,]"

= U(gl,"). In particular, we get that F,[M,]"
1

although both F,[M,] and F,[M,]" are only bialgebras, not Hopf algebras: so this gives
a non-trivial explicit example of what claimed in the first part of Theorem 3.7.

Finally, an analysis of the relationship between Drinfeld functors and L—-operators about
Uf; (gl,,) can be done again, exactly like in §7.9, leading to entirely similar results.

§ 8 Third example: quantum three-dimensional Euclidean group

8.1 The classical setting. Let k be any field of characteristic p > 0. Let G :=
Es(k) = E5, the three-dimensional Euclidean group; its tangent Lie algebra g = e is
generated by f, h, e with relations [h,e] = 2e, [h, f] = —2f, [e, f] = 0. The formulas
S(f)=hf—f®h, §(h) =0, d(e) =h®e—e®h, make ¢ into a Lie bialgebra, hence
FE5 into a Poisson group. These also give a presentation of the co-Poisson Hopf algebra
U(e2) (with standard Hopf structure). If p > 0, we consider on ey the p—operation given
by elPl =0, flPl =0, nlPl =h.

On the other hand, the function algebra F[Es| is the unital associative commutative
k-algebra with generators b, a*!, ¢, with Poisson Hopf algebra structure given by

ABD)=b@a ' +a®b, A(ail):aﬂ@ail, Alc)=c®Ra+a'®c
e(b) =0, e(ail) =1, €(c)=0, S(b) = —b, S(ail) =aT', S(c)=—c
{ail, b} = +a™1p, {ail,c} = +atle, {b,c} =0

We can realize Ey as Eo = { (b,a,c) |b,c € k,a € k\ {0} }, with group operation

_ -1 -1 .
, -
(b1, a1,c1) - (b2, a2,c2) = (bray " +aiba, a1az, craz +aj 'ca);
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in particular the centre of Fs is simply Z := {(O, 1,0), (0, —1,0)}, so there is only one
other connected Poisson group having e, as Lie bialgebra, namely the adjoint group ,FEs :=
E, / Z (the left subscript a stands for “adjoint”). Then F'[,FEs] coincides with the Poisson
Hopf subalgebra of F[,Fs] spanned by products of an even number of generators, i.e.
monomials of even degree: as a unital subalgebra, this is generated by ba, a®2, and a~'c.

The dual Lie bialgebra g* = ¢* is the Lie algebra with generators f, h, e, and relations
[h,e] = 2e, [h,f] = 2f, [e,f] = 0, with Lie cobracket given by 6(f) = f® h —h ® f,
d(h) =0, 0(e) =h®e—e®h (we choose as generators f:= f* h:=2h*, e:=¢e*, where
{f*,h*,e*} is the basis of e5* which is the dual of the basis {f, h,e} of ex). If p > 0,
the p-operation of es* is given by el = 0, flPl =0, hlPl = h. All this again gives a
presentation of U (e2*) too. The simply connected algebraic Poisson group with tangent
Lie bialgebra ¢>" can be realized as the group of pairs of matrices

w={(( 06 2)

this group has centre Z := {(I,1I),(—I,—I)}, so there is only one other (Poisson) group
with Lie (bi)algebra es* , namely the adjoint group ,Es" := sFE5" / Z.

x,yEk,zEk\{O}};

Therefore F' [SEQ*} is the unital associative commutative k—algebra with generators x,
z*!, y, with Poisson Hopf structure given by

Al@)=2®z"" +287, A =2 e, Ay =y®s " +20y
e(x) =0, e(z*) =1, e(y)=0, S(x) = -z, S(zF)=2F', S(y)=—y
{3372/} = 07 {Zil,x} = :l:Z:tlflﬁ, {Zil,y} = :inly

(N.B.: with respect to this presentation, we have f = 8y‘e , h= z@z‘e , €= 8I‘e , Where
e is the identity element of ¢FE5"). Moreover, F' [aEg*} can be identified with the Poisson
Hopf subalgebra of F [SEQ*} spanned by products of an even number of generators, i.e.

+2

monomials of even degree: this is generated, as a unital subalgebra, by zz, z%2, and 2~ 'y.

8.2 The QrUEAs Uj(e2) and Ug(e2). We turn now to quantizations: the situation
is much similar to the sly case, so we follow the same pattern, but we stress a bit more the
occurrence of different groups sharing the same tangent Lie bialgebra.

Let R be a domain and let € R\ {0} and ¢:=h+ 1€ R be like in §7.2.

Let U,(g) = Uj(e2) (where the superscript s stands for “simply connected”) be the
associative unital F'(R)-algebra with generators F, I*', E, and relations

LL'=1=L7'L, [FF=¢P'FL*, L[HE=¢"'EL*, EF=FE.
This is a Hopf algebra, with Hopf structure given by
AF)=FL?+1@F, A(L¥)=L*eL*, AFE)=E®1+L’QF
e(F)=0, ¢(L*¥) =1, ¢(B)=0, S(F)=-FL? S(L*')=LF', S(E)=-L%E.
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L —1
Then let U;(e2) be the R-subalgebra of Uj(e2) generated by F, Di := 1

E. From the definition of U, (e2) one gets a presentation of U;(e2) as the associative
unital algebra with generators F', Dy, E and relations

D,E=qED, +E, FD,=q¢D.F+F, ED_ —gD E+E, D_F=qFD_+F
EF:FE, D_|_D_ :D_D+, D++D_ +<q—1)D+D_ =0

with a Hopf structure given by

AE)=E®1+19E+2(¢-1)Dy ®E+(q—1)°>-D2®FE
ADi)=Ds®1+1® Dy +(q—1)-Dy ® Dy
A(F)=Fol+1@F+2(¢-1)F@D_+(q-1)°-Fa D2

e(E) =0, S(E)=—-E—2(q—1)D_E — (¢—1)°D%*E
e(Dy) =0, S(Dy) = D~
e(F) =0, S(F)=~F —2(q—1)FDy — (¢ —1)*FD2.

The “adjoint version” of Uj (e2) is the unital subalgebra Ug (e2) generated by F', K .=

L*2 E, which is clearly a Hopf subalgebra. It also has an R-integer form Uy (e2), the
K+t —1
unital R—subalgebra generated by F, Hy := 1 FE: this has relations
q J—
EF=FE, HHE=¢’EH, + (¢+1)E, FH, =¢®H,F + (¢+1)F, H H_ . =H_H,

EH =¢H E+(q+1)E, H F=¢FH_+(q+1)F, H, +H_+(¢—1)H,H_ =0
and it is a Hopf subalgebra, with Hopf operations given by

AE)=E®1+1FE+(¢—1)-HL ®F, e(E)=0, S(E)=—-FE—-(¢q—1)H_FE
A(Hi):Hi®1+1®Hi+(q—1>-Hi®Hi, G(Hi):O, S(Hi>:H:F
AF)=F®1+10F+(¢—-1)-F® H_, e(F)=0, S(F)=-F—(q—1)FH,.

It is easy to check that U;(e2) is a QrUEA, whose semiclassical limit is U(ez): in fact,
mapping the generators F' mod (¢—1), D+ mod (¢—1), E mod (¢—1) respectively to
f, £h/2, e € U(ez) gives an isomorphism qu(eg)/(q —1)U;(e2) iU(eg) of co-Poisson
Hopf algebras. Similarly, Ug(e2) is a QrUEA too, with semiclassical limit U(ez) again:
here a co-Poisson Hopf algebra isomorphism Ug(eg)/(q— 1) Ug(e2) = Ulez) is given
mapping F' mod (¢—1), H+ mod (¢g—1), E mod (¢—1) respectively to f, £h, e € U(es).

8.3 Computation of U,(e;)’ and specialization U,(es)’ L1>F[E2*] . This sec-

tion is devoted to compute qu(eg)/ and Ug(eg)/, and their specialization at ¢ = 1: ev-
erything goes on as in §7.3, so we can be more sketchy. From definitions we have, for
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any n € N, A"(E) = Y K@D @ E@ 18079 50 §,(E) = (K-1)*""Y o E =
(q— 1" HE" Y @ E, whence 8,((q—1)E) € (¢—1)"U(e2) \ (g — )" UZ(e2)

thus (¢ —1)E € U;(eg)/, whereas E ¢ U;(eg)/. Similarly, we have (¢ —1)F, (¢ —1)Hy €
U;(eg)/ \ (g —1) U;(eg)/. Therefore Ug(eg) contains the subalgebra U’ generated by
F:=(¢—1)F, H. := (¢q—1)Hy, F = (¢ —1)E. On the other hand, Ug(eg)/ is
clearly the R—span of the set {F“Hﬂ’rHiEd ’ a,b,c,de N } : to be precise, the set

{ FeEt K-l g ‘ a,b,de N } - { FOH (14 (q—1)H_ )" g ‘ a,b,de N}

is an R-basis of U, ;(eg)/; therefore, a straightforward computation shows that any element
in Ug(€2>/ does necessarily lie in U’, thus Ug(eg)/ coincides with U’. Moreover, since
H, = K*! — 1, the unital algebra Ug(€2>/ is generated by F, K*!1 and E as well.

The previous analysis — mutatis mutandis — ensures also that U, ;(62)/ coincides with
the unital R-subalgebra U” of Uj(e2) generated by F := (¢ — 1)F, Dy := (¢ — 1)Dx,
E := (¢ —1)E; in particular, U;(eg)/ D Ug(eg)/. Moreover, as D = L*! — 1, the unital
algebra U;(eg)' is generated by F', L*' and F as well. Thus U;(eg)' is the unital associative
R-algebra with generators F := LF, £¥' := [*' £ := EL~! and relations

Let=1=L7'L, EF=FE, L[PF=gPrct, e =gtlect
with Hopf structure given by
AF)=FL +LaF, A(LT)=LeL™,  AE)=EaL'+Lof
((F)=0, (L) =1, &) =0, S(F)=-F, S(L)=L7, S(€)=-¢.

As g — 1, this yields a presentation of the function algebra F |:8E2*j|, and the Poisson
bracket that F |:5E2*j| earns from this quantization process coincides with the one coming
from the Poisson structure on ,FEs": namely, there is a Poisson Hopf algebra isomorphism

Us(e2) [ (a = 1) Ug(e2) —=— F[ .5

given by € mod (¢ —1) — x, L' mod (g —1) — 2z¥', F mod (¢ — 1) — y. That is,
U;(eg)' specializes to F' |:5E2*:| as a Poisson Hopf algebra, as predicted by Theorem 2.2.
In the “adjoint case”, from the definition of U’ and from U;(eg)/ = U’ we find that
U g(eg)/ is the unital associative R-algebra with generators F, K1, F and relations
KK '=1=K 'K, EF=FE, K*%F=¢PFK*, K*E=¢?EK*
with Hopf structure given by
AF)=FoK'+10F, AE*)=K*¥eoK*, AE)=E®1+KoF
e(F)=0, e(K*') =1, ¢(E)=0, S(F)=-FK, S(K*)=K%, S(£)=-K'E.
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The conclusion is that a Poisson Hopf algebra isomorphism
Ug(es) [(a= 1) Uglex) ——F[B5] (C FLES])

exists, given by E mod (¢—1) — zz, K*!' mod (¢—1) — 22, F mod (¢—1) — 2z~ 'y,
ie. Ug(eg)' specializes to F[QEQ*} as a Poisson Hopf algebra, according to Theorem 2.2.
To finish with, note that all this analysis (and its outcome) is entirely characteristic-free.

8.4 The identity (Uq(€2>/)\/ = U,(e2). The goal of this section is to check that part
of Theorem 2.2(b) claiming that H € QrilEA — (H’)v = H both for H = UJ(ez) and
H = Ug(e2). In addition, the proof below will work for Char(k) = 0 and Char(k) > 0
too, thus giving a stronger result than predicted by Theorem 2.2(b).

First, U;(eg)/ is clearly a free R-module, with basis {f“ﬁdgc
hence the set B := {fa(ﬁil — 1)b€C a,b,c € N}, is an R-basis as well. Second, as
e(F) = e(LF — 1) = (&) = 0, the ideal J := Ker(e: U;(Qz)/ — ) is the span of

€ —1
B\ {1}. Now I := Ker(U;(eg)’—»Rq—»k> = J+(qg—1)-Ui(es)', therefore

a,c € N,d € Z},

(U;(eg)/)\/ =D >0 ((q — 1)_1I)n is generated — as a unital R-subalgebra of Uj(e2) —
by (q—1)'F=1LF, (¢q—1)"(L—-1) =Dy, (¢—1)" (L' =1) =D, (¢—1)"'€ =
EL™! hence by F, D, E, so it coincides with Uj(e2), q.e.d.

The situation is entirely similar for the adjoint case: one simply has to change F, £*!,
& respectively with F', K*'| E, and D4 with Hy, then everything goes through as above.

8.5 The quantum hyperalgebra Hyp (e2). Like for semisimple groups, we can
define “quantum hyperalgebras” attached to e; mimicking what done in §7.5. Namely,
we can first define a Hopf subalgebra of [UZ(eg) over Z[q,q_l] whose specialization at
g = 1 is exactly the Kostant-like Z—-integer form Uz(es) of U(ez) (generated by divided
powers, and giving the hyperalgebra Hyp (¢2) over any field k by scalar extension, namely
Hyp (e2) =k ®z Uz(e2) ), and then take its scalar extension over R.

To be precise, let Hyp Z’Z(eg) be the unital Z[q, q_l]fsubalgebra of Uj(e2) (defined like

above but over Z[q, q_l]) generated by the “quantum divided powers” FO) .= F”/ [n]q! ,
L; etl=rr, 1
( ' C) = H q—l , B .= E”/[n]q! (for all n € N and ¢ € Z, with notation
n qr —
=1
of §7.5) and by L™1. Comparing with the case of sl, one easily sees that this is a Hopf sub-
algebra of U (e2), and Hyp Z’Z(€2>’ X = Uz(ez); thus Hypg(e2) := R®z(q,q-1 Hyp Z’Z(€2>
q:
(for any R like in §8.2, with k := R/hR and p := Char(k)) specializes at ¢ = 1 to the

Y

k-hyperalgebra Hyp (e3). In addition, among all the (Lf) s it is enough to take only

those with ¢ = 0. From now on we assume p > 0.
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Again a strict comparison with the sl case — with some shortcuts, since the defin-
ing relations of Hyp;(ez) are simpler! — shows us that HypZ(eg)/ is the unital R—
subalgebra of Hypg(e2) generated by L~ and the “rescaled quantum divided powers”

(q—1)"F™ | (g—1)" <L1;0> and (¢—1)"E™ for all n € N. It follows that HypZ(eg)/‘
q=1

is generated by the corresponding specializations of (¢ — 1)pTF(pT) , (g— 1)pr <Lp;TO) and

(q — l)pTE(pT) for all » € N: this proves that the spectrum of HypZ(eg)/‘ ) has dimen-

sion 0 and height 1, and its cotangent Lie algebra has basis { (q— 1>er(pr)’ (q— 1)pr (LpLO>,

(q—l)prE(pT) mod (¢g—1) HypZ(g)/ mod J 2 ‘ re N} (where J is the augmentation

ideal of HypZ(eg)/‘ , so that J / J? is the aforementioned cotangent Lie bialgebra).

Moreover, (HypZ(eg)/)v is generated by (q — 1)pT_1F(pT), (¢ — 1)pr_1 (Lpiﬂo) , L=! and
(q — 1)pT_1E(pT) (for all » € N): in particular (Hypé(eg)’)v G Hyp,(e2), and finally

(HypZ(eg)/)V‘ is generated by the cosets modulo (¢ — 1) of the elements above, which

in fact form a basis of the restricted Lie bialgebra ¢ such that (Hypz(eg)')v‘ = u(t).
q:

All this analysis was made starting from U} (e2), which gave “simply connected quantum
objects”. If we start instead from Ug (e2), we get “adjoint quantum objects” following the
same pattern but for replacing everywhere L*! by K*!: apart from these changes, the
analysis and its outcome will be exactly the same. Like for sly (cf. §7.5), all the adjoint
quantum objects —i.e. Hypy (ez2), Hypg(eg)/ and (Hypg(eg)')v — will be strictly contained
in the corresponding simply connected quantum objects; nevertheless, the semiclassical
limits will be the same in the case of Hyp ,(e2) (always yielding Hyp (e2) ) and in the case
of (Hypq(eg)/)v (giving u(¥), in both cases), while the semiclassical limit of Hypq(eg)/ in
the simply connected case will be a (countable) covering of that in the adjoint case.

8.6 The QFAs F,[Es] and Fj[,FE>]. In this and the following sections we look at
Theorem 2.2 starting from QFAs, to get QrUEAs out of them.

We begin by introducing a QFA for the Euclidean groups Es and ,Es. Let F,[Es] be
the unital associative R-algebra with generators a*!, b, ¢ and relations

ab=gba, ac=gqca, bc=cb
endowed with the Hopf algebra structure given by
A(ail):ai1®ai1, A(b):b@a_1+a®b, A(C):C®a+a_1®c
€(a™) =1, e(b) =0, e(c) =0,  S(a™) =a™', S(b)=—¢7'b, Sc)=—q"c.

Define F,[,E2] as the R-submodule of F[E;| spanned by the products of an even
number of generators, i.e. monomials of even degree in a*!, b, ¢: this is a unital subalgebra



THE GLOBAL QUANTUM DUALITY PRINCIPLE: THEORY, EXAMPLES, APPLICATIONS 81

of F,[Es], generated by (3 := ba, a®! := a*? and v := a~!c. Let also F,[Es] =
(FylE2]), and Fy[oEs] := (FylaFs]), , which have the same presentation than F,[E»]
and F,[,FE>] but over F'(R). Essentially by definition, both Fj[Es] and F,[,E2] are QFAs
(at A =g — 1), whose semiclassical limit is F[Es] and F[, Es| respectively.

8.7 Computation of F,[Fs]" and F,[,F>]" and specializations F, [EQ]VLl) Ul(g*)
and F, [QEQ]VLl U(g*). In this section we go and compute F,[G]” and its semiclassical
limit (i.e. its specialization at ¢ = 1) for both G = Fy and G = ,Fs.

First, Fy[Es]| is free over R, with basis {bbaﬂcC a € Z,b,c € N }, so the set Bg :=
{bb(ajEl —1)%¢|a,b,c € N} is an R-basis as well. Second, since e(b) = e(a®! —1) =

€(c) = 0, the ideal J := Ker (e: F,[Ey] — R) is the span of B, \ {1}. Now [ :=

€ q

—1 _ n
Ka(FHEﬂ R k)zaﬂ+@—1)EﬂEﬂ,ﬂmsFHEﬂvﬁ:ELQOQq—U H)
turns out to be the unital R-algebra (subalgebra of F,[E;]) with generators D :=

+1 -1 b
a - , F:=—— and F := and relations
q—1 q—1 q—1
D.E=qED +F, D F=qFD,+F, ED_=qD_E+FE, FD_=qD_F+F
FF=FF, D.D_=D_D,, Dy+D_+(q—1)DsD_=0

with a Hopf structure given by

AE)=E®1+10E+(q—1)(E®D_+D,®E), €FE)=0, SE)=-q¢'E
A(Di) Di®1+1®Di+(q—1)~Di®Di, E(Di)zo, S(D )ZD;F
AF)=F®1+10F+(q-1)(F®D; +D_®F), €eF)=0, SF)=—-¢"F.

q—1

This implies that F, [Eg] 7, U(es*) as co-Poisson Hopf algebras, for a co-Poisson Hopf
algebra isomorphism
F B [(a=1) FylBs) ——Ul(es)

exists, given by Dy mod (¢ — 1) — j:h/2, E mod (¢g—1)—e, F mod (¢ —1) — f;
thus F,[E2]" does specialize to U(es*) as a co-Poisson Hopf algebra, q.e.d.
Similarly, if we consider Fj[,E>] the same analysis works again. In fact, Fj[,E>] is

free over R, with basis B, := {Bb(ail — 1)a'yc a,b,c € N}; therefore, as above the
ideal J := Ker (e: FyloEs] — R) is the span of B, \ {1}. Now, we have I :=

q

€ —1 _ n
Ker (FQ[QEQ] R ]k) = J+(q—1)-Fy[oEs], s0 F,laBs)" = ano(@—l) 11)
is nothing but the unital R-algebra (subalgebra of F,[,E2]) with generators Hy :=

+1

-1

e - ":L,andF’:: 7
g—1 q—1

FE'Fl=¢?F'E'\H . E'=¢°F'H, +(q+1)E/, HyF' =¢°F'H, +(q+1)F, HH_=H_H_

F'H =¢H FE +(q+1)E,FFH_ =¢H_F' 4+ (q+1)F,H +H_+(¢q—1)H, H_=0

and relations

Y

qg—1
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with a Hopf structure given by

A(E"Y=FE'®1+1®F +(q—1)-H;  QF’, e(E') =0, S(E')=—-E'—(q—1)H_FE'
A(H ) =Hy ®1+1®Hy+(¢—1)-Hr®Hy, €e(Hy)=0, S(Hy)=Hz
A(F)=F'@14+10F +(q—1)-H.QF, €F')=0, SF)=-F—(q—1)H F".

This implies that Fj [aEQ]v Ly (e2") as co-Poisson Hopf algebras, for a co-Poisson
Hopf algebra isomorphism

FylaBal” [ (0= 1) FylaBa)’ —— U(ey)

is given by Hi mod (¢ — 1) — +h, F mod (¢ —1) — e, F’ mod (¢ — 1) — f; so
F, [aEQ]v too specializes to U(es*) as a co-Poisson Hopf algebra, as expected.

We finish noting that, once more, this analysis (and its outcome) is characteristic-free.

8.8 The identities (F, [EQ]V), = F,|E>] and (F, [aEg]v)/ = Fy[oE2]. In this section
we verify for the QFAs H = F,[Es] and H = F,[,E>| the validity of the part of Theorem
2.2(b) claiming that H € QFA — (HV)/ = H . Once more, our arguments will prove
this result for Char(k) > 0, thus going beyond what forecasted by Theorem 2.2.

By induction we find formulas A™(E) = 3> ., a®" @ E® (a_1)®8, A"(Dy) =
2rtsti=n (aﬂ)®T ®Dy®1%% and A™(F) =3, 1, (a_1)®T ® E ®a®": these imply

wE)= ¥ @-D"eEe@'-)"=(@-1)"" ¥ D eE2D®
r+s+l=n r+s+1l=n

n—1 n— n
6u(D1) = (' = 1)*" V@ Dy = (¢ 1)V Ds®

W(F)= ¥ @'-1)"eEeGa@-1%=(g-1)"" ¥ D* eEeD,®
r+s+l=n r+s+1l=n

which gives E := (¢ — 1)E, Dy = (¢ —1)Dg, F = (g— 1)F € (F,[Es)") \ (¢ — 1)-
(Fy [EQ]\/)/ . So (F, [EQ]\/)/ contains the unital R—subalgebra A’ generated (inside F,[Es])
by E, Dy and F; but E=b, Dy =a*! —1, and F = ¢, thus A’ is just F,[E5]. Since
F, [Eg]v is the R—span of { EeD‘frJr Dt e,di,d_,feN } , one easily sees — using the
previous formulas for A™ — that in fact (F, [Eg]v)/ = A" = F,[Es], q.e.d.

When dealing with the adjoint case, the previous arguments go through again: in

fact, (Fq [aEg]v)/ turns out to coincide with the unital R—subalgebra A” generated (inside
F,[«E2]) by E :=(q-1)E =0, Hy :==(q—1)Hy =a*' —1,and F' := (¢—1)F' = ~;
but this is also generated by 3, a™! and 7, thus it coincides with F,[aE2], q.e.d.
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§9 Fourth example: quantum Heisenberg group

9.1 The classical setting. Let k be any field of characteristic p > 0. Let G :=
H, (k) = H,,, the (2n 4 1)-dimensional Heisenberg group; its tangent Lie algebra g = b,,
is generated by { fi,h,e;|i =1,...,n} with relations [e;, f;] = di;h, [ei,e;] = [fi, fj] =
[h,ei] = [h, fj] =0 (Vi,j = 1,...n). The formulas §(f;) = h® fi — fi ® h, 6(h) =
d(e;)) =h®e;—e;@h (Vi=1,...n) make b, into a Lie bialgebra, which yields H,, with a
structure of Poisson group; these same formulas give also a presentation of the co-Poisson
Hopf algebra U(h,,) (with the standard Hopf structure). When p > 0 we consider on b,
the p—operation uniquely defined by ei[p] =0, fi[p] =0, hlPl=h (forall i=1,...,n),
which makes it into a restricted Lie bialgebra. The group H, is usually realized as the
group of all square matrices (aw) it 2; such that a; =1V¢ and a;; =0V, j such
that either i >jor 1 #i<jori<jy 7é n—+2; it can also be realized as H,, = k™ xk xk"
with group operation given by (a’,¢,b') - (a”,c”,b") = (¢/ +d”, ¢ + " +a' «b", ' +1"),
where we use vector notation v = (vq,...,v,) € k™ and o xb" := Y I aib] is the
standard scalar product in k™ ; in particular the identity of H, is e = (0,0,0) and the
inverse of a generic element is given by (Q, c,l_))_l = (—g, —c+ax*b ,—I_)) . Therefore, the
function algebra F'[H,] is the unital associative commutative k—algebra with generators
ai, ..., Gn, ¢, by, ..., by, and with Poisson Hopf algebra structure given by

Alai)=a;®14+1®a;, Alc)=c®@14+1@c+> ) jas @by, A(b;))=b;1+1®1;
6(@1'):0, G(C):O, €<b1):0, S(ai):—ai, S(C):—C+Z?:1agbg, S(bl):—bl
{ai,aj}:O, {ai,bj}:0, {bi,bj}:(), {c,ai}:ai, {C,bi}:bl

for all 4,5 = 1,...,n. (N.B.: with respect to this presentation, we have f; = 0,
h = 86}6, e; = Oa,

g* = b, is the Lie algebra with generators f;, h, e;, and relations [h,e;] = e;, [h,f;] = 1;,
[ei,e5] = [ei, f;] = [fi, ;] = 0, with Lie cobracket given by d(f;) = 0, §(h) = >°7_(e; ®
f; —f; ®ej;), 6(e;) =0 forall i =1,...,n (we take f; :== f*, h:=h*, ¢; := e, where
{fi*,h*,e;?‘ li=1,. ..,n} is the basis of h,," which is the dual of the basis { f;, h,e;|i =

.,n} of h,). This again gives a presentation of U(h,") too. If p > 0 then b," is

e’

.+ where e is the identity element of H, ). The dual Lie bialgebra

a restricted Lie bialgebra with respect to the p—operation given by ei[p - 0, fi[p - 0,
hiPl =h (forall i =1,...,n). The simply connected algebraic Poisson group with tangent
Lie bialgebra b,," can be realized (with k* := k\ {0} ) as (H," = k™ x k* x k™, with
group operation (Q, l,g) . (Q, j,é) = (ﬁg + 471, ﬁﬁ,ﬁ@ + ﬁ_lé) ; so the identity of

sH," is e =(0,1,0) and the inverse is given by ( s 6)_1 = (— vl —6) Its centre
is Z( H *) = { 0,1,0),(0,—1,0) } =: Z , so there is only one other ( P01sson) group with
tangent Lie bialgebra b,," , that is the adjoint group .H," := (H, / Z .

It is clear that F' [SHn ] is the unital associative commutative k—algebra with generators
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Aty . .ey O, YT B, ..., Bn, and with Poisson Hopf algebra structure given by

Al) =, @7 +7 '@ ay, A(’Yil) =y @y*F, AB)=B@v+7 ' @5
e(ai) =0, (™) =1, €(3) =0, S(a;) = —a;, S(vF) =~+FL S(B;) =5
{ai s} = {ai, B} = {6, 8} = {ai, v} = {87} =0, {85} = 0i5(v* —777) /2
for all 4,7 = 1,...,n (N.B.: with respect to this presentation, we have f; = 0g,

h=1~0
2 TOve»
identified — as in the case of the Euclidean group — with the Poisson Hopf subalgebra of

e’

e; = Oa, |, , Where e is the identity element of sH," ), and F[aHn*} can be
F [aHn*] which is spanned by products of an even number of generators: this is generated,
as a unital subalgebra, by a;v, v*2, and 716 (i=1,...,n).

9.2 The QrUEAs U/(h,) and Ug(h,). We switch now to quantizations. Once
again, let R be a domain and let h € R\ {0} and ¢:=1+h € R be like in §7.2.
Let Uy(g) = U;(h,) be the unital associative F'(R)-algebra with generators Fj, L
E; (i=1,...,n) and relations
L? - L2
LL7'=1=L7'L, [FF=rFL*, [PE=EL*, EF;-FE = 51-]-F
for all 4,5 =1,...,n; we give it a structure of Hopf algebra, by setting (Vi,j =1,...,n)

AE)=E®1+L*0E, ALT)=LFeL*, AF)=FoL?*+10F
e(Ei) =0, e(L*) =1, (F) =0, S(E)=-L""E;, S(L*') = L™, 5(F) = ~-F,L?

Note that { [, F L[ E¥ |2 € Z, ai,d; €N, ‘v’i} is an F'(R)-basis of U (hy).
Now, let U;(h,) be the unital R-subalgebra of Uj(h,) generated by Fi, ..., Fp,

L—-1 L— L2 .
D = T I'=———,EF, ..., E,. Then U;(bn) can be presented as the associa-
q— q—4q
tive unital algebra with generators F, ..., F,,, L¥', D, I', Ey, ..., E, and relations

DX =XD, L¥X = XL*!, I'x=Xr, E,F; — FjE; = 6;;I
L=1+(q-1)D, L[*-L?=(q—q¢ "I, DL+1)QA+L?=1+¢g "I

for all X € {F;,L*',D, T, Ei}izl "

El

and i,j =1,...,n; furthermore, U;(h,) is a Hopf
subalgebra (over R), with

AN)Y=T®L*+L2xT, eI =0, S(Iy=-I
AD)=D®1+L®D, e(D)=0, S(D)=—-L"'D.

Moreover, from relations L =1+ (¢ —1)D and L™1 = L3 — (q — q_l)LF it follows that

s n a; b e
U;(bn) = R-span of {11;[1}7’2 -D°I°-

Ef ai,b,c,dieN,‘v’izl,...,n} (9.1)

=1
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The “adjoint version” of U (h,,) is the unital subalgebra UZ(h,,) generated by F;, K*! :=
L*? E; (i=1,...,n), which is clearly a Hopf subalgebra. It also has an R-integer form

K—1
Ug(b,), namely the unital R-subalgebra generated by Fi, ..., I}, K+ H .= 1
K—-K!
I''=—————, Ey, ..., Ey: this has relations
q—dq
HX = XH, KX = XK+, I'X =XrI, E;F; — F;E; = 6;;T

K=14(@-1)H, K-K'=(q-¢ "', HOA+K')=(1+¢"Hr

for all X € {Fi,Kil,H, I, Ei}i:1 o and 4,7 =1,...,n, and Hopf operations given by

A(K:I:l) — K*1 ®Ki1, € K:tl) =1, S(K:I:l) — KF1
AH)=Ho1+KoH, e(H) =0, S(H) = —K-'H
AD)Y=TeK'+KaT, eI =0, S(Iy=-I
A(Fl) :FZ®K_1+1®FZ, G(Fl) =0, S(Fl) = —FZ'K+1

for all i = 1,...,n. One can easily check that UJ(h,) is a QrUEA, with U(h,) as
semiclassical limit: in fact, mapping the generators F; mod (¢ — 1), L*!' mod (¢ — 1),
D mod (¢ — 1), I mod (¢ — 1), E; mod (¢ — 1) respectively to fi, 1, h/2, h, e; €
U(bhn) yields a co-Poisson Hopf algebra isomorphism between U/ (b,) / (q—=1)U;(hn) and
U(bn). Similarly, U (h,) is a QrUEA too, again with limit U(hy), for a co-Poisson Hopf
algebra isomorphism between Ug(h,,) / (¢ = 1) Ug(hn) and U(hy) is given by mapping
the generators F; mod (¢ — 1), K*! mod (¢—1), H mod (¢ —1), I mod (¢ — 1), E;
mod (g — 1) respectively to f;, 1, h, h, e; € U(hy,).

—1

9.3 Computation of U,(h,) and specialization U,(h,)’ q—>F[Hn*} . Here we

compute U;(f)n)/ and Ug(hn)/, and their semiclassical limits, along the pattern of §7.3.
Definitions give, for any n € N, A™(E;) = 7, (L2)®(8_1) ® E; ® 12("=%)  hence
6n(Es) = (q = 1)" =D D@ E; so 6,((¢—1)E) € (¢ - 1)" Us(ha)\ (@ — 1) Uz (hn)
whence E; := (¢—1)E; € U;(bn)/, whereas E; ¢ U;(f)n)/; similarly, we have F; :=
(g—1)F, L*¥', D:=(q—1)D=L—1,1:=(q—1)I € U(ha) \ (¢ — 1) U:(h,)', for
all i =1,...,n. Therefore U;(f)n)' contains the subalgebra U’ generated by E;, L*!, D,
I', E;; we conclude that in fact U;(hn)/ = U’: this is easily seen — like for SLs and for
E5 — using the formulas above along with (9.1). As a consequence, U;(bn)/ is the unital

R-algebra with generators Fi, ..., F,, L¥', D, I", E, ..., E, and relations

DX = XD, LHX = XL+ I'X=Xr, EiFy — FiE; = 6i5(g — )T
L=1+D, L*-L?=QQ+q¢ "I, DL+1)Q+L ) =1+¢ "I
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for all X € {Fi, L*' D, T, Ei}i:l ~,and 4,7 =1,...,n, with Hopf structure given by

(23

AE)=E1+L*®E;, k)= S(E;) = —L72E; Vi=1,...,n
(L ) — Lil ®Li1, G(Lil) S(Lil) — L:Fl

AN =IeLl?+L%x1I, e(F):O S(I')=-T

A(D)=D®1+LeD, e(D)=0, S(D)=-L7'D

AB)=FoL?2+10F, F)=0,  S(E)=-FL* Vi=1,...,n.

A similar analysis shows that Ug(hn)/ coincides with the unital R-subalgebra U” of
Ug(hn) generated by F;, K¥', H := (¢— 1)H, I, E; (i = 1,...,n); in particular,
Ug(bn)/ C U;(hn)/. Therefore U“(hn)' can be presented as the unital associative R-
algebra with generators Fl, .. Fn, H K+ F El, e E,, and relations

HX = XH, K*1X = XK+, I'X=XTI, EFj; — FjB; = 6;5(¢g — )T
K=1+H, K-K'=(1+¢" I, HI+KY)=(1+¢")I

forall X € {Fi,Kil,K,f, Ei}i:l ~,and 4,7 =1,...,n, with Hopf structure given by

A(Kil) — Kil ®Ki1, G(Kil) — 1, S(Kil) :K:Fl
AM)=TeK+K'®rl, e(I =0, S(I')=-r

AH) =H®1+K®H, e(H)y=0, S(H)=-K'H
AF)=FoK'+10F, €F)=0, S(F;) = -FK Vi=1,...,n.

As g — 1, the presentation above yields an isomorphism of Poisson Hopf algebras

Us(hn)' /(a = 1) Ug(8) —— F[H,]

given by E; mod (¢—1) — a7y, L¥! mod (¢—1) — 4%, D mod (¢—1) — y—1, I’
mod (¢—1) — (72 —7_2)/2 , F; mod (qg—1) — v~ '8;. In other words, the semiclassical
limit of U;(bn)' is F[,H,'], as predicted by Theorem 2.2(c) for p = 0. Similarly, when
considering the “adjoint case”, we find a Poisson Hopf algebra isomorphism

Ugva)' [(a = DU (0) —— FlHy] (€ PLH)

given by E; mod (¢—1) — ayyt', K+ mod (¢—1) — ™2, H mod (¢—1) — 4> -1,
I' mod (¢ —1) — (v - 7_2)/2, F; mod (¢ —1)— ~4~16;. That is to say, U;(f)n)/ has
semiclassical limit F[,H,*], as predicted by Theorem 2.2(c) for p =0.

We stress the fact that this analysis is characteristic-free, so we get in fact that its
outcome does hold for p > 0 as well, thus “improving” Theorem 2.2(¢) (like in §§7-8).
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9.4 The identity (Uq(bn)')v = Uy(hy,) . In this section we verify the part of Theorem
2.2(b) claiming, for p =0, that H € QrUEA = (H')’ = H , both for H = U;(h,,) and
for H = Ug(bn) . In addition, the same arguments will prove such a result for p > 0 too.

To begin with, using (9.1) and the fact that £, D, I", E; € Ker(e: U;(f)n)' —> R) we
get that J := Ker (¢) is the R—span of M\ {1}, where M is the set in the right-hand-side of

g—1

(9.1). Since (Uz(h,)')" = Zn>0((q—1)_1f> with [ := Ker(U;(bn)';R—»k) _
J+(¢g—1)- U;(bn)/ we have that (Us(bn)')v is generated — as a unital R-subalgebra
of Uy(h) — by (¢—1) i =Fi,(¢=1) 'D=D,(¢-1) =T, (¢g-1) L =E
(i = 1,...,n), so it coincides with U;(h,), q.e.d. In the adjoint case the procedure is
similar: one changes L=, resp. D, with K+, resp. H, and everything works as before.

9.5 The quantum hyperalgebra Hyp ,(h,). Like in §§7.5 and 8.5, we can define
“quantum hyperalgebras” associated to b, . Namely, first we define a Hopf subalgebra of
Uz(f)n) over Z[q, q_l] whose specialization at ¢ = 1 is the natural Kostant-like Z—integer
form Uz(b,,) of U(h,,) (generated by divided powers, and giving the hyperalgebra Hyp (b,,)
over any field k by scalar extension), and then take its scalar extension over R.

To be precise, let Hyp Z’Z(hn) be the unital Z [q, q_l]fsubalgebra of U; (hy) (defined like
above but over Z[q, q_l}) generated by the “quantum divided powers” Fi(m) = F" / [m)] q! ,
(L;C)::HM E(m) Em/ (forallmeN, c€Z and i=1,...,n,

m st qr—1
with notation of §7.5) and by L~!. Comparing with the case of sl — noting that for
each i the quadruple (F;, L, L™, E;) generates a copy of Uj(sly) — we see at once that

this is a Hopf subalgebra of U;(h,), and HypZ’Z(f)n) = Uz(hn); thus Hypg(hy) :=
R ®z(q,4-1] Hypj’z(hn) (for any R like in §8.2, with k := R/AR and p := Char(k))
specializes at ¢ =1 to the k-hyperalgebra Hyp (h,,). Moreover, among all the (Lric) s it

is enough to take only those with ¢ = 0. From now on we assume p > 0.

Pushing forward the close comparison with the case of sly we also see that Hypg (b, )
is the unital R-subalgebra of Hypy(h,) generated by L~ 1 and the “rescaled quantum

divided powers” (¢—1)" F(m), (g—1)™ (L O) and (¢—1)" E(m) for all m € N and

i=1,...,n. It follows that Hyp, (hy)’ ) is generated by the specializations at ¢ = 1
q=1

of (¢g—1)° Fi(p), (q—l)p ([;)TO> and (q—l)pTEi(pT), forall » € N, 7 = 1,...,n:

has dimension 0 and height

this proves directly that the spectrum of HypZ(hn)/
q=1
1, and its cotangent Lie algebra has basis {(q—l)eri(p ) (g—1)? ( ) (g—1)? Ei(pr)

mod (¢g—1) HypZ(g)’ mod J 2 ‘ reN,i=1,.. .,n} (with J being the augmentation
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ideal of HypZ(f)n)'

, so that J / J? is the aforementioned cotangent Lie bialgebra).
q=1

Finally, (Hypf](bn)/)v is generated by (q— 1)pr_1Fi(pT), (q — 1>pT—1 (LI);O), L~1 and

(g — 1)pT_1EZ-(pT) (for re N, i=1,...,n): in particular (HypZ(bn)’)v S Hyp,(bn), and
(Hypj(hn)/)v‘ is generated by the cosets modulo (¢ — 1) of the elements above, which
q=1

form indeed a basis of the restricted Lie bialgebra € such that (Hypj(hn)/)v

= u(t).
The previous analysis stems from Ufl(f)n), and so gives “simply connected quantum ob-
jects”. Instead we can start from Ug(b,,), thus getting “adjoint quantum objects”, moving
along the same pattern but for replacing L*! by K*! throughout: apart from this, the
analysis and its outcome are exactly the same. Like for sls (cf. §7.5), all the adjoint quan-
tum objects — i.e. Hyp(bn), Hypg(hn)' and (Hypg(bn)/)v — will be strictly contained
in the corresponding simply connected quantum objects; however, the semiclassical limits
will be the same in the case of Hyp ,(g) (giving Hyp (b, ), in both cases) and in the case
of (Hypq(g)/)v (always yielding u(¥)), whereas the semiclassical limit of Hypq(g)/ in the
simply connected case will be a (countable) covering of the limit in the adjoint case.

9.6 The QFA F,[H,]. Now we look at Theorem 2.2 the other way round, i.e. from
QFAs to QrUEAs. We begin by introducing a QFA for the Heisenberg group.

Let F,[H,| be the unital associative R-algebra with generators aj, ..., a,, ¢, by, ...,
b,, and relations (for all 7,7 =1,...,n)

aiaj:ajai, aibj:bjai, bibj:bjbi, cai:aic-l-(q—l)ai, ij:bjC+(q—1)bj

with a Hopf algebra structure given by (for all 4,7 =1,...,n)

Ala)) =2, ®1+1®a;, Alc)=c®1+1®c+ > as;®@by, A(b;))=b;®1+1Rb,
j=1
e(a;) =0, €(c)=0, e(b;) =0, S(a;)=—a;, S(c)=—c+ Y asbs, S(b;) =—b;
j=1
and let also F,[H,,] be the F'(R)-algebra obtained from F,[H,] by scalar extension. Then
B:= { | FE VAT | b?j ‘ a;,c,b; e NVi,j } is an R-basis of F,[H,], hence an F(R)—-

basis of F,[H,]. Moreover F,[H,]is a QFA (at h = ¢—1) with semiclassical limit F'[H,].

9.7 Computation of F,[H,]’ and specialization F,[H,]" Ll>U(l‘)n"‘) . This
section is devoted to compute F,[H,,]" and its semiclassical limit (at ¢ = 1).
Definitions imply that B\ {1} is an R-basis of J := Ker (e: F,[H,] — R), so (B\

q

€ —1
(1) U{(g—1)-1} isan R-basis of I := Ker(Fy[H,] - R—"——k)  for [ =J+(g—1):
F,[H,]. Therefore F,[H,]" := > n>0 ((q - 1)_1I>n is nothing but the unital R-algebra
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a; C bz

: d F; :=
g—1" -1 T T
(1=1,...,n) and relations (for all 4,5 =1,...,n)

(subalgebra of F,[H,,]) with generators E; :=

E,E; = E,E;, E;F;=F,E;, FF;=FF,, HE =FEH+E,, HF =FH+F
with Hopf algebra structure given by (for all i,5 =1,...,n)

A(E;) = E;®1+1QFE,, A(H)=H®1+10H+(¢—1) Y E;®F;, A(F;) =F,01+1QF;
=1

J
n

Jj=1

At ¢ =1 this implies that Fj, [Hn]v Ly (h,") as co-Poisson Hopf algebras, for a
co-Poisson Hopf algebra isomorphism

FoH,]" [(a = 1) F[H,]) —=—U(h,)
exists, given by E; mod (¢—1) — +e;, H mod (¢—1)—h, F; mod (¢—1)+— f;, for
all i,j=1,...,n;s0 Fy [Hn]v specializes to U(h,,") as a co-Poisson Hopf algebra, q.e.d.

9.8 The identity (F, [Hn]v)/ = F,[H,]. Finally, we check the validity of the part of
Theorem 2.2(b) claiming, when p = 0, that H € QFA — (HV), = H for the QFA
H = F,[H,]. Once more the proof works for all p > 0, so we do improve Theorem 2.2(b).

First of all, from definitions induction gives, for all m € N

A™ME)= Y 1®eE 1%, A™F)= Y 1 eF 1% Vi=1,...,n

r4+s=m-—1 r4+s=m-—1

Am(H) — Z 1®7" ® H® 1®s + Z Z 1®(j—1) ® Ei ® 1®(k—j—1) ® Fi ® 1®(m—k)
r+s=m-—1 izlj,kz:l
i<k

so that 0,,(F;) = d¢(H) = §n(F;) =0 for all m > 1,¢>2 and i =1,...,n; moreover,
for B;:=(q—1)E;=a;, H:=(q—1)H=c, F;:=(¢q—1)F;=b; (i=1,...,n) one has

01 (Ez) = (¢—1)E;, 61 (H) = (¢—1)H, 6 (Fz) = (¢—1)F; € (¢-1) Fq[Hn]v\(q - 1)2Fq[Hn]v
6(H) = (4= 1" LIy B @ Fy € (g — 17 (F[Ha)Y) T\ (g = D (Fy[H,]) ™

The outcome is that F; = a;, H = ¢,F; = b; € (Fq[Hn]V)/, so the latter algebra

contains the one generated by these elements, that is F,[H,]. Even more, F,[H,]" is

clearly the R-span of the set BY := { | 2 = A Fjl?j

from this and the previous formulas for A™ one gets that (F, [Hn]v), = F,[H,], q.e.d.

ai, ¢, b; EN‘V’i,j}, SO
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§ 10 Fifth example: non-commutative Hopf algebra of formal diffeomorphisms

10.1 The goal: from “quantum symmetries” to “classical (geometrical) sym-
metries”. The purpose of this section is to give a highly significant example of how the
global quantum duality principle — more precisely, the crystal duality principle of §5 —
may be applied. We consider a concrete sample, taken from the theory of non-commutative
renormalization of quantum electro-dynamics (=QED) performed by Brouder and Frabetti
in [BF2]. This is just one of several possible examples of the same type: indeed, several
cases of Hopf algebras built out of combinatorial data have been introduced in last years
both in (co)homological theories (see for instance [LR] and [Fol-3|, and references therein)
and in renormalization studies (starting with [CK1]). In most cases these Hopf algebras
are neither commutative nor cocommutative, and our discussion apply almost verbatim to
them, giving analogous results. So the present analysis of the “toy model” Hopf algebra
of [BF2], can be taken more in general as a pattern for all those cases. See also [Ga6].

Note that the Hopf algebras under study are usually thought of as “generalized sym-
metries” (or “quantum symmetries”, in physicists’ terminology); well, the crystal duality
principle tells us how to get out of them — via 1-parameter deformations! — “classical
geometric symmetries”, i.e., Poisson groups and Lie bialgebras; in other words, in a sense
this method yields the classical geometrical counterparts of a quantum symmetry object.

10.2 The classical data. Let k be a fixed field of characteristic zero.

Consider the set G4if := {2+, apa™t? ‘ an €kVneNy} of all formal series
starting with z : endowed with the corrzposition product, this is a group, which can be seen
as the group of all “formal diffeomorphisms” f: k — k such that f(0) =0 and f'(0) =1
(i.e. tangent to the identity), also known as the Nottingham group (see, e.g., [Ca] and
references therein). In fact, G4 is an infinite dimensional (pro)affine algebraic group, whose
function algebra F [(]dif} is generated by the coordinate functions a,, (n € N1). Giving to
each a,, the weight” 9(a,) := n, we have that F [gdif] is an N—graded Hopf algebra, with
polynomial structure F [Qdif] = kla1,as2,...,ay,...] and Hopf algebra structure given by

n—1
Alap) =an @141 an+ Y an®@Qilp(a),  elan) =0

n—1

S(an) = —an =3 am S(@4 (1) = —an = 3" Slan) Q4 (a2)

k k
where Qf(a.) = St (“HPM(a.) and PM(a.) = DR
Jittie=t

metric monic polynomial of weight m and degree k in the indeterminates a;’s) for all m,

jp - aj, (the sym-

k, ¢ € Ny, and the formula for S(a,) gives the antipode by recursion. From now on, to
simplify notation we shall use notation G := G4 and G., := G = G¥. Note also that

"We say weight instead of degree because we save the latter term for the degree of polynomials.



THE GLOBAL QUANTUM DUALITY PRINCIPLE: THEORY, EXAMPLES, APPLICATIONS 91

the tangent Lie algebra of G4if is just the Lie subalgebra W:=! = Span ({ dy|n e Ny })
of the one-sided Witt algebra Wi := Der(k[t]) = Span ({ d,, := t""'-L |n e NU{-1} }).

In addition, for all v € Ny the subset G” := {f € G| a,(f) =0, Vn < v} is
a normal subgroup of G; the corresponding quotient group G, := G / GY is unipotent,
with dimension v and function algebra F[G,] (isomorphic to) the Hopf subalgebra of
F [g} generated by aq, ..., a, . In fact, the G”’s form exactly the lower central series of G
(cf. [Je2]). Moreover, G is (isomorphic to) the inverse (or projective) limit of these quotient
groups G, (v € N4), hence G is pro-unipotent; conversely, F'[G] is the direct (or inductive)
limit of the direct system of its graded Hopf subalgebras F'[G,] (v € N.). Finally, the
set GO = { f € GU| agu41(f) =0V n € Ny} is another normal subgroup of G4f
(the group of odd formal diffeomorphisms® after [CK3]), whose function algebra F [(]"dd}
is (isomorphic to) the quotient Hopf algebra F' [Qdif} / ({agn_l}n €N+> . The latter has the

following description: denoting again the cosets of the as,’s with the like symbol, we have
F [QOdd] = klag, a4, ..., a2y, ...] with Hopf algebra structure

n—1 _
A(agn) =a9, ®1+1®as, + Zm—l aom X Q?_m(ag*) , €(a2n) =0
n—1

S(a2n> = —Q2n — Z:I_le ao2m, S(Q:Ln_m(a*)) = —Q2n — Zm 1 S(a2m) _nm_m(a2*)

where QY(ag.) == >1_, (QEJI)Pt(k)(CLQ*) and Pt(k)(ag*) = Zjl >0 ®20n 23y for all

St k=t
m, k, £ € Ny . For each v € N we can consider also the normal subgroup G* NG°%4 and

the corresponding quotient G944 := Godd /(G¥ N Godd): then F[GS49] is (isomorphic to)
the quotient Hopf algebra F [QOdd}/({agn_l}(zn_l)eNy ,
algebra of F’ [QOdd} generated by az,...,az[, /9. Allthe F [did} ’s are graded Hopf (sub)al-
gebras forming a direct system with direct limit F’ [(]"dd}; conversely, the Go49’s form an

in particular it is the Hopf sub-

inverse system with inverse limit G°49. In the sequel we write Gt := G°dd and G} := Godd

For each v € N, set N, :={1,...,v}; set also N, := N, . For each v € N U{o0},
let £, = L(N,) be the free Lie algebra over k generated by {z,}, oy andlet U, = U(L,)
be its universal enveloping algebra; let also V,, = V(N,) be the k—vector space with basis
{Tn},en, » and let T, = T(V,) be its associated tensor algebra. Then there are canonical
identifications U(L,) = T(V,) =k{{z, |n € N, }), the latter being the unital k-algebra
nen, » and £, is just the
. Moreover, £, has a basis B, made of

of non-commutative polynomials in the set of indeterminates {x,, }
Lie subalgebra of U, = T, generated by {xn}, oy
Lie monomials in the x,’s (n € N,), like [y, Zn, ]y [[Tny Tnols Tnsly [[[Tnys Tngls Tngls Tngls
etc.: details can be found e.g. in [Re|, Ch. 4-5. In the sequel I shall use these identifications
with no further mention. We consider on U(L,) the standard Hopf algebra structure

given by A(z) =z®1+1®x, e(x) =0, S(z) = —z for all x € £,, which is also

8The fixed-point set of the group homomorphism ®: G — G, f+— ®(f) (z — (®(f))(z) := —f(—=x))
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determined by the same formulas for x € {xn}nENy alone. By construction v <y implies
L, C L, , whence the £,’s form a direct system (of Lie algebras) whose direct limit is
exactly Lo ; similarly, U(Ly) is the direct limit of all the U(L,)’s. Finally, with B, we
shall mean the obvious PBW-like basis of U(L,) w.r.t. some fixed total order < of B,,
namely B, = {ap [b="by-by;b,...,bp € By by < < by }.

The same construction applies to define the corresponding “odd” objects, based on
{zn}ens, with N := N, N 2N, instead of {z,},cy (for each v € NU {oo}). Thus
we have L} = L(N}), UF =U(L}Y), V) = V(N), T.F = T(V,;"), with the obvious
canonical identifications U (L)) = T(V,") = k{{, |n € NJ }); moreover, £ has a basis
B} made of Lie monomials in the z,,’s (n € NJ), etc. The £}’s form a direct system
and U(LZ) is the direct limit of all the U(L;)’s.

Warning : in the sequel, we shall often deal with subsets {y;},cp (of some algebra) in
bijection with B, , the fixed basis of £, . Then we shall write things like y, with A € £, :
this means we extend the bijection {y,},.z = B, to Span ({¥s}oen,) = L, by linearity,
sothat y, =3 ,cp ab iff A=3"_p b (¢ €k). The same kind of convention will
be applied with B, instead of B, and L instead of L, .

whose direct limit is £1 |

10.3 The noncommutative Hopf algebra of formal diffeomorphisms. For all
v € Ny U{0}, let ‘H, be the Hopf k—algebra given as follows: as a k—algebra it is simply
H, = k<{an |n € N, }> (the k—algebra of non-commutative polynomials in the set of
indeterminates {a,}, cy ), and its Hopf algebra structure is given by (for all n € N, )

n—1
A(ay,) :an®1+1®an+z 71am®Qnm_m(a*), e(a,) =0

) (10.1)

n—1 n—
San) = —an— Y anS(Qp(a)) = —an— Y  Slan) Qiln.(a)
(notation like in §10.2) where the latter formula yields the antipode by recursion. Moreover,
H, is in fact an N—graded Hopf algebra, once generators have been given degree — in the
sequel called weight — by the rule d(a,) := n (for all n € N, ). By construction the
various H,’s (for all v € N1 ) form a direct system, whose direct limit is H, : the latter
was originally introduced® in [BF2], §5.1 (with k = C), under the name H%f.
Similarly, for all v € Ni U {oo} we set K, := k({a,|n € NJ}) (where Nj :=
N, N (2N)): this bears a Hopf algebra structure given by (for all 2n € NI)

n—1 _
A(2‘211) =az, ®1+1®ay, + Zm:l Ao, @ Qnm—m(aQ*) ) 6(&2n> =0
n—1 _ n—1
S(agn) = —ag, — Zm:l aom S(Qn_n(a2.)) = —ag, — Zm:l S(azm) Qn-,y, (azx)

(notation of §10.2). Indeed, this is an N—graded Hopf algebra where generators have degree
— called weight — given by d(a,) := n (for all n € N} ). All the K,’s form a direct

9However, the formulas in [BF2] give the opposite coproduct, hence change the antipode accordingly;
we made the present choice to make these formulas “fit well” with those for F[Qdif] (see below).
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system with direct limit Ko, . Finally, for each v € N there is a graded Hopf algebra
epimorphism H, — K, given by as, — ag,, asnm+1 — 0 for all 2n,2m+1 € N, .

Definitions and §10.2 imply that
(H,,)ab = H,,/([H,,,HVD &~ F[Qy], via a,—a, VvneN,

as N—graded Hopf algebras: in other words, the abelianization of H, is nothing but F' [Q,,] .
Thus in a sense one can think at H, as a non-commutative version (indeed, the “coarsest”
one) of F [g,,}, hence as a “quantization” of G, itself: however, this is not a quantization in
the sense we mean in this paper, for F [QV} is attained through abelianization, not through
specialization (of some deformation parameter). Similarly we have also

(K”)ab = ICV/([’CWICVD = F[grj_}v via as, > az, V2n € NF

as N—graded Hopf algebras: in other words, the abelianization of K, is just F [gj }

Note that (Hl,)v =H, = (H,,)/ (notation of §5.1) because H,, is graded and connected:
therefore applying the crystal duality principle to H, we’ll end up with (5.5), which means
we can deform H, in four different ways to Hopf algebras bearing some (Poisson-type)
geometrical content; and similarly for IC,,. In particular we’ll describe the Poisson groups
G+ and G*, and their cotangent Lie bialgebras g7 and g_, attached to H, and to K, in
this way. We perform the analysis explicitly for H, ; the case K, is the like, and we leave
to the reader the easy task to fill in details.

We follow the recipe in §§5.1-4. Let’s drop the subscript v (which stands fixed) and
write ‘H :=H, . Let R :=k|h|, and set Hp := H[h] = k[h] ®x H: this is a Hopf algebra
over k[h], namely Hjy = k[i]{{a, |n € N, }) with Hopf structure given by (10.1) again.
More precisely, we have H[h] € HA w.r.t. the ground ring R := k[i] (a PID). Then
F(R) = k(h). and (Hy)p = K(K) @xqp) Mo = k(h) @ H = H() = k(){{a | n € N, }).

10.4 Drinfeld’s algebra H;"' := (H[h])v . By the method in §5 leading to the Crystal
Duality Principle, we can apply Drinfeld’s functors at the prime & € k[A] to Hy := HIA] .
We begin with Hp' := >, oo "J" ( € (Hi)p = H(h)), where J := Ker (6., : Hp —
k[R)] ) . We'll describe Hp’ e;(plicitly, thus checking that it is really a QrUEA, as predicted
by Theorem 2.2(a); then we’ll look at its specialization at i = 1, and finally we’ll study
(Hhv), and its specializations at » = 0 and A = 1. The outcome will be an explicit
description of the diagram of deformations (5.3) for H =H (=H, ).

For all n € N, , set x, := i 'a, . Then clearly Hy’ is the k[h] subalgebra of H(h)
generated by the set {xp},cy, , and thus Hp' = k[h]({x, |n € N, }). Moreover,
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k
S(xn) = =% — Z::l S (n o i 1) Xn—m S (PP (x.)) = (10.2)

_ B n—1 m & n—m-+1 (k)
=Xp—), > ( L )S(xn_m)Pm (x.)

for all n € N, , due to (10.1); from this one sees by hands that the following holds:

n—1 m — 1
A(xn) =%, @1 +10%, + ) > (" m ) Xn-m ® P (x,), €(x,) =0

Proposition 10.5. Formulas (10.2) make H;' = k[I]({xn, |n € N, }) into a graded
Hopf k[h]-algebra, embedded into H(h) :=k(h) @ H as a graded Hopf subalgebra. More-
over, Hy' is a deformation of H, for its specialization at h =1 is isomorphic to H, i.e.

Hp'

= Hhv/(h—l)Hhv ~ H wvia X, mod (h—1)Hy' — a, (V neN,)
as graded Hopf algebras over k. [

Remark: The previous result shows that Hj, is a deformation of H, which is “recovered”
as specialization limit (of Hy) at h = 1. The next result instead shows that Hy, is also a
deformation of U(L,), which is “recovered” as specialization limit at h = 0. Altogether,
this gives the left-hand-side of (5.3) for H =H :="H,, with g_ =L, .

Theorem 10.6. Hp' is a QrUEA at h = 0. Namely, the specialization limit of Hp' at
h=0 1is Hhv‘ = Hhv/hHhv ~ U(L,) via X, mod AHy + x, forall n €N,,
thus inducing on (L,) the structure of co-Poisson Hopf algebra uniquely given by the Lie
bialgebra structure on L, given by §(z,) = ?:_11 (+ D) xgAzp_y (forall n € N,)0. In
particular in the diagram (5.3) for H = H (= H,) we have g_ = L, .

Finally, the grading d given by d(x,) :=1 (n € N;) makes Hhv‘ = U(Ly) into a

graded co-Poisson Hopf algebra; similarly, the grading O given by 8(33;) =n (n € N;)
makes Hﬁ\/‘h 0% U(L,) into a graded Hopf algebra and L, into a graded Lie bialgebra.

Proof. First observe that since ‘Hp' = k[i] ({x,|n € N, }) and U(L,) = T(V,) =
]1<§<{:z:n In € N, }> mapping x, mod hHy' + z, (V¥ n € N,) does really define an

isomorphism of algebras ®: Hj" / h'Hp' = U(L,). Second, formulas (10.2) give

Alxp)=%x,®1+1®x%x, modh (Hhv ® Hﬁv>
€(x,) =0 mod hk[A], S(x,) = —x, mod hHp’

10Hereafter, I use notation a Ab:=a®b—bR®a.
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for all n € N, ; comparing with the standard Hopf structure of U(L,) this shows that ®
is in fact an isomorphism of Hopf algebras too. Finally, as H;:,JV} is cocommutative, a

h=0
Poisson co-bracket is defined on it by the standard recipe in Remark 1.5: applying it yields
8(wn) = (7 (Alxn) = A% (xy))) mod i (MY @ 1Y) =
= (Y g AP () = S0 (U DA,y YV meN,. O

m=1

10.7 Drinfeld’s algebra (Hhv),. I look now at the other Drinfeld’s functor (at &),
and consider (Hhv)/ = {77 € Hy' ) on(n) € A" (Hhv)®n Vne N} (C Hp”). Theorem
2.2 tells us that (H;—Lv)/ is a Hopf k[h]-subalgebra of Hy"', and the specialization of (H;—Lv)/
at h =20, that is (Hhv), o T (Hhv),/h (Hhv), , 1S the function algebra of a connected

algebraic Poisson group Gz~ dual to G, , the latter being the connected simply-connected

Poisson algebraic group with tangent Lie bialgebra £, . In other words, (Hhv)/‘h must
=0
be isomorphic (as a Poisson Hopf algebra) to F [Ggﬂ, where G/ is connected and has

cotangent Lie bialgebra Lie (Ggi) = L, . Therefore we must prove that (Hhv)/‘h is a
=0

commutative Hopf k—algebra, it has no non-trivial idempotents, and (co—Lie (Ggi) = )
JO/J02 &~ [, as Lie bialgebras, where Jy := Ker (e: (Hhv)/)h — k) . We prove all this
=0

directly, via explicit description of (Hhv), and its specialization at A = 0.

Step I: A direct check shows that x, := hx, = a, € (Hhv)/ , for all n € N, . Indeed,
we have of course 0o(X,) = €(X,) € IOHp' and 6;(X,) = X, — €(X,) € h' Hy . More-
over, d3(%n) = Sy Rnm @ QT (Re) = Ly Sr B (T ), @ PP () €

h? <Hhv ® Hhv) . Since in general §; = (0p_1 ® id) 099 for all £ € N, , we have

n—1 m
- ) . n—m+1
5€<Xn) = (65—1 & ld) (52(Xn)) = hk( k ) 5@—1<Xn—m) & P,Sf) (X*)
m=1 k=1

whence induction gives §;(%X,) € Rt (Hﬁv)@)e for all / € N, thus x,, € (Hhv)/ , q.e.d.
Step II: By Theorem 2.2(a) we have that (Hhv)/‘ is commutative: this means [a,b] =

h=0
0 mod h(HhV)/, that is [a,b] € h(HhV)/ hence also h™1[a,b] € (Hhv)/, for all a, b €
(Hhv),. In particular, we get [Xp,Xm] = A[Xn,Xm] = A X, X € (H;—Lv), for all n,

m € N,,, whence iterating (and recalling £, is generated by the x,’s) we get X := hx €
(Hhv)/ for every x € L, . Hereafter we identify £, with its image via the embedding
L, —=U(L,)) = k<{xn}n€Ny> — ]k[h]<{xn}n€Ny> = Hy’ given by x, — x, (n€N,).
Step III: The previous step showed that, if we embed £, < U(L,) — Hp' via x, —
x, (for all n € N, ) we find Z:, = hL, C (Hhv),. Let <Zvl,> be the k[h]|-subalgebra
of (Hhv)/ generated by Z,: ;. then <Zvy> C (Hhv)/, because (H;—Lv)/ is a subalgebra. In
particular, if by, € Hp' is the image of any b € B, (cf. §10.2) we have by := hby € (Hhv),.



96 FABIO GAVARINI

Step IV: Conversely to Step III, we have <Z',v,,> ) (Hhv),. In fact, let n € (Hhv),;
then there are unique d € N, n, € Hp' \ AHy  such that n = h9n, ; set also § := y
mod h Hy' € Hhv/hHhV for all y € Hy' . As Hp' = ]k[h]<{xn|n e N, }> there is a
unique h-adic expansion of 74, namely ny =mno+hm +--+ 0 = > 1, RF . with
all n € k({x,|n €N, }) and ny #0. Then 74 =7 := 1y mod A'H"; thus Lemma
4.2(d) gives (1) < d, where now 9(7p) denotes the degree of 7y for the standard filtration
of U(L,). By the PBW theorem, 0(7g) is also the degree of 7y as a polynomial in the X;’s,
hence also of 7y as a polynomial in the x;’s (b € B,): then h¢nq € <Z,j > C (Hhv)/ (using
Step III), hence we find

Ny = K (4 B 4+ BT ) = — ke € (M)
Thus we can apply our argument again, with 7)1 instead of . Iterating we find d(x) < d+
k, whence hétkn, € <Zvy> ( C (Hhv)/> forall k, thus n=Y";_,h? n, € <Z; ), q.ed.

An entirely similar analysis clearly works with Kp taking the role of Hp, with similar

results (mutatis mutandis). On the upshot, we get the following description:

Theorem 10.8. (a) With notation of Step II in §10.7 (and |a,c]:=ac—ca ), we have

(Ha) = <E> — K] <{Bb}b€By>/<{ [Bbl,Bbz} — 1 [by,, by,] ‘Vbl,bg € B, }) .

(b) (Hhv)/ is a graded Hopf k[h]-subalgebra of Hp', and H is naturally embedded into
(Hhv), as a graded Hopf subalgebra via H —— (Hhv)/, a, — X, (forall neN,).

(c) (Hhv)/ o = (Hhv)’/h (Hhv)/ = F[G.)], where Gz, is an infinite dimensional
connected Poisson algebraic group with cotangent Lie bialgebra isomorphic to L, (with the
graded Lie bialgebra structure of Theorem 10.6). Indeed, (Hhv)/‘hfo 1$ the free Poisson
r_o (n € N, ) with Hopf struc-
ture given by (10.1) with X, instead of a.. Thus (Hhv)/‘ s the polynomial algebra

(commutative) algebra over N, , generated by all the X,

k[{ B }beBJ generated by a set of indeterminates { By },cp —in bijection with the ba-
sis B, of L,, so Ggo = AP (a (pro)affine k-space) as algebraic varieties. Finally,
Flee] = ()]
mial algebras and the Hopf algebra grading inherited from (Hhv)/, respectively given by
d(gb) =1 and 8(Eb) = Zle n; for all b= [[Tn,, Tny)s Tngls -], Tn,] € By .

(d) F[G,] is naturally embedded into (Hhv), o F|Gc)] as a graded Hopf subal-

gebra via F[QV} (SN ('Hhv)/‘h . = F[Ggﬂ ,—an — (f{n mod h(Hﬁv)/> (for all

n € N, ); moreover, F[QV} freely gengmtes F[Ggﬂ as a Poisson algebra. Thus there is an

. o ]k[{ By }beBJ bears the natural algebra grading d of polyno-

algebraic group epimorphism p.: Ger — G, , that is Gg is an extension of G, .
(e) Mapping (in mod & (Hhv)/) — ap, (for all n € N,,) gives a well-defined graded
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Hopf algebra epimorphism m: F[Ggﬂ —»F[QV} . Thus there is an algebraic group
monomorphism .: G, — Gr., that is G, is an algebraic subgroup of G .

(f) The map p is a section of 7, hence m, is a section of p. . Thus Gz~ is a semidirect
product of algebraic groups, namely Gz = G, x N,, where N, := Ker (u.) < Gz .

(9) The analogues of statements (a)—(f) hold with K instead of H , with X instead of
X forall X =L,,B,,N,,u, 7™, N, , and with Gﬁg instead of G .

Proof. (a) This part follows directly from Step III and Step IV in §10.7.

(b) To show that (Hhv)/ is a graded Hopf subalgebra we use its presentation in (a). But
first observe that by construction a, = x, (for all n € N, ), so 'H embeds into (Hhv),
via an embedding which is compatible with the Hopf operations: then this will be a Hopf
algebra monomorphism, up to proving that (Hhv)/ is a Hopf subalgebra (of Hp' ).

Now, €,v obviously restricts to give a counit for (Hhv)/. Second, we show that
A((Hhv)’) - (Hhv)/ ® (Hhv),, so A restricts to a coproduct for (Hhv),. Indeed, each

b € B, is a Lie monomial, say b = [[[...[Tn,s Tny), Tngls- -] Tn,] for some k, ny, ...,
ng € N, , where k is its Lie degree: by induction on k we’ll prove A(bb) € (Hhv)/® (Hhv)/
(with by :=hby = A[[[. .. [Xny, Xny s Xng)s - - -]7xnk]~)-

If k=1 then b=z, for some n € N,. Then b, = Ax, = a, and

n—1
A(Bb) = Ala,) = a,@1+18a,+ Y _ ay-m@Qn ™(a,) € K @R C (1) @ (Hn')'.

m=1

If K> 1 then b= [b",z,] for some n € N, and some b~ € B, expressed by a Lie
monomial of degree k — 1. Then by = A [b™,x,] = [B_, xn] and

A(B) = a([pmx]) = [a(B7) A0e0] = 17t a(b7). M) =
= X B 9B el 1o a+ Y a0 Qe | -
- Z(gf)h_ [b(_l)’a”] ®B(_2) T Z(Ef)g(_l)@’h_l [B(E)’a”} +

+ Z Z <h_1 [B(_l) 9 an—m} ®E(_2) Q:Ln_m(a*) + E(_l) an—m®h_1 [b(_g) 9 Q:Ln_m(a*)}>

(5)m=!

where we used the standard ¥-notation for A(E_) = Z(E,) g(_l) ® g(_z) . By inductive
hypothesis we have E(_1)’ E(_Q) € (Hﬁv)/; then since also a, € (Hhv)/ for all ¢ and since

(Hhv)/ is commutative modulo A we have

BBy an | by an ] A B a | i By Q@) | € ()
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for all n and (n—m) above: so the previous formula gives A(Bb) € (Hhv),@) (Hﬁv)/ , q.e.d.
Finally, for the antipode we proceed as above. Let b € B, be the Lie monomial
b =1 [Tn,Tnals Tns)s-- -], Tny], 80 by = by = R[[[ .. [XnysXna)s Xng s - - - |, Xn, ] . We
prove that S ( ﬂb) € (Hﬁv)/ by induction on the degree k.
If k=1 then b=z, for some n, so gb = hx, =a, and

/

S(by) = San) = a0~ 3 an wmS@ (@) € HIC (1Y), qed

If k> 1 then b=[b",z,] for some n € N, and some b~ € B, which is a Lie monomial
of degree k — 1. Then b, = hib™,x,] = [E_,xn} =h! [B_,an] and so

$(bs) = 5([b7.xa|) = 571 [S(an), 5(b7)] € nt (1) (1")'] € (")

using the fact S(a,) = S(X,) = S(B .)€ (R )/ (by the case k= 1) along with the
inductive assumption S ( E_) ( v) and the commutativity of (’Hh ) modulo 7.

(c) As a consequence of (a), (Hhv) - is a polynomial k—algebra, namely

()| _ =k {B}yes|  with  Byi=by, modh(Hy) forall b€ B,.

So (Hhv)/‘hfo is the algebra of regular functions F[I'] of some (affine) algebraic variety I;

S (H;—LV)/ is a Hopf algebra the same is true for (Hhv)/}h .= F[I'], so I' is an (affine)

algebraic group; and since F[F] = (Hﬁv)/‘h is a specialization limit of (Hﬁv)/, it is
=0
endowed with a Poisson structure too, hence I" is a Poisson (affine) algebraic group.

We compute the cotangent Lie bialgebra of I'. First, m. := Ker (eF [‘]) ({ O }beB )
(the ideal generated by the 3,’s) by construction, so m2 = <{ B, Bbsy }b b2€B, ) Therefore

Fren,
where 3, := 8, mod m2 for all b € B, . For its Lie bracket we have (cf. Remark 1.5)

the cotangent Lie bialgebra Q(F [ ]) =m, / mZ as a k—vector space has basis {Bb

[BprbQ] = {ﬂbmﬂbz} mod m€2 = (h_l[gb17gb2:| mod h(Hﬁv)/> mod m€2 —
= (782 [by,, by,] mod i (Hy")') mod mZ = (Biby, 4, mod i (Hy)') mod m? =

= (B[bl,bz] mod h(Hhv),) mod m2 = Biby,b,] Mmod mZ = B[b17b2] ,

thus the k-linear map WV¥: L, — me/me2 defined by b +— Bb for all b € B, is a Lie
algebra isomorphism. As for the Lie cobracket, using the general identity § = A — A°P
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mod (mZ ® F[I'] + F[I'l ® m&) (written mod m2 for short) we get, for all n € N, ,
6(Ba,) = (A=A")(8,,) modmg = ((A—A") (%,) mod h((Hn')' @ (Hy")')) modm? =

n—1 —
= <<an Al +1Aa, + Z L @n-m A Q"m_m(a*)) mod % (Hp' ® H;{)) mod m2 =
141 " n-m d m?2
- (an N + /\ﬁmn + Zm:l /anf?n N Qm (ﬁm*>) mod m¢ =
n—1 —
- (Z B @:;mwm) mod m? —

— el (n—m+1 *) —~
- (Zm_l Zk:l ( k ) anfm A Pm (ﬁm*) mOd me =

- (T (T e A .0) o~
n—= - 1\ — — n— _ _
-y (" " )ﬁxn_m AB., = Y (€+1) B, AB.,

because — among other things — one has piF )(ﬂx*) em? for all k> 1: therefore

5(B,.) =Y. ((+1)B,, AB, , Y neN,. (10.3)

Since L, is generated (as a Lie algebra) by the x,,’s, the last formula shows that the map
U: L, —m, / mZ given above is also an isomorphism of Lie bialgebras, q.e.d.

Finally, the statements about gradings of (Hhv)” should be trivially clear.

(d) The part about Hopf algebras is a direct consequence of (a) and (b), noting that the
X,’s commute modulo A (Hhv), , since (Hhv)” is commutative. Then, taking spectra
(i.e. sets of characters of each Hopf algebras)hv—vg get (functorially) an algebraic group
morphism ., : Gz —— G, , which in fact happens to be onto because, due to the special
polynomial form of these algebras, each character of F [gy] does extend to a character of
F|[G.l] , hence the former does arise from restriction of the latter.

(¢) Due to the explicit description of F[G,,] coming from (a) and (b), mapping (in

mod 7 (Hhv)’) — a, (for all n € N,)) clearly yields a well-defined Hopf algebra epimor-

phism 7: F[Gz,] — F[G,] (w.r.t. the trivial Poisson bracket on the right-hand-side)
is again a routine matter. Then taking spectra gives a monomorphism 7, : G, —— G,
of algebraic groups as required.

(f) The map p is a section of 7 by construction. Then clearly 7, is a section of pu, ,
which implies G¢* = G, x N,, (with N, := Ker (u,) < G¢*) by general theory.

(9) This ought to be clear from the whole discussion, for all arguments apply again —
mutatis mutandis — when starting with I instead of H ; details are left to the reader. [
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Remark: Roughly speaking, we can say that the extension F [Q,,] — I [Ggﬂ is
performed simply by adding to F’ [g,,} a free Poisson structure, which happens to be com-
patible with the Hopf structure. Then the Poisson bracket starting from the “elementary”
coordinates a,, (for n € N, ) freely generates new coordinates {ay, , an, }, {an,, an, }, an, },
etc., thus enlarging F' [QV} and generating F' [ng]. At the group level, this means that
G, freely Poisson-generates the Poisson group Gz : technically speaking, new 1-parameter
subgroups, which are build up in a “Poisson-free” manner from those attached to the a,,’s,
are freely “pasted” to G, , thus expanding it and so building up Gz’ . Then the algebraic
group epimorphism G~ LN G, is just a “forgetful map”: it kills the new 1-parameter
subgroups and is injective (hence an isomorphism) on the subgroup generated by the old
ones. On the other hand, definitions imply that F [GE’:} / ({F [GE’:} v [GE’:} }) =F [g,,} ,

and with this identification the map F [Gﬁﬂ s F [g,,} is just the canonical map, which
“mods out” all Poisson brakets {f1, fo}, for fi, fo € F [Ggﬂ .

10.9 Specialization limits. So far, we have already pointed out (by Proposition 10.5,
Theorem 10.6, Theorem 10.8(¢)) the following specialization limits of Hp’ and (Hhv)/:

Hy Hm, HyY Suw), (M) 2 Fles]

as graded Hopf k—algebras, with some (co-)Poisson structures in the last two cases. As for
the specialization limit of (Hﬁv)/ at h =1, Theorem 10.8 implies that it is H. Indeed, by
Theorem 10.8(b) H embeds into (Hhv)/ via a, — X, (forall n€N,): then

[a,,a,] = [}En,f{m] = h[Xp,Xm] = [Xn,Xm] mod (h—1) (Hﬁv)/ (V n,m ENV)

whence, due to the presentation of (Hhv), by generators and relations in Theorem 10.8(a),

Ci= () [ () = (R Re e K = K(EL B )

(where € := ¢ mod (h—1) (Hﬁv)/) as k-algebras, and the Hopf structure is exactly the
one of H because it is given by the like formulas on generators. In a nutshell, we have

(Hh\/)/ h—1 H

as Hopf k—algebras. Therefore we got the bottom part of the diagram of deformations
(5.5), corresponding to (5.3), for H =H (:="H,): it is

0+—h—1

U(L,) = Hp' Hy' | =H=MH)| <=0 ()| =F[G]
h=0  Hp h=1 h=1 (M) h=0
. 0—h—1 1—h—0 * .. .
or simply U(L,) H F|[G)] . Therefore H is intermediate

HpY (H)
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between the (Poisson-type) “geometrical symmetries” U(L,) and F [G.,], hence the geo-
metrical meaning of the latters should shed some light on it; in turn, the physical meaning
of H should have some reflect on the physical meaning of both U(£,) and F[Gc}].

10.10 Drinfeld’s algebra My := (H[A] )’ . From now on we shall deal with Drinfeld’s
functors in the opposite order: first (), and then ()". Like in §2.1, define Hj := {ne
Hr, ‘ 6n(n) € BVHE™ V€ N} ( C Hh) . We shall describe H}; explicitly, thus checking
that it is really a QFA, as predicted by Theorem 2.2 (a); then we’ll look at its specialization
at h =0 and at h = 1, and finally we’ll study (H;{)v and its specializations at h = 0
and i = 1. The outcome will be an explicit description of (5.4) for H =H (= H, , with
v € NU{oo} fixed as before).

Let D := D(H) = {D”}neN = {Ker (0,: H — (Hdif)®”)}n€NV
filtration of H as considered in §5.1. Then by Lemma 5.2, we have

be the Hopf algebra

Hi = Rp(H) = k[h] - Do+ hAk[h]- Dy + -+ R"K[h] - Dy, + -

so we only need to compute the filtration D . The idea is to describe it in combinatorial
terms, based on the non-commutative polynomial nature of H .

As before, we proceed in steps.

10.11 Gradings and filtrations: Let OJ_ be the unique Lie algebra grading of £,
given by 0_(aw,) :==n—140d,,1 (for all n € N, ). Let also d be the standard Lie algebra
grading associated with the central lower series of £, : in down-to-earth terms, d is defined
by d([--[[s,, Ts,),- - Ts,]) = k—1 on any Lie monomial of £, . Since both d_ and d are
Lie algebra gradings, their difference (0_ —d) is a Lie algebra grading too. Let {Fn}n N
be the Lie algebra filtration associated with the grading (0— — d); then the down-shifted
filtration T := {Tn =F,_1 }nGN is again a Lie algebra filtration of £, . There is a
unique algebra filtration on U(L, ) extending T', which we denote by @ = {@n}n ey asa
matter of notation, we set also ©_; := {0} . Finally, for each y € U(L,) \ {0} there is a
unique 7(y) € N with y € ©,(,) \ O,(y)—1; in particular, we have 7(b) = d_(b) —d(b),
T(bb') =7(b) +7(b') and 7([b,V']) =7(b) +7(V')—1 for all bt/ € B, .

We can explicitly describe ©. Indeed, let us fix any total order < on the basis B, of
§10.2: then X :— {z_) — bl---bk) keN, by,....bg € By, by < - < bk} is a k-
basis of U(L,), by the PBW theorem. It follows that © induces a set-theoretic filtration
X = {Xn}neN of X with X, :=X N6, = {b:: b1~-~bk‘ keN, by,....,bp € B,, by =

v Rbg, T(D)=T(b1)+ -+ T(bk) < n } , and also that ©,, = Span (Xn) for all n € N.

Let us define a7 := a; and «, := a,, —ay” for all n € N, \ {1}. This “change of
variables” — which switch from the a,,’s to their “differentials”, in a sense — will be the
key to achieve a complete description of the filtration D ; in turn, this will pass through a
close comparison among H and U(L,) .
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By definition H = H,, is the free associative algebra over {a, },en,, hence — by defini-

tion of the a’s — also over {a, tnen, ; 80 we have an algebra isomorphism @ : H — U(L,)
given by a,, — x, (¥ n € N,). Via ® we pull back all data and results about grad-
ings, filtrations, PBW bases and so on mentioned above for U(L,); in particular we set
ap = P(xy) = oy, -y, (for all by,...,b0, € B,), A, := ®(X,) (for all n € N) and
A= ®(X) =, ey An - For gradings on H we stick to the like notation, i.e. d_, d and 7,
and similarly for the filtration © .

Finally, for all a € H\{0} we set also  (a) := k iff a € D\ Dx—1 (with D_; :={0}).

Our goal is to prove an identity of filtrations, namely D = @ , or equivalently x = 7. In
fact, this would give to the Hopf filtration D, which is defined intrinsically in Hopf algebraic
terms, an explicit combinatorial description, namely the one of © explained above.

Lemma 10.12. For all ¢,t € N, t > 1, we have (notation of §10.11)
Zi(e) = (Qi(an) = (T arl) €01 and Qf(a.) €6,\ 6,1 .

Proof. When t = 1 definitions give Q{(a.) = (/+1)a; € ©; andso Z{(a,) = ({+1)a; —
(“1'1) a; =0€ 6, forall £ € N. Similarly, when ¢ =0 we have Q%(a.) = a; € ©; and
so Z0(a,) = a; — (}) a’' = a; € ©;_1 (by definition), for all t € N, .
When ¢ >0 and t > 1, we can prove the claim using two independent methods.
First method: The very definitions imply that the following recurrence formula holds:

Qi (a,) = QI '(a,) +Z Qtsa* as + ay V £>1,t>2.
From this formula we argue
Zi(ew) == Qila.) — (Thal = Q7 (a) + Y@ (a)a, +a — (T al’ =
=z a) + (1 al + (Zf__sl(a*) + (f—ij;—S) af—S) a,+a,— (“Tal =
_ Zf_l(a*) + (@ l—l—t)a + Zt IZE 1( )(as+als)+
+ Z (Z 1—|—t s) alt—s (as+als) + (at+a1t) o (g—:t) alt —
= ZI "N a,) + 212 a )(as-i—al) (e s) o' P oy + ap+
+ Z (Z 1+t s) alt Sa® + a + (Z 1+t> - (ﬁ-l—t) alt —
= ZI7Ya,) + Zt 1Z€ Ha )(as—l—al) + Z (ﬁ 1+t Vo' Pas + a+

# (Sl - () e -
Z£ l(a*) + Zt 1Z£ 1( )(045—1—0415) + Z (Z 1+t S)alt_sas T ooy

because of the classical identity (e;ft) = Zizo (ez:”) . Then induction upon ¢ and the

very definitions allow to conclude that all summands in the final sum belong to ©;_1, hence
Z{ () € ©;_1 as well. Finally, this implies Q%(a,) = Z¢(aw) + (“t't) al €6\ 6.
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Second method: Qf(a.) == Sb_, (“5'1) Pt(S)(a*) =3 (“5'1) Z,jl _____ PR

,]1+ +js =t
by definition; then expanding the a;’s as a; = a1 and a; = o; + oy’ (for j > 1) we find

that Qf(a,) = QF (cx + ") is a linear combination of monomials o,y -,y with
JiyeoyJs >0, it +js =1, ag,) € {ajr,al*} for all . Let Q_ be the linear combi-
nation of those monomials such that (au;,), a(y);- - -, O‘(js)) =+ (aljl a?,. .,al‘S) ; for
the remaining monomials we have a;, - @, -+~ aj, = a7 TJs = ;| hence their linear
combination giving Q4 := Q¢(a,) — Q_ is a multiple of o, say Q. = N a*.

Now we compute this coefficient N . First, by construction N is nothing but N =
QY1.) = QY(1,1,...,1,...) where the latter means the (positive integer) value of the
polynomial Q¢ when all its indeterminates are set equal to 1. Thus we compute Q%(1,.).

Recall that the QY’s enter in the definition of the coproduct of F [(]dif}: the latter is
dual to the (composition) product of series in G4, thus if {a, }nen . and {b, }nen, are two
countable sets of commutative indeterminates then

(:c—i— Xanx ”+1) (:z:—i— mlb m+1) =

“+o00 [e%e) +00 n+1 —+o00
= <<33+ 3 bmme)-l—Zan(x-l— 3 bmxm+1> ) =2+ Y cpatt!
m=1 n=1 m=1 k=0
with ¢, = Q%(bs) + Ele ar - Q_,(by) (cf. §10.2). Specializing a; =1 and a, = 0 for
all 7€ we get ¢y = Q% ,(b) + Qf(by) = brye + Qf(by) . In particular setting b, = 1,
we have that 1+ Q%(1,) is the coefficient c,y; of z**'*+1 in the series

(z + 2o (:z: + 13:’”‘“) =
= (z+2eNo@-1-2) ) =z-1-2) " +(z-(1- zz:)_l)éur1 =
0+1
= ot gml xe+1( oo gm ) o oo gmAl gl b (bhny pn

= S S ()
therefore 1 + Q4(1,) = copy = 1+ (ZH), whence Qf(1,) = (“lft). As an alternative
approach, one can prove that Q‘)(
Ql(x,) = QF H(x.) + ES L QTN (x,) x4 +x; and the identity (@H) = ZZ:O (%ﬁ;l) .
The outcome is N =Q(1,) = (Ht) (for all t,£), thus Q%(a,)— (“gt) a = Q_+Q+—
(ﬁ—;t) a;, = Q_+Na,— (“lft) = (Q_. Now, by definition 7(a;.) = j-—1 and T(al"") =
Jr . Therefore if o ;) € {ajr,ale} (for all 7 =1,...,s) and (), Q(jp)s - - -5 Q(j,)) 7
(o, a2, ..., ay*), then T(a,y - ay,y) < ji+--+js—1=1t—1. Then by
construction 7(Q_) < t—1, whence, since Z{(c,) := Qf(a*) (“tft) a; = QQ_, we get also
T(Zf{(an)) <t—1, ie. Z{(an) € Op_1, s0 Qf(as) = Z; (o) + (“t't) al €0,\0;,_,. O

«) = (ZH) by induction using the recurrence formula
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Proposition 10.13. © is a Hopf algebra filtration of H .

Proof. By construction (cf. §10.11) © is an algebra filtration; so to check it is Hopf too
we are left only to show that (x)A(©,) C > ., ., 60, ®6, (forall n € N), for then
S(6,) C O, (for all n) will follow from that by recurrence (and Hopf algebra axioms).

By definition ©y =k - 1,,; then A(1,) = 1,, ® 1,, proves (x) for n =0. For n =1
definitions tell that @; is nothing but the direct sum of @y with the (free) Lie (sub)algebra
(of H ) generated by {a1, as}. Since A(ay) = a1 ®1+1®a; and A(az) = as®@1+1Qa;y
(directly from definitions) and since

A(lz,y]) = [A@),AW)] = Xw).w (Z0)y0] @ 2@ye) +r0)y0) © [7@), ye))

(for all =,y € H) we argue that (x) holds for n =1 too.
Further on, for every n > 1 we have (setting Qf(a.) =1 = ag for short)

Alayn) = Alan) —Afar”) = Yp_qar®@Qr (a) =Y (Har*®a " =
= Yk ® QN (ay) + YT oal " ®Zy ()

hence A(a,) € 3,4 ,—,,_1 Or®6, due to Lemma 10.12 (and to a, € O,y for m > 1).

Finally, as A([z,y]) = [A(2), AY)] =3 ). ([0, ¥ @720y F20)y0) @[22), Y2)])
and similarly A(zy) = A(x)A(y) = Z(x),(y) Ty ® T(2)Y(2) (for z,y € H), we have
that A does not increase (0— —d): as O is exactly the (algebra) filtration induced by
(0— —d), it is a Hopf algebra filtration as well. [

Lemma 10.14. (notation of §10.11)
(a) k(a) <0(a) for every a € H\ {0} which is 0(a)-homogeneous.
(b) k(ad) <r(a)+ k() and k([a,d']) < k(a)+r(a) forall a,a’ € H\{0}.
(c) k(a,) =0_(a,) =7(ay) forall n €N, .
(d) k ([ar,as ) =0_(oy) +0_(as) =1 =7([or, o)) forall v, s €N, with r#s.
(e) k(ap) =0_(ap) —d(ay)+1=r71(cty) for every be B, .

(f) k(ap,ap, o) =T(op, 0, -+~ p,) for all by, be,... by € B, .

(9) ([abl,ab2]) = k() + £ (ap,) — 1 = 7([aw,, ap,]) , for all by, by € B, .

Proof. (a) Let a € H\ {0} be d(a)-homogeneous. Since H is graded, we have 0(d¢(a)) =
d(a) for all £; moreover, &¢(a) € J®* (with J := Ker(ey)) by definition, and d(y) > 0
for each 0-homogeneous y € J\ {0}. Then d,(a) =0 for all £ > d(a), whence the claim.
(b) This is just a reformulation of Lemma 3.4(c).
(¢) By part (a) we have k(a,) < d(a,) = n. Moreover, by definition 62(an) =
Pl ar@Qk_, (a.), thus 6, (a,) = (0,-19081) (62(a,)) = S p- ian 1(ar) @61 (QF_, (a))
by coassociativity. Since §¢(a,,) =0 for £>m, Q" *(a,) =na; and & (a;) = a;, we
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have d,(a,) = d,_1(an—1) ® (nay), thus by induction d,(a,) =n!a;®" (#0), whence
k(a,) =n. But also §,(a;") =n!a;®". Thus 6,(a,) = d,(a,) —d,(ar™) =0 for n > 1.
Clearly k() =1. For the general case, for all £ > 2 we have

/—

 ra(a) © 61 (QF ()

de—1(ag) = (6—2 ® 61)(d2(ay)) = Z

which, thanks to the previous analysis, gives

5g_1(ag> = 5g_2(ag_2> &® ((E — 1) as + <£; 1) a12) + (55_2(ag_1) QLla; =

= (-1 a2 g (az + 5 '812) + 0 6p—2(ar—1)®@ay .

Iterating we get, for all ¢ > 2 (with (_21) := 0, and changing indices)

=1 /! m—1
_ L ®(m—1) a2 ®U—1—m)
de—1(ap) = Zm:l mr1l M ® <a2 + 5 a; ) ® ay :
On the other hand, we have also
501 (ar) = -1 ¢! L a®m=1) g a2 g g @¢-1-m)
—1(a1 E me1 g A 1 1 .

Therefore, for §,_1(a,) = dp—1(an) — dn—1(ar™) (for all n € N,, n > 2) the outcome is

n—1  nl B o
6n—1(an) - Zm:l m+ 1 ' a1®(m 1) ® (a2 - 3.12) ®a1®( 1 ) =

n—-1  nl
_ . ®(m—1) Q(n—1—-m) .
= E el Tt 1 aq ¥ o ® oy ;

(10.5)

in particular 6,,_1(a,) # 0, whence a,, € D,,_2 and so k(a,) =n—1, q.e.d.
(d) Let r #1+#s. From (b)—(c) we get k([o, as]) < k(a,) + k(o) =7 +5—2. In
addition, we prove now that &,1,_3([o, a;]) # 0, which yields (d). Lemma 3.4(b) gives

5r+s—3([ar7a5]) = Z [5A(ar)75Y(as):| = Z [j (6T—1(a1”))7jY(65—1(a5))]'

AUY:{l,,T—i—S—S} AUY:{].,,T-"-S—?)}
ANY #0 ANY #0, |A]=r—1,|Y|=s—1

Using (10.5) in the form d,_1(as) = an_:ll % caa®0® ) o @y (for some n, € H ),

and counting how many A’s and Y’s exist with 1 € A and {1,2} C Y, and — conversely
— how many of them exist with {1,2} C A and 1 €Y, we argue

5r+5—3([ar7 as]) = Crs-|, a1]®a2®a1®(r+s_5) + a1 @91 + s + [an, a1 |@a @Y
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for some @1,y € HE+s=4) ) ¢ HO(+575) " and with

rl sl [r+s—5 st r (s+r—5 2 (r\ [s
_r.s _s _ 2 _ _ 5l
T 9y ( r—2 ) 23 ( s—2 ) 3 (2)(2)(3 r)(r+s=5)!#0.

In particular 5T+S_3([aT, as]) = Crgs (o2, 0] ® ag ® a®" T3 4 Lit., where “Li.t.”
stands for some further terms which are linearly independent of [, a1|®@ g QR ®rTs=5)
and ¢, s # 0. Then 5r+s_3([ar,as]) #0, q.e.d.

Finally, if » > 1 = s (and similarly if » =1 < s) things are simpler. Indeed, again (b)
and (c) together give r([a,, au]) < K(e) + k(a1) = (r — 1) +1 =r, and we prove that
6r—1([owr, a1]) # 0. Like before, Lemma 3.4(b) gives (since 61(c) = aq)

1
drei(for,an]) = ) [Ialey), by ()] = [57"—1(%), 19D @0y @1907170 | =

AUY={1,2,....r—1} k=1
ANY #£0, |A|=r—1, |Y|=1

1
|

r—1

7!

= Z ca®m) @ [, 1] @ T £ 0, qeend
= m +1

(e) We perform induction upon d(b): the cases d(b) =0 and d(b) =1 are dealt with
in parts (¢) and (d) of the claim, thus we can assume d(b) > 2, so that b = [b/,z,| for
some ¢ € N, and some other ¥ € B, with d(b') = d(b) —1; then 7(a) = 7([ow, au]) =
T(aw ) + 7(a) — 1, directly from definitions. Moreover 7(ay) = K (o) by part (c¢), and
T(a) = k (o) by inductive assumption.

From (b) we have k(aw) = k([ay, o)) < k(o) + k(ae) — 1 = T(ow) + T(oy) — 1 =
(o), 1. e. k(ap) < 7(aw); we must prove the converse, for which it is enough to show

Srtany (@) = ¢y [ [[an, o], o), 2] @ ap @ @)= 4 g, (10.6)

d(b‘),—i—l

for some ¢, € k\ {0}, where “L.i.t.” means the same as before.
Since 7(aw) = 7([ow, au]) = T(ow) + € — 2, computation via Lemma 3.4(b) gives

Or(an) (@) = Or(ay) (low, a]) = > [6a (), 0y ()] =

= Z [jA(5T(ab/)<ab’))7jY(5€—1<a€))} =
AUY ={1,...,7(cs)} , ANY £0
(A J=7 (o) [V [ b1
= Z []A (Cb’ [ .. [al, 042], e a%]®a2®a1®(7(ab’)—2)), jv (% a2®a1®(£—2))} + it =

AVY={1,....7(ap)}, ANY #0 d(b‘—l—l
Al=T(ay), [Y]=£-1

¢! -2
= G5 (T<?b—)2 ) ([ [lan, e, @), o) ] © @ © @707 4 g,

d(b')+141=d(b)+1
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(using induction about ay); this proves (10.6) with ¢, = ¢y - & - (T(?‘ﬁ);Q) #0.

Thus (10.6) holds, yielding d;(q,)(c) # 0, hence x(cy) > T(ab), q.e.d.

(f) The case ¢ =1 is proved by part (e), so we can assume ¢ > 1. By part (b) and the
case ¢ =1 we have k (o, o, - - - Op,) < Zle k(ow,) = Zle T(ap,) = T(p, 0y - - - Op,) ;
so we must only prove the converse inequality. We begin with ¢ = 2 and d(b;) = d(b2) =0,
SO ap, = @y, ap, = s, for some 7, s €N, .

If r=s5=1 then k(a,) = k(as) = k(ay) =1, by part (¢). Then

52(@1 al) = 52(31 al) = (ld — €)®2A(312) = 2. a;®a; = 2. o] ® oy §£ 0
so that k(g a1) > 2 = k(1) + k(1) , hence k(g a1) = k(aq) + k(1) , q.e.d.

If »>1=s (and similarly if r =1 < s) then x(a,) =7—1, k(as) = k(1) =1, by
part (¢). Then Lemma 3.4(b) gives

ore) - ZAUY_{l...TfAmrwwaﬂ :
\A|:r L Y|=1

ZZ ®(k 1)®1®a®(m1k)®a2®al®(rlm))
i m+1

x (1201 @ o @ 1907 4

(m 1)®a2®a1 (k—1— m)®1®a Q(r—1— k))

+ Z >
m=1k>m
X (1®(k—1) R o ® 1®(7"—k)) —

- Z;— T-l'— 1 ca® M) @y ® @™ oL

so that k(a,a1) > r =k(a,) + k(ay) and so k(a

Finally let r,s > 1 (and r # s). Then k()
then Lemma 3.4(b) gives

57"—1—5—2(0‘1” as) = Z 5A(ar) : 5Y(as) = Z jA((sr—l(ar)) 'jY (5s—l<as)) .

AUY={1,...,r+s—-2} AUY={1,...,r+s—-2}
[Al=r—1, |Y|=s—1 [Al=r—1, |Y|=s—1

)—/‘c(ar)-l-m(al) q.e.d.
—1, k(las) = s—1, by part (¢);

||~z

Using (10.5) in the form §;_;(a;) = an 11 t2' co @ a® 2 Loy @y (for some n, € H
and t € {r,s}) and counting how many A’s and Y’s exist with 1 € A and 2 € Y and
viceversa — actually, it is a matter of counting (r — 2, s — 2)-shuffles — we argue

6r+s—2 (ar as) = €rs Q2 P2 HRY a1®(r—|—s—4) + a1 ® @

for some ¢ € H®(+5-3) and with

B rl sl r+s—4 n s+r—4 B r!s! r+s—4 20
frs T 97 r—9 s—2 D r—9 ‘
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In particular d,4s_2 (ar as) =€ R ® @ ts=Y) 4 it where “Li.t.” stands
again for some further terms which are linearly independent of as ® as ® a®r+t5=4 and
ers #0. Then 6,45 2(0. as) #0, so k(o) >71+s—2=r(a,)+ rlor), qed

Now let again ¢ = 2 but d(b1),d(b2) > 0. Set k; := k(ay,) for ¢ = 1,2. Applying
(10.6) to b =07 and b= by (and reminding 7 = k) gives

5H1+H2<ab1 abz) = Z 6A(ab1)5y(ab2) = Z jA((Slﬂ(aln)) jy(éﬁz(abz)) =

AUY:{l,...,Hl-i-K,Q} AUY:{I ..... fi1+f€2}
[A|=k1, [Y|=k2

= Z jA(cbl-[---[[al,ag],ag],...,ag]®a2®a1®("1_2) + 11t)><

AUY={1,....,k1+Ko} d(b5+1
[Al=k1, |Y|=k2

X jy(cb2-[---[[91,(12],012],...,(1%]®a2®a1®(”2_2) + l.i.t.) =
d(b:)—l—l
K1+ ko — 4
= cblcb2-2< Ky 2 )x
x [ [lan, o) ), e ]@] - [z, ] @), o @@ @@ @an® T 4,
d(b5+1 d(b5+1

which proves the claim for ¢ = 2. In addition, we can take this last result as the basis of
induction (on ¢) to prove the following: for all b := (by,...,bs) € B’ one has

¢ ¢
5|E<Habi> =G <® [o1, @], 02] 012]) ® o' @ a®UEI=20 L 10t (10.7)
i=1

=1 d(bs)+1

for some ¢, € k\{0}, with |s| := Zle k; and k; == Kk(ay,) (i=1,...,¢). The induction
step, from £ to (¢ + 1), amounts to compute (with k41 := k(aw,,,))

5|EH"W+1 (abl Oy, abe+1) = Z 5A(ab1 T abe) 6Y(abe+1) =
AUY:{I,...,‘E‘+H3+1}

= Z Ja (Ogi (0, - 0n,)) - 3y (Ogys (Q,4,)) =

AUY:{I ..... |E|+I{[+1}
[Al=|sl, Y |=Ketr

V4
= Z ]A (Cb <® al, a2 ag] ., 0 ]) ®a2®e®a1®(|ﬁ‘_”) + ]117) X

AUY ={1,...,|5|+res1} i=1 d(by)+1
[Al=|kl, Y |=FKetr

X jY(Cle aEr ~[[Ex1,a2],a2], ) ..,a%] ® ay @ a2 1.1'.1;.) =

d(be1)+1
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14
— CQCbZ_H '(E-i-l) (|ﬁ‘ +f€|g;-‘1_—22£<£+1)) . <® ['"[[91702],012],---,03])@9

=t d(b)+1
@[ o, as], ], . . ., ] @ a®FD @ q®UslFren=20+1) 4 ¢

d(be41)+1

which proves (10.7) for (b,bey1) with ¢ p,.,) = co .y - (£ + 1)<|E|+’{|‘g|1__22£(€+1)) # 0.
Finally, (10.7) yields 0|, (s, - --ap,) # 0, so k(aw, - --aw,) > k(aw,) + - - - + k(aw,), q.e.d.

(9) Part (d) proves the claim for d(bi) = d(b2) = 0, that is by, b2 € {z,}, . More-
over, when by = x, € {Tm},,cy, We can replicate the proof of part (d) to show that
E(low, aw,]) = K([aw,, o)) = 0 ([ow,, o)) — d([aw,, ,]) : but the latter is exactly
7([ow, , o)), g.e.d. Everything is similar if by =z, € {Zm},,en, -

Now let b1,b2 € By \{2n},cy, - Then (b) gives k([ow,, an,]) < K (ap,) +k(on,) —1 =
7 ([, , o, ]). Applying (10.6) to b=by and b= by we get, for r; :=r(ay,) (i =1,2)

5K1+H2—1([ab17ab2]) = Z [5A(ab1),5y(ab2)] =

AUY:{I,...,I{l—FI{Q—l}
ANY #0

— > [jA((Sm (ab1>)an(5R2(ab2))} -

AUY:{l,...,Kl-i-K,Q—l}
[Al=k1, [Y|=k2

- Z |:-7 (Cbl'['”[[a17a2]7a2]7'-'7a2]®a2®a1®(/ﬂ_2) + ]1t> X
AUY={1,...,k1+kK e
A o A+
X jY<Cb2 [l ], @, | @ ® a7 4 1.1'.1:.)} =
d(b5+1
9 K1+ Ko — 4 %
= Cp, Cpy °
b1 Cb K1 — 2
X [ (o, o, ],y ], [ [[oa, s, @), . . ]| @@ @a®F R 4 g,
d(br)—l—l d(b;)—i—l

(note that d(b;) > 1 because b; & {z, |[n € N, } for i =1,2). In particular this means
5R1+H2—1([ab17ab2]) 7£ 07 thus /{([abwabz]) > K (ab1) +K (abz) -1= T([abw abz]) .

Lemma 10.15. Let V be a k—vector space, and 1 € Homy(V,V AV). Let L(V) be the
free Lie algebra over V., and vqz € Homy (L(V), L(V)ANL(V)) the unique extension of
from'V to L(V) by derivations, i.e. such that @bdg}v =1 and @bdg([x,y]) = [a:®1—|—1®a:,
Vac (V)] + [Yac (x), y@1+10y ] = 2042 (y) —y-Yac(z) in the L(V)-module LV)AL(V),
Va,y e L(V). Let K := Ker(v) : then Ker (¢qz) = L(K), the free Lie algebra over K .
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Proof. For each 2 € L(V) set 22 = 2®1+1® z. Let I be a complement of
K inside V, so that V = K & I, and 7,[1}1 is injective while @D‘K = Og. Let Bg
and By be bases of K and [ respectively; then there is a basis of £(V') made of Lie
monomials of the form z; := H . [ .- Hxil,xh},x%} ,xz} ~'-,5Cik,1}7xik} (with i =
(11,492,193, ... 0s, ... 9k—1,1k) ) for some z; € Bg U By : for these Lie monomials defini-
tions yield tac(zi) =32, cp, [ (22 22]22] . w(@)] e ] 28] In
addition, since 9| ;s ifrljective tlr%e set { 2® }Z eBuB Y {4 (b) e 5, slinearly independent.
Then the set of all Lie monomials y; := [[--- [ Hyz‘l,ylﬂ,yzﬂ ,yz‘} ...,yi;_l},yiﬂ
with the same i’s which give the basis of £(V) and with y € {l‘]®, Y(z;)} is again a lin-
early independent set inside L£(V') A L(V). Therefore, for a general x =), ¢c;z; € L(V)
we have Yac(z) = 3,620, ep, R R N2 g I 2 B T C 290 P 5 I A
thus if 14z (z) = 0 we necessarily have ¢; = 0 for all ¢ which sport at least one z; € By.
The outcome is that = € Ker(¢qc) implies © = >, .. cp, (veCi®i € L(K); thus
Ker (vqr) € L(K), and the converse inclusion is clear because 14, is a derivation. O

Lemma 10.16. The Lie cobracket § of U(L,) preserves . That is, for each ¥ € U(L,) in
the expansion 02(19) = Zgl,gzelﬂ% Cb, b, O, @y, (w.r.t. the basis BRB, where B is a PBW
basis as in §10.2 w.r.t. some total order of B, ) we have T(él) —|—T(§2) = 7(9) for someb,
b, with ¢y, b, 70, 50 7(6(09)) :==max {7(by) + 7(by) | cp, 0, #0} =7(9) if 6(9) #0.
Proof. Tt follows from Proposition 10.13 that 7(8(9)) < 7(9); so §: U(L,) — U(L,)®?
is a morphism of filtered algebras, hence it naturally induces a morphism of graded algebras
6:Go(U(Ly)) —— GQ(U(EV))®2 (notation of §§5.3-4). Therefore proving the claim
is equivalent to showing that Ker (5) = Gonker(s) (Ker(é)) =: Ker(0), the latter being
thought of as naturally embedded into G (U(L,)) .

By construction, 7(zy—yx) = 7([z,y]) < 7(2)+7(y) for z,y € U(L,), so Ge(U(L,))
is commutative: indeed, it is clearly isomorphic — as an algebra — to S(V,), the symmetric
algebra over V,, . Moreover, d acts as a derivation, that is d(xy) = 0(x) A(y) + A(z) d(y)
(for all z, y € U(L,)), thus the same holds for § too. Like in Lemma 10.15, since
Ge(U(L,)) is generated by Genc, (L) =: L, it follows that Ker () is the free (asso-
ciative sub)algebra over Ker <3 ‘E) , in short Ker (3) = <Ker (3 E>> .

Now, by definition §(z,) = ?:_11 (l+1)xy ANxp_p (cf. Theorem 10.6) is a sum of
7—homogeneous terms of 7—degree equal to (n — 1) = 7(z,). Since in addition § enjoys
§([z,y])) = 2@ 1+1®@2,6y)] + [0(z),y®1+1®y] (for all z, y € L£,) we have
that o
written as a sum whose summands are all 7—homogeneous terms of 7—degree equal to

. is even 7-homogeneous, which means that ¢ (T(Z)) either is zero or can be

7(z), for any 7-homogeneous z € L, ; this implies that the induced map & ‘ﬁ— enjoys

) E@) =0 <= 6(9¥) =0 for any 9 € L, , whence Ker(g‘z) = Ker(d}ﬂy). On the

upshot we get Ker (3) = <Ker (3

E>> = <W> = Ker(§), qed. O




THE GLOBAL QUANTUM DUALITY PRINCIPLE: THEORY, EXAMPLES, APPLICATIONS 111

Proposition 10.17. D = ©, that is D, = O0,, for all n € N, or kK = 7. Therefore,
given any total order = in B, , the set A<, = ANO, =AND, of ordered monomials

k€N7 blv"'7bk€By7 bljjbkv T(b)Sn}

Acw = oy = e, e,

is a k—basis of D,,, and A, = (.Agn mod Dn_l) is a k—basis of Dn/Dn_l (VneN).

Proof. Clearly the claim about the A<,’s and the claim about the A4,,’s are equivalent, and
either of these claims is equivalent to D = @ . Note also that A, := (Agn mod Dn_l) =
(.Agn \ A<,—1 mod Dn_l) , where clearly A<, \ A<,_1 = {ag e A ‘ T(b) =n } )
By Lemma 10.14(f) we have A<, = A6, C AND, C D, ; since A is a basis, A<,
is linearly independent and is a k—basis of @,, (by definition): so @,, C D,, for all n € N.
n =0: By definition D, := Ker(d;) =k-1,, =: O, spanned by A<y = {1}, q.e.d.
n=1: Let o' € D; := Ker(ds). Let B be a PBW-like basis of Hy' = U(L,) as

mentioned in Lemma 10.16; expanding 7’ w.r.t. the basis A we have n’ = >’ cpop =

C\CQE.A
> pep b - Then we have also 7 := 1" =3 1y = 3 )= o € D1 because
ap € Ay €O C Dy whenever 7(b) <1.

Now, a1 ;= a; and ay:=a, —a;® =h (xs + hs_lxﬁ) for all s € N, \ {1} yield

M= ek, r()>1B W = Dpen rpys1 MY b (o +hxp) € Hi'

for some x, € Hy' @ hereafter we set g(b) :=k for each b="b;---b, € B (i.e. g(b) is the
degree of b as a monomial in the b;’s). If 7 # 0, let go := min { g(b) }T(b) >1,¢,#0};
then go >0, 0y :=h 9% ncHy' \ hHy' and

0 # Ty = >, X = », Iy € Hhv/hHhv = U(L,) .
9(b)=go g9(b)=go

Now d2(n) = 0 yields 62(7+) = 0, thus D gb)=g CTo = Ty € PU(L,)) = Ly;
therefore all PBW monomials occurring in the last sum do belong to B, (and go = 1).
In addition, d2(n) = 0 also implies d2(n4) = 0 which yields also 6(7+) = 0 for the
Lie cobracket ¢ of £, arising as semiclassical limit of As,v (see Theorem 10.6); therefore
T+ = D pep, Cb Ty is an element of £, killed by the Lie cobracket 4, i.e. 73 € Ker (4).

Now we apply Lemma 10.15 to V =V,,, L(V) = L(V,) =: L, and ¢ = 5}%, SO
that 14 = d. From the formulas for ¢ in Theorem 10.6 we see that K := Ker(¢) =
Ker (6‘VV) = Span ({z1,22}), hence L£(K) = L(Span ({z1,22})): by definition the last

space is nothing but Span <{ Ty ‘ beB,;7(b)=1 }) , thus eventually via Theorem 10.6
we get Ker(§) = L(K) = Span ({ay |b€ B,; 7(b) =1}).
Since 73 € Ker(0) = Span ({zy|b € B,; 7(b) = 1}) we have 71y = Y Ch Tp ;

beB,
7(b)=1

but ¢, =0 whenever 7(b) < 1, by construction of n: thus 77y = 0, a contradiction. The
outcome is n = 0, whence finally ' € O, q.e.d.
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n > 1: We must show that D,, = ©@,,, while assuming by induction that D,, = @,,, for
all m<n. Let n =3, gy € Dy; then 7(n) =max {7(b)|cp, 0}. If d2(n) =0
then n € D; = ©1 by the previous analysis, and we're done. Otherwise, d2(n) # 0 and
7(62(n)) = 7(n) by Lemma 10.16. On the other hand, since D is a Hopf algebra filtration

we have d2(n) € ZHS:R D, ® D, = ZT+S:n O, ® Oy, thanks to the induction; but then
r,s>0 r,s>0
7(62(n)) < n, by definition of 7. Thus 7(n) = 7(d2(n)) < n, which means n € 0,. O

Theorem 10.18. For any b € B, set ay = h*@) oy = ™0 o, .
(a) The set of ordered monomials

keN,bl,...,bkEB,blj~-~jbk,/f(a9):7-(b)§n}

Agn = {Oﬁg = Qpy - Oy,

is a k[h]-basis of D), = D, (Hy) =h"D,, . So A= Unen ﬁgn is a k[h]-basis of Hy .

(b) Hh, — k[h] <{ a; }beB,,>/({ [abl,ab2] — ha[bl’bZ] Vby,by € B, }) .

(¢) Hy is a graded Hopf k[h]-subalgebra of Hy, .

(d) M h=0
group with cgtcmgent Lie bialgebra isomorphic to L, (as a Lie algebra) with the graded Lie
bialgebra structure given by 6(x,) = (n —2)x,_1 Axy (for all n € N, ). Indeed, H;{‘h

= H;{/hH;{ =H= F[I};ﬂ , where I}’ is a connected Poisson algebraic

is the free Poisson (commutative) algebra over N, , generated by all the &, = a”‘h:o
(n € N, ) with Hopf structure given (for all n € N, ) by

n—1 n—1
Alay) = @ @1+ 1@an + Y (Z) ar@al "+ ) (k+1)af ®a,

k=2 k=1
n—1 n—1
S(@) = —an — Y (’;) S(a)af ™ — 3 (k1) S(@) @, (@) =0
k=2 k=1

Thus H;{}h is the polynomial algebra k[{ M }beBJ generated by a set of indeterminates

{m }yep, in bijection with B, , so I:F = APv as algebraic varieties.

Finally, H;{‘h = F[Fﬁj] = ]k[{ i }beBy] is a graded Poisson Hopf algebra w.r.t. the

grading O(a,) = n (inherited from Hy ) and w.r.t. the grading induced from k = 1 (on
H), and a graded algebra w.r.t. the (polynomial) grading d(&,) =1 (for all n € Ny ).
(e) The analogues of statements (a)—(d) hold with K instead of H , with X instead of
X forall X =L,,B,,N,, and with Faf instead of I} .
Proof. (a) This follows from Proposition 10.17 and the characterization of Hy in §10.10.
(b) This is a direct consequence of claim (a) and Lemma 10.14(g).
(c¢) Thanks to claims (a) and (b), we can look at Hj, as a Poisson algebra, whose Poisson
bracket is given by {x,y} :=h~l[z,y| = h Y (xy—yx) (for all z, y € Hy ); then Hy itself
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is the free associative Poisson algebra generated by { a, ‘ neN } Clearly A is a Poisson
map, therefore it is enough to prove that A(an) € Hy @Hy for all n € Ny . This is clear
for a1 and ap which are primitive; as for n > 2, we have, like in Proposition 10.13,

Aay,) = S i lapy @ B"7FQE_ L (a)) + zg;; ol @in 17k (a,) =
= YhQr@hTRQE_ (al) + ZZ;S af @ " FZE (an) € HE @ HY

thanks to Lemma 10.12 (with notations used therein). In addition, S (H;{) C Hy also
follows by induction from (10.8) because Hopf algebra axioms along with (10.8) give

S(@n) = —an — Si2, S(a) A" FQE_(a.) — Spoi S(a@f) 1 ZE (o) € Hy

(10.8)

for all n € N, (using induction). The claim follows.
(d) Thanks to (a) and (b), H;{‘h . is a polynomial k—-algebra as claimed, over the set

‘h:o) } b € B, }. Furthermore, in the proof of (c)
we noticed that Hjy is also the free Poisson algebra generated by {&n }n eN }; therefore

of indeterminates {db = ab\hzo( E—H;{

Hy - is the free commutative Poisson algebra generated by {dn = Oy, ‘h:o ‘ neN }
Then formula (10.8) — for all n € N, — describes uniquely the Hopf structure of Hj
hence the formula it yields at A = 0 will describe the Hopf structure of H;{}hzo.
Expanding A""*Q* , (a,) in (10.8) w.r.t. the basis Ain (a) we find a sum of terms of
T—degree less or equal than (n — k), and the sole one achieving equality is &f_k , which
occurs with coefficient (}): similarly, when expanding A"~ *~1Z%_ (a,) in (10.8) w.r.t. A
all summands have 7—degree less or equal than (n — k — 1), and equality holds only for

Q,_1, whose coefficient is (k + 1) . Therefore for some 1 € Hy, we have

‘h:O
A@) = Siadne ()&t + S (D@t e, + i

this yields the formula for A, from which the formula for S follows too as usual.
Finally, let I' := Spec (Hﬁ"hzo)
H;{}hzo , and let ~, := coLie(I") be its cotangent Lie bialgebra. Since H;{}hzo is Poisson

be the algebraic Poisson group such that F[F] =

free over {&n} as a Lie algebra =, is free over {dn ‘= &,, mod m? }n en (where

neN, ’
m = Jy,_ ), 80 Y = Ly, via dy, — z,(n € Ny) as a Lie algebra. The Lie cobracket is

6oy (dn) = (A =A%) () mod mg =

n=1/n B ok n—1 K _
= >y i arNa" "+ > (k+1)ay Nap—r mod mg =
k=2 k=1

n
= ( 1) ap_ 1 N1 + 200 Néy_q mod Mg =
n_

= (TL—Q)C_!n_l/\C_Ml modm® = (n—2)dn_1/\d1 € 7YY
where mg = <m2®Hh/|h:0 +m®m+7‘lh/|n:o®m2> , whence I' = I as claimed in (d).

Finally, the statements about gradings of H;{’h =F [F gﬂ hold by construction.
0



114 FABIO GAVARINI

(e) This should be clear from the whole discussion, since all arguments apply again —
mutatis mutandis — when starting with IC instead of H ; we leave details to the reader. [

10.19 Drinfeld’s algebra (H;{)V. I look now at the other Drinfeld’s functor at
h, and consider (H;{)V = > ey, where J' := Jy, . Theorem 2.2 tells us
that (H;{)V is a Hopf k[h]|-subalgebra of Hy, and the specialization of (H;{)V at h=0,

i.e. (H;{)v‘ = (H;{)v/h (H,{)v , s the universal enveloping algebra of the cotangent

h=0
Lie bialgebra of the connected algebraic Poisson group which is the spectrum of Hp

h=0’
that is exactly I . Thanks to Theorem 10.18, this means (H;{)V‘h =U(L,) as co-

0
Poisson Hopf k—algebras, the Lie cobracket of £,, being the one given in Theorem 10.18(d).

Therefore we must show that (Hh')v ‘h . is a cocommutative Hopf k—algebra, it is gen-
erated by its primitive elements, and the latter set inherits a Lie bialgebra structure iso-
morphic to that of ~, := coLlie (F [,t) . We prove all this directly, via an explicit description

of (Hh')v and its specialization at h = 0, provided in the following

Theorem 10.20. For any b€ B, set &y :=h*@) 1oy =01, = 1@, .

(@) (M)’ = Klh] <{ab}b€By>/<{ (s, 60, — Gy 4oy | ¥ 1, b2 € By }) .

(b) (Hﬁ/)v is a graded Hopf k[h|-subalgebra of Hy, .

(c) (Hﬁ/)v o = (Hﬁ,)v/h (H;{)v =~ U(L,) as co-Poisson Hopf algebra, where L,
bears the Lie bialgebra structure given by 6(xzy,) = (n —2) xp—1 Axy (for all n € N, ).

Finally, the grading d given by d(x,) :=1 (n € N;) makes (H;{)v‘ =U(L,) into a

graded co-Poisson Hopf algebra, and the grading O given by O(z,) := n (n € Ny) makes
(H;{)v) =U(L,) into a graded Hopf algebra and L, into a graded Lie bialgebra.

(d) The analogues of statements (a)—(c) hold with IC, L, B and N} respectively
instead of H, L, B, and N .

Proof. (a) This follows from Theorem 10.18(b) and the very definition of (Hh')v in §10.19.
(b) This is a direct consequence of claim (a) and Theorem 10.18(c).
(¢) It follows from claim (@) that mapping | heo b (Vb € B,) yields a well-

~

defined algebra isomorphism & : (H;{)V < sU (El,). In addition, when expanding

hn—k@k

n

h=0
_p(ay) in (10.8) w.r.t. the basis A (see Proposition 10.17) we find a sum of terms

of 7—degree less than or equal to (n — k), and equality is achieved only for aln_k , which
occurs with coefficient (}): similarly, the expansion of " *~1ZkF_ () in (10.8) yields
a sum of terms whose T—degree is less or equal than (n — k — 1), with equality only for
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o,k , whose coefficient is (k + 1). Thus using the relation as; = hés (s € Ni ) we get
Al,) = @, ®1+1Q6d, + > ,_ 2ak®h” RQF_L(an) + Y00, Lalorr T ZE L (o) =
= G, @14 10d, + S p_ v * Vk®<k) SRR (k) aF @, + B2 =

=@, 01+ 106, + h(ndn 1 ®d +2&1 @ &,_1) + I° x

for some n, x € (H;{)v (H;{)v It follows that A(dn‘h 0) = dn}h ®1+ 1®d”‘h 0 for
all n € N, . Similarly we have S an}h 0 an‘h 0 and € an}h o) = =0 forall n e N, ,
thus ® is an isomorphism of Hopf algebras too. In addition, the Poisson cobracket of
(H;{)V‘ inherited from (H;{)V is given by

8(6nl,g) = (AH(A = AP)(c)) mod b (Hy) @ (M) =

= (n dn—l N dl + 2 dl VAN dn—l) mod ~ (Hh/)v® (Hh/)v = (Tl — 2) dn_l}h:(} N dl h=0

hence ® is also an isomorphism of co-Poisson Hopf algebras, as claimed.
The statements on gradings of (H;{ )v ’h - U(L,) should be clear by construction.

(d) This should be clear from the whole discussion, as all arguments apply again —
mutatis mutandis — when starting with K instead of H; details are left to the reader. [

10.21 Specialization limits. So far, Theorem 10.18(d) and Theorem 10.20(¢) prove
the following specialization results for H; and (Hh')v respectively:

Hy 2L H R, (H)) =% U(L,)

as graded Poisson or co-Poisson Hopf k-algebras. In addition, Theorem 10.18(b) implies
that Hy D2l =M as graded Hopf k—algebras. Indeed, by Theorem 10.18(b) H (or

even Hj) embeds as an algebra into Hj,, via ay, — @, (for all n € N, ): then
[atn, o] — [an,am} = hQy, 2,.] = Qa,z,] mod (h—1)Hy (‘v’ n,m € Ny)

thus, thanks to the presentation of Hj by generators and relations in Theorem 10.18(b),

‘H is isomorphic to Hh/’h:1 = H;{/(h—l)H;{ = k<&1}h:1,6¢2}h:1,...,&n}hzl,...>,

as a k—algebra, via a,, — &n}hzl . Moreover, the Hopf structure of Hh" is given by

A(@nl,_y) = Sios @@ Qi (a)+ 05 @ ©h" ' Z)_(aw) mod (h—1)Hy@Hy .

Now, QF ,(a.) = QF ,(a. + a1*) = QF , (a,) for some polynomial OF , () in
the a;’s; let Qn plos) = >0, ﬁ_kk(a*) be the splitting of Qn_k into 7-homogeneous

summands (i.e., each ’Z;S_kk(a*) is a homogeneous polynomial of 7—degree s): then

PURQE () = BMTRQE (en) = BRI () = S A TETOT (an)
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with n—k —s > 0 for all s (by construction). Since clearly h”_k_s’lgf’_kk(&*) = ’]'Tf’_kk (o)
mod (h— 1) Hy , we find B FQk_,(a,) = W"FQF (o) = S i F T (&) =
YT kk( .) mod (h—1)H, = QF  (a.), for all k and n. Similarly we deduce that
Antzk (o) = ZF_ (&) mod (h—1)Hy , for all k and n. The outcome is that
A(@n],_y) =2k GxOR" QN () +300 7, y af@h" 1 ZE | (o) mod (h—1) Hy @My =
= Yrpt®Qk (&) + Y salf @ Zk_(a,) mod (h—1)Hy @ Hy .
On the other hand, we have A(a,) = Y 1, ap ® Qn W) + S alkezE | (a))
in H. Thus the graded algebra isomorphism W : H —s H}, ’h given by o, — O‘”‘h .
preserves the coproduct too. Similarly, ¥ respects the antipode and the counit, hence it is
a graded Hopf algebra isomorphism. In a nutshell, we have (as graded Hopf k—algebras)
Hy H =H.
Similarly, Theorem 10.20 implies that (Hh )v "L as graded Hopf k—algebras.

Indeed, Theorem 10.20(a) shows that (H;{)v = k[h] @ U(L,) as graded associative
algebras, via &, — z, (n €N, ), in particular (H;{)V is the free associative k[A |-algebra

h—1
—_—

over {dn} then specialization yields a graded algebra isomorphism

EN’

Q: (Hﬁl)\/

— (Hh/)v/(h—l) (Hh,)v i»’]-{ , d”}h:1 — oy,

As for the Hopf structure, in (H;{)v’ it is given by

~ n— n—1 . n—
Alénl,_,) = @R TEQn (o) |y + 00 G |y BT 2 (o), -
As before, split QF ,(a.) as OF ,(a,) =Y, T>F (@), and split each T*F (&,) into

homogeneous components w.r.t. the total degree in the @;’s, say Tns_kk(a*) = Zryﬁfj(&*) :
then h”—’“—Sﬁ’_’“k(a*) — hn—k—sz y;?rl;:(a*) Z hn_k_s—i_ryﬁ’}’f(d*), because a, =
hé, . As hnF=strysk(a,) = Yk(a.) mod (h—1) (Hh) , we eventually get

v

RRON () =30, AR YN (G = X0, Vi (G&s) mod (h-1) (M) = Qi (as) -
for all k and n. Similarly A"~1Z*  (a.) = ZF_, (cv.) mod (h—1) (Hh')v (Vk, n). Thus
Ao |,y) = @R (o), + 300 & [,y @022 (o), =
= Dhm2 Ok, ® Qi (o, Mper + Zz;édk‘hﬂ ®Zk plee)]y -
On the other hand, one has A(a,) = Y 1_, ap ® Qn plow) + Y safeZk | (o)
in ‘H, thus the algebra isomorphism €2: (Hh)

‘—»H given by a”‘h:l — «,, also

preserves the coproduct; similarly, it also respects_the antipode and the counit, hence it is
a graded Hopf algebra isomorphism. In a nutshell, we have (as graded Hopf k—algebras)

vV h—1

(Hﬁ) —H.
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Therefore we have filled in the top part of the diagram of deformations (5.5), corre-
sponding to (5.4), for H ="H (:=H,): it reads

P = wi|  Shmy| = mo= ()| S ()| = (L)
h=0 Hy h=1 h=1 (Hh/)v h=0

0—h—1 H 1—h—0
Hﬁ/ (Hh/)v
gebra structure of Theorem 10.18/20 and I} is the corresponding dual Poisson group

or simply F[I}] U(L,) , where £, is given the Lie bial-

mentioned in Theorem 10.18. Thus H is intermediate between the (Poisson-type) “geo-
metrical symmetries” F [F gﬂ and U(L,), so their geometrical meaning should shed some
light on it; conversely, the physical meaning of H should have some reflect on the physical
meaning of both F[I}] and U(L,).

Remark: The analysis in §10.9 and §10.21 yields a complete description of the defor-
mation features of ‘H via Hj and Drinfeld’s functors drawn in (5.5). In particular

Gy=1Ir, to=g=(L,,6.), g-=(L,,0.), K_=G- =Gz  (10.9)

v

(as Char(k) = 0) where J, and J, denote the Lie cobracket on £, defined respectively
in Theorems 10.18/20 and in Theorem 10.6. Next result shows that the four objects in
(10.9) are really different, though they share some common feature.

Theorem 10.22.
(a) (Hhv)/ =~ Hy' as Poisson k[h]-algebras, but (Hhv)/ % Hy as Hopf k[h]-algebras.
(b) (E,,,(S*) o (EV,(S.) as Lie algebras, but (E,,,(S*) s (EV,(S.) as Lie bialgebras.
(c) Ger = I, as (algebraic) Poisson varieties, but Gg,, % Iz as (algebraic) groups.
(d) The analogues of statements (a)-(c) hold with K and L} instead of H and L, .

Proof. 1t follows from Theorem 10.8(a) that (Hhv)/ can be seen as a Poisson Hopf algebra,
with Poisson bracket given by {z,y} :=h~t[z,y] = h 1 (xy—yx) (forall z,y € (Hhv)/ )
then (Hhv), is the free Poisson algebra generated by {an =X, =a,|neN }; since
a, = a,+(1—-—d,)a" and o, = a, — (1 — 91 ) a" (n € Ny ) it is also (freely)
Poisson-generated by { oy, } neN } We also saw that Hj, is the free Poisson algebra over
{ ay, ‘ n €N } ; thus mapping o, — a, (Vn € N) does define a unique Poisson algebra
isomorphism & : (H;—LV)/ iH;{, given by ay == =¥ ay — ay, for all b € B, . This
proves the first half of (a), and then also (taking semiclassical limits and spectra) of (c).
The group structure of either G or I yields a Lie cobracket onto the cotangent space
at the unit point of the above, isomorphic Poisson varieties: this cotangent space identifies
with £,, and the two cobrackets are given respectively by de(z,) = ?;11 (l4+1) g ANzp_y
for Gz* (by Theorem 10.8) and by 6,(x,) = (n—2)z,,_1 Ax; for I;" (by Theorem 10.18),
for all n € N, . It follows that Ker(d,) = {0} # Ker(d.), which implies that the two
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Lie coalgebra structures on £, are not isomorphic. This proves (b), and also means that
Ger % I as (algebraic) groups, hence F [Ggﬂ 2F [F gt] as Hopf k—algebras, and so
(Hhv)/ % Hy, as Hopf k[h|-algebras, which ends the proof of (¢) and (a) too.

Finally, claim (d) should be clear: one applies the like arguments mutatis mutandis,
and everything follows as before. [

10.23 Generalizations. Plenty of features of H = H%! are shared by a whole bunch
of graded Hopf algebras, which usually arose in connection with some physical problem or
some (co)homological construction, and all bear a nice combinatorial content; essentially,
most of them can be described as “formal series” over indexing sets — replacing N —
of various (combinatorial) nature: planar trees (with or without labels), forests, graphs,
Feynman diagrams, etc. Besides the ice-breaking examples given by Connes and Kreimer
(cf. [CK1-3]), which are all commutative or cocommutative Hopf algebras, other non-
commutative non-cocommutative examples (like the one of H%!) are introduced in [BF1-
2], roughly through a “disabelianization process” applied to the commutative Hopf algebras
of Connes and Kreimer. The most general analysis and wealth of examples in this context
is due to Foissy (see [Fol-3]), who also makes — in other terms — an interesting (although
less deep than ours) study of the operators d,,’s and of the functor H — H' (H € HA).
Other examples, issued out of topological motivations, can be found in the works of Loday
et al.: see e.g. [LR], and references therein.

When performing the like analysis, as we did for H, for a graded Hopf algebra H of the
afore mentioned type, the arguments used for ‘H apply essentially the same, up to minor
changes, and give much the same results. To give an example, the Hopf algebras considered
by Foissy are non-commutative polynomial, say H = ]k<{:z:i}iez> for some index set Z:
then one finds H = Hy’ |,_o = U(g-) = U(Lz) where L7 is the free Lie algebra over Z.

This opens the way to apply the crystal duality principle to all these graded Hopf
algebras of great interest for their applications in mathematical physics or in topology (or
whatever), with the simplest case of H%! playing the role of a toy model which realizes a
clear and faithful pattern for many common features of all Hopf algebras of this kind.
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