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NONCOMMUTATIVE DIFFERENTIALS ON POISSON-LIE
GROUPS AND PRE-LIE ALGEBRAS

SHAHN MAJID AND WEN-QING TAO

We show that the quantisation of a connected simply connected Poisson-Lie
group admits a left-covariant noncommutative differential structure at low-
est deformation order if and only if the dual of its Lie algebra admits a pre-
Lie algebra structure. As an example, we find a pre-Lie algebra structure
underlying the standard 3-dimensional differential structure on C,[SU,].
At the noncommutative geometry level we show that the enveloping algebra
U (m) of a Lie algebra m, viewed as quantisation of m*, admits a connected
differential exterior algebra of classical dimension if and only if m admits
a pre-Lie algebra structure. We give an example where m is solvable and
we extend the construction to tangent and cotangent spaces of Poisson—Lie
groups by using bicross-sum and bosonisation of Lie bialgebras. As an ex-
ample, we obtain a 6-dimensional left-covariant differential structure on the
bicrossproduct quantum group C[SU;]»<U, (su3).

1. Introduction

It is well-known following [Drinfeld 1987] that the semiclassical objects underlying
quantum groups are Poisson—Lie groups. This means a Lie group together with a
Poisson bracket such that the group product is a Poisson map. The infinitesimal
notion of a Poisson-Lie group is a Lie bialgebra, meaning a Lie algebra g equipped
with a “Lie cobracket” § : g — g ® g forming a Lie 1-cocycle and such that its
adjoint is a Lie bracket on g*. Of the many ways of thinking about quantum groups,
this is a “deformation” point of view in which the coordinate algebra on a group is
made noncommutative, with commutator controlled at lowest order by the Poisson
bracket.

In recent years, the examples initially provided by quantum groups have led to a
significant “quantum groups approach” to noncommutative differential geometry in
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which the next layers of geometry beyond the coordinate algebra are considered,
and often classified with the aid of quantum group symmetry. The most important
of these is the differential structure (also known as the differential calculus) on
the coordinate algebra, expressed normally as the construction of a bimodule Q'
of “1-forms” over the (possibly noncommutative) coordinate algebra A and a map
d: A — Q! (called the exterior derivation) satisfying the Leibniz rule. Usually, Q'
is required to be spanned by elements of the form a db, where a, b € A. This is
then typically extended to a differential graded algebra (DGA) (2, d) of all degrees
where € is formulated as a graded algebra @ =P, Q' generated by Q* = A, Q!,
and d is a degree-one map such that d*> = 0 and the “super-Leibniz rule” holds,
namely d(én) = (d€)n+(—1)"& dn for all £ € Q", n € Q. The semiclassical version
of what this data means at the Poisson level is known to be a Poisson-compatible
preconnection (or “Lie—Rinehart connection”; see Remark 2.2). The systematic
analysis in [Beggs and Majid 2006] found, in particular, a no-go theorem proving
the nonexistence of a left and right translation-covariant differential structure of
classical dimension on standard quantum group coordinate algebras C,[G] when
G is the connected and simply connected Lie group of a complex semisimple Lie
algebra g. Beggs and Majid [2010] had a similar result for the nonexistence of
ad-covariant differential structures of classical dimension on enveloping algebras
of semisimple Lie algebras. Such results tied in with experience at the algebraic
level, where one often has to go to higher-dimensional Q', and [Beggs and Majid
2006; 2010] also provided an alternative, namely to consider nonassociative exterior
algebras corresponding to preconnections with curvature. This has been taken up
further in [Beggs and Majid 2014b].

The present paper revisits the analysis focussing more clearly on the Lie algebraic
structure. For left-covariant differentials on a connected and simply connected
Poisson-Lie group, we find (Corollary 4.2) that the semiclassical data exists if
and only if the dual Lie algebra g* of the Lie algebra g admits a so-called pre-Lie
structure E : g* ® g* — g*. Here a pre-Lie structure is a product obeying certain
axioms such that the commutator is a Lie algebra, such objects also being called left-
symmetric or Vinberg algebras; see [Cartier 2009] and [Burde 2006] for two reviews.
Our result has no contradiction to g being semisimple and includes quantum groups
such as C,[SU>], where we exhibit the pre-Lie structure that corresponds to its
known 3-dimensional calculus in [Woronowicz 1989].

Even better, the duals g* for all the quantum groups C,[G] are known to be
solvable [Majid 1990a] and it may be that all solvable Lie algebras admit pre-Lie
algebra structures, a question posed by Milnor; see [Burde 2006]. This suggests
for the first time a systematic route to the construction of left-covariant differential
calculi for all C,[G], currently an unsolved problem. We build on the initial analysis
of this example in [Beggs and Majid 2006]. Next, for the calculus to be both left
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and right covariant (i.e., bicovariant), we find an additional condition (4-6) on E
which we relate to infinitesimal or Lie-crossed modules with the coadjoint action;
see Theorems 3.1 and 4.1.

The paper also covers in detail the important case of the enveloping algebra
U(m) of a Lie algebra m, viewed as a quantisation of m*. This is a Hopf algebra
so, trivially, a quantum group, and our theory applies with g = m* an abelian
Poisson—Lie group with its Kirillov—Kostant Poisson bracket. In fact our result in
this example turns out to extend canonically to all orders in deformation theory, not
just the lowest semiclassical order. We show (Proposition 4.4) that U (m) admits
a connected bicovariant differential exterior algebra of classical dimension if and
only if m admits a pre-Lie structure. The proof builds on results in [Majid and
Tao 2015b]. We do not require ad-invariance but the result excludes the case that
m is semisimple since semisimple Lie algebras do not admit pre-Lie structures
[Burde 1994]. The m that are allowed do, however, include solvable Lie algebras
of the form [x;, f] = x;, which have been extensively discussed for the structure of
“quantum spacetime” (here x; and ¢ are now viewed as space and time coordinates,
respectively), most recently in [Beggs and Majid 2014a]. In the 2-dimensional
case we use the known classification of 2-dimensional pre-Lie structures over C in
[Burde 1998] to classify all possible left-covariant differential structures of classical
dimension. This includes the standard calculus previously used in [Beggs and Majid
2014a] as well as some other differential calculi in the physics literature [Meljanac
et al. 2012]. The 4-dimensional case and its consequences for quantum gravity are
explored in our related paper [Majid and Tao 2015a].

We then apply our theory to the quantisation of the tangent bundle and cotangent
bundle of a Poisson-Lie group. In Section 5, we recall the use of the Lie bialgebra
g of a Poisson-Lie group G to construct the tangent bundle as a bicrossproduct
of Poisson-Lie groups and its associated “bicross-sum” of Lie bialgebras [Majid
1995]. Our results (see Theorem 5.6) then suggest a full differential structure,
not only at semiclassical level, on the associated bicrossproduct quantum groups
CIG]w< U, (g*) in [Majid 1990a; 1990b; 1995]. We prove this in Proposition 5.7
and give C[SU,]»< U, (su3) in detail. Indeed, these bicrossproduct quantum groups
were exactly conceived in the 1980s as quantum tangent spaces of Lie groups. In
Section 6, we use a pre-Lie structure on g* to make g into a braided-Lie biaglebra
[Majid 2000] (see Lemma 6.1). The Lie bialgebra of the cotangent bundle becomes
a “bosonisation” in the sense of [Majid 2000] and we construct in some cases a
natural preconnection for the semiclassical differential calculus. As before, we
cover abelian Lie groups with the Kirillov—Kostant Poisson bracket and a restricted
class of quasitriangular Poisson-Lie groups as examples.

Most of the work in the paper is at the semiclassical level but occasionally we
have results about differentials at the Hopf algebra level as in [Woronowicz 1989],
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building on [Majid and Tao 2015b]. We recall that a Hopf algebra A is an algebra
equipped with a compatible coalgebra and an “antipode” § in the role of inverse.
We denote the coproduct A : A — A® A by the Sweedler notation Aa = a() @ a).
A differential calculus (2!, d) on a Hopf algebra is called left-covariant if Q!
is a left A-comodule with coaction A; : Q! — A ® Q! satisfying Ay (a db) =
ambay ® ap)ydb) for all a, b € A. Similarly for a right-covariant calculus with
structure map Ag : Q! — Q! ® A satisfying Ag(adb) = aydb) ® ap)ba). A
calculus is bicovariant if it is both left- and right-covariant. A left-covariant calculus
can always be put in the form Q' = A ® A! as a left A-module, where A! is the
space of invariants under the left coaction, and in the bicovariant case extends
canonically to a differential graded algebra 2 [Woronowicz 1989].

2. Preliminaries

2A. Deformation of noncommutative differentials. We follow the setting given in
[Beggs and Majid 2006]. Let M be a smooth manifold and consider the deformation
of the coordinate algebra C*° (M) by replacing the usual commutative point-wise
multiplication (usually omitted) with a new multiplication e of the form a eb =
ab+ O() for all a, b € C*(M). The noncommutativity of the new product
can be expressed in a bracket {,} : C*(M) @ C*(M) — C*°(M) defined by
[a,bl. =aeb—Dbea = A{a, b} + O(1%). We assume that we are working in a
deformation setting where we can equate order by order in A. Then it is well-known
that the new product » is associative up to order O (A2) if and only if the bracket { , }
is a Poisson bracket. We denote the associated bivector by 7, so {a, b} = 7w (da, db).

In the same spirit, however, one can likewise consider the deformation of differ-
ential forms. The n-forms Q" (M) and exterior algebra Q2 (M) are identified with
their classical counterparts as vector spaces. But now Q!(M) is equipped with
new left/right actions aet =at 4+ O(X) and T ea = ta + O(X). The deformed
derivation d, : Q*(M) — Q"t1(M) is of the form d,a = da + O (1). Define a linear
map y : C®(M) ®@ QY (M) — Q1(M) by

aet—T1ea=|a,t].=\y(a, t)—i—O()»z).

It was shown in [Hawkins 2004; Beggs and Majid 2006] that for Q' (M) with
new left/right actions to be a (C°°(M), » )-bimodule up to order o(\?) requires the
associated map y to satisfy

2-1) y(ab,t)=y(a,t)b+ay(, 1),
(2-2) y(a,bt) =by(a, )+ {a, b}t.

If d, is a derivation up to order O (A?), then y should also satisfy

(2-3) d{a, b} =y (a,db) —y (b, da),
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where d : C®°(M) — Q!(M) is the usual exterior derivation.

Definition 2.1. Any map y : C®°(M)® Q' (M) — Q!(M) satisfying (2-1) and (2-2)
is called a preconnection on M. A preconnection y is said to be Poisson-compatible
if (2-3) also holds.

Such preconnections can arise by pullback along the map that associates a Hamil-
tonian vector fields a = {a, —} to a function a € C*®° (M), i.e., y (a, —) = V; for a co-
variant derivative defined at least along Hamiltonian vector fields, in which case the
remaining (2-3) appears as a constraint on its torsion. From the analysis above, we
see that a Poisson-compatible preconnection controls the noncommutativity of func-
tions and 1-forms, and thus plays a vital role in deforming a differential graded alge-
bra Q2 (M) at lowest order, parallel to the Poisson bracket for C°° (M) at lowest order.

Remark 2.2. As pointed out by the referee, a Poisson-compatible preconnection
in Definition 2.1 can be seen as an example of a Lie—Rinehart connection; cf.
[Huebschmann 1990]. If M is a Poisson manifold then the pair (C®(M), Q1 (M))
forms a Lie-Rinehart algebra with Q' (M) a Lie algebra by [da, db] = d{a, b} for all
a,beC® (M), where (2'(M), [, ]) acts on C*®*(M) by (da)>b=m(da, db) ={a, b}
for all a, b € C°°(M). In this context we can consider a Poisson-compatible
preconnection as a covariant derivative V,, along 1-forms n € Q'by Ve, =y(a, —)
extended C°°(M)-linearly, i.e., a Lie—Rinehart connection in this context. Here
(2-2) appears as the connection property V,(at) = 7 (n, da)t +aV,t while (2-3)
appears as the further property [n, 7] =V,7 — V pforall n, 7 € Ql(M).

2B. Poisson-Lie groups and Lie bialgebras. Throughout the paper, we mainly
work over a Poisson—Lie group G and its Lie bialgebra g. By definition, the Poisson
bracket {, } : C*°(G) ® C*(G) — C*°(G) is determined uniquely by a so-called
Poisson bivector 1 =7V @ 7@, ie., {a, b} = 7V (da)7® (db). Then g is a Lie
bialgebra with Lie cobracket § : g — g ® g given by

50 = Sxg e r (7| .
where g = exptx € G for any x € g. The map § is a Lie 1-cocycle with respect
to the adjoint action, and extends to group 1-cocycles D(g) = (R,-1).7(g) with
respect to the left adjoint action and DY (g) = (L ¢-1)x7(g) with respect to the right
adjoint action, respectively. Here DY and D are related by DY (g) = Ad,-1 D(g)
and thus are equivalent. We recall that a left group cocycle means

Duv) =Du)+ Ad,(D(v)) forall u,ve G, D(e)=0.

When G is connected and simply connected, one can recover D for a given § by
solving
dD(x)(g) = Adg(8x), D(e) =0,
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where X is the left-invariant vector field corresponding to x € g. We then recover
the Poisson bracket by 7 (g) = Ry« (D(g)) for all g € G. These notions are due to
Drinfeld and an introduction can be found in [Majid 1995].

For convenience, we recall that a left g-module over a Lie algebra g is a vec-
tor space V together with a linear map > : g ® V — V such that [x, y]>v =
x> (yev)—ye(x>v) forall x, y € g and v € V. Dually, a left g-comodule over a
Lie coalgebra (g, §) is a vector space V together with a linear map o : V — g® V
such that (6 ®id) oo = ((id —7) ®id) 0 (1d®J) ocx. Over a Lie bialgebra (g, [, ], §), a
left g-crossed module (V, >, ) is both a left g-module (V, ) and a left g-comodule
(V, a) such that

a(xeov)=(x, |Qid+id® x>)a(v) +5(x)>v

for any x € g, v € V. When g is finite-dimensional, the notion of a left g-crossed
module is equivalent to a left g-module (V, ) that admits a left g*°P-action >’
satisfying

(2-4) by V(D). X) +x(1) > v(P, x2)) = x> (' V) — P (x> )

for any x € g, ¢ € g* and v € V, where the left g*°P-action " corresponds to the
left g-coaction o above via ¢’ v = (¢, vD)v® with a(v) = vV @ v®. Therefore,
a left g-crossed module is precisely a left D(g)-module, where D(g) is the Drinfeld
double of g; see [Majid 1995]. For brevity, we call a left g-module V with linear
map > : g* ® V — V (not necessarily an action) such that (2-4) holds a left almost
g-crossed module.

2C. Left-covariant preconnections. The algebra of functions on a Poisson-Lie
group G typically deforms to a noncommutative Hopf algebra A and a semiclassical
analysis of the covariance of a differential structure was initiated in [Beggs and Majid
2006] in terms of preconnection y. By definition, a preconnection y is said to be
left-covariant (right-covariant, or bicovariant) if the associated differential calculus
on (C*(G), ») is left-covariant (right-covariant, or bicovariant) over (C*°(G), »)
up to O(A?). [Beggs and Majid 2006, Lemma 4.3] gives a precise characterisation
of this in terms of a map E as follows.

We first explain the notations used in [Beggs and Majid 2006]. We recall that there
is a one-to-one correspondence between 1-forms '(G) and C*®(G, g*), the set of
smooth sections of the trivial g* bundle. For any 1-form 7, define 7 € C*°(G, g*) by
letting T, = L} (7). Conversely, any s € C*°(G, g*) defines an 1-form (denoted by 5)
by setting §, = L*—l (s(g)). In partlcular we know da € Q!(G) and da e C>®(G, g%
for any a € C°°(G) Denote da by Ly, then

(La(g). v) = (da(g), v) = (L}((da)y), v) = ((da),. (Lg),v) = (L), (v)a,
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which is the directional derivation of a with respect to v € g at g.

Using the above notations, a preconnection y can now be rewritten on g*-valued
functions as 7 : C®°(G) x C®(G, g*) — C®(G, g*) by letting 7 (a, T) = y (a, 7).
Note that for any ¢, v € g* and g € G, there exist a € C°°(G) s € C*(G, g%
such that L, (g) = ¢ and s(g) = . One can define amap E: G x g* x g* — g* by

7(a,$)(g) = {a, s}(g) + B(g, La(g), 5(2)).

For brevity, the notation for the Poisson bracket is extended to include g*-valued
functions on one side.

Beggs and Majid [2006, Proposition 4.5] show that a preconnection y is left-
covariant if and only if E(gh, ¢, ¥) = E(h, ¢, ) forany g, h € G and ¢, ¥ € g*.
Hence for a left-covariant preconnection the map Z defines a map E:g*®g* — g*
by E(¢, ) = Z(e, ¢, ¥) and conversely, given B : g* ® g* — g*,

(2-5) 7(a,$)(g) =1la,s}(g) + E(La(g), s(g))

defines the corresponding left-covariant preconnection y. In addition, Beggs and
Majid [2006, Proposition 4.6] show that a left-covariant preconnection is Poisson-
compatible if and only if the corresponding E obeys

(2-6) E(9.¥) —EW. 9) =[0. Vg

for all ¢, ¢ € g*.

Based on these results, we can write down a formula for the preconnection y in
coordinates. Let {e;} be a basis of g and { f’} be the dual basis of g*. Let {w'} be
the basis of left-invariant 1-forms that is dual to {0;} the left-invariant vector fields
(generated by {e;}) of G. Then the Maurer—Cartan form is

szwiei € QI(G, 9).
i

For any n = Y, nio' € Q'(G) with n; € C*(G), we know 7 corresponds to
=Y ;nif €C>®(G,g"). On the other hand, any s = Y, 5; f' € C®(G, g*) with
si € C*°(G) corresponds to § =) ; siw' € QY(G). In particular, da = Zi(aia)fi.
Foranya € C*(G)andt =) ; o' € QY (G), we know {a, T} = > ia, 7} fl
and
E(da(g). 7(g)) = E(Z(a,-axg)f", > r,-(g)ff)
i j
=Y @)@ (E(f, f7)
i,J
=Y @a) QT (E, f7), ex) £,

i,j.k
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SO

V(a, D)= Z({a, w}+ ) @@ (B, 1), ek))fk-
i,j

k

If we write & = (E(f*, f1), ex) (or E(f*, f)) =Y, EY f*) for any i, j, k, then
we have

(2-7) y(a, )= Z({a, wh+ ) EZj(aia)fj)wk-
k i,j

In particular, we have a more handy formula,

28)  y@w)=) Ga)E(f ) e =) E@a)o’ forall ).
i,k ik
3. Bicovariant preconnections

Beggs and Majid [2006, Theorem 4.14] show that y is bicovariant at the Poisson—Lie
group level if and only if

B-1)  E(p,¥)—Adl | E(A; ¢, Ady ) =¢ (g 'n V(@) ad} o, ¥

for all g € G and ¢, ¥ € g*. We now give a new characterisation in terms of Lie
bialgebra-level data.

Theorem 3.1. Let G be a connected and simply connected Poisson—Lie group. A
left-covariant preconnection on G determined by & : g* ® g* — g* is bicovariant if
and only if (ad*, — E) makes g* into a left almost g-crossed module, or explicitly,

(3-2) adi B(¢, ¥) — E(ady ¢, ¥) — E(d, ady ¥) = ¢ (x1)) ady , (V)

forall x e gand ¢, € g*, where 6(x) = x1) ® x2). This is equivalent to
(3-3) 8pE(P, V) — E(d), ¥) @ P2y — E(P, Y1) ®Y2) = V(1) ® [P, ¥2)lg

forall ¢, € g*.

Proof. We first show the “only if”” part. To obtain the corresponding formula at the
Lie algebra level for (3-1), we substitute g with exp rx and differentiate at r = 0.
Notice that d Ad*(exptx)/dt|,_, = ad} and Ad*(exptx)|,_, = idg:. This gives
(3-2) as stated, where §(x) =x1) Q@ x(2) = dg_1 P(g)/dt],_, when g = exptx. Now
denote ad} by x> and let —E(¢, ) = ¢, the left g*°P-action; then the left-hand
side of (3-2) becomes

—x> (P> V) +éa) > Vb)), x) +o> (x> ),
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while the right-hand side is

P (xay ady, (V) = —¢(xp) ady | (V) = —xq) > ¥ ($, x2)).

Hence (3-2) is the content of

by > V(P X) +xy> ¥ (P, x0) = x> () —d> (x> V)

in our case, i.e., that g* is a left almost g-crossed module under (ad*, — E).
Conversely, we can exponentiate x near zero, and solve the ordinary differential
equation (3-2) near g = e. It has a unique solution (3-1) near the identity. Since the
Lie group G is connected and simply connected, one can show that (3-1) is valid
on the whole group.
Notice that ad} ¢ = ¢(1)(¢(2), x) for any x € g and ¢ € g*, so the left-hand side
of (3-2) becomes

—Z2(¢, v)1)(E(@, ¥)(2), x) — E(P1), V) (D), x) — E(d, Y1) (¥, X),
while the right-hand side of (3-2) is

SCxaNY (V). x@) =¥ ld, Yol x),
thus (3-2) is equivalent to (3-3) by using the duality pairing between g and g*. [J

4. Flat preconnections

As in [Beggs and Majid 2006], the curvature of a preconnection y is defined on
Hamiltonian vector fields x = {x, —} by

R, VT =y, vy, 1) =y, v, 1) —y(x,y},7) forall e Q(G),

which agrees with the covariant derivative curvature along Hamiltonian vector
fields X, y when this applies, on noting that [X, y] = {;,\y}. The curvature of a
preconnection reflects the obstruction to the Jacobi identity on any functions x, y
and 1-form t up to third order, namely

[x, [y, TL). + [y, [T, xL.1 4+ [T, [x, yL.l. = A*R (&, $) () + O(17).

This is the deformation-theoretic meaning of curvature in this context. We say a
preconnection is flat if its curvature is zero. This takes a similar form in terms of 7,
namely

(4'1) )7(xv )7()’,3))_)7()%?(X»S))_);({x,y}as)zo
forall x, y € C*°(G) and s € C*(G, g*).

Theorem 4.1. Let G be a connected and simply connected Poisson—Lie group with
Lie algebra g and y a Poisson-compatible left-covariant preconnection.
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(1) v is flat if and only if the corresponding map — E is a right g*-action (or left
g*°P-action) on g*,

4-2) B¢, ¥lg. O) =E(P, EW, 0 —EW, E(@,{) forall .4, ¢ g

(ii) y is bicovariant and flat if and only if (ad*, —EB) makes g* a left g-crossed
module.

Proof. Let y be a Poisson-compatible left-covariant preconnection on a Poisson-Lie
group G. Firstly, we can rewrite formula (4-1) in terms of E : g* ® g* — g*. By
definition, the three terms in (4-1) become

7, 7, ) (9) =[x,y s1g) + x, B(Ly(g), 5(9)))
+E(L:(9), {1, 8)(9) + E(Lx(8), E(Ly(g), 5(2))),

7, 7@, 9))(©) = {y, {x,51}(8) + {y, E(L.(2). 5(2)))

+E(Ly(g), {x,s}(9) + E(Ly(g), E(L:(g), 5(8))),
and
yUx, ¥} 5)(@) = {{x, v}, s}(g) + E(Lx,y)(8), s(8)).

Cancelling terms involving the Jacobi identity of a Poisson bracket, formula (4-1)
becomes

{x, B(Ly(g), (g} + E(L:(9), {y,5)(8) + E(Lx(g), E(Ly(g), 5(g)))
—{y, E(Lx(8), s(&)} — E(Ly(), {x, s}(g) — E(Ly(g), E(Lx(g), 5(2)))
= E(L.(2), 5(8)).

Note that since y is Poisson-compatible, this implies
Loy (@ =70, L)) —7 (. Lo)(g)
={x, L,}(g) + B(L(2), Ly(g)) — ¥, L:}(&) — E(Ly(g), L, (2)).

and {x, (L, (g), s(9)} = E({x, Ly}(g). 5(8) +E(Ly(g). {x. 5}(g)) by the deriva-
tion property of {x, —}. In this case (4-1) is equivalent to

4-3) E(Lx(g), E(Ly(g),5(2)) — E(Ly(g), E(Lx(g), 5(2)))
= E(E(Lx(9). Ly(8) — E(Ly(9). Ly (2)). 5(2))

forall x, y € C*(G) and s € C*(G, g*).

Now if y is flat, we can evaluate this equation at the identity e of G, and for any
¢, ¥, gt setp=L,(e), ¥ =Ly(e) and ¢ = s(e) for some x, y € C*(G) and
s € C*(G, g*). Then (4-3) becomes

E(E(@. V) - E(Y.¢),0)=E(¢, E(Y.{)) - B, (@, 7).
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Using compatibility again, we get (4-2) as displayed. This also shows E is a left
g*-action on itself, or g* is a left g*°P-module via — 2.

Conversely, if g* is a left g*°P-module via > : g* ® g* — g* and such that
— oY+ =[¢, Ylg, i.e., (4-2) holds. This implies (4-3) for any x, y € C*(G),
s € C*(G, g*), which is equivalent to (4-1).

The second part of the theorem combines the first part with Theorem 3.1. [J

4A. Preconnections and pre-Lie algebras. Now we recall the notion of a left pre-
Lie algebra (also known as a Vinberg algebra or left symmetric algebra). An algebra
(A, o), not necessarily associative, with product o: A® A — A is called a (left)
pre-Lie algebra if the identity

4-4) (xoy)oz—(yox)oz=xo0(yoz)—yo(xo02)

holds for all x, y, z € A. From the definition, every associative algebra is a pre-Lie
algebra and meanwhile every pre-Lie algebra (A, o) admits a Lie algebra structure
(denoted by g4) with Lie bracket given by

(4-5) [x,ylg, :=x0y—yox

for all x, y € A. The Jacobi identity of [, ]g, holds automatically due to (4-4). With
this in mind, we can rephrase Theorems 3.1 and 4.1 as follows.

Corollary 4.2. A connected and simply connected Poisson—Lie group G with Lie
algebra g admits a Poisson-compatible left-covariant flat preconnection if and

only if (g%, [, lg) admits a pre-Lie structure E. Moreover, this left-covariant
preconnection is bicovariant if and only if E in addition obeys

(4-6) 8g:E(d, V) — E(P, Y1) @Y — Y1) ® E(@, ¥(2))

= 8(¢0), V) ®b2) — V1) ® E(Y(2), P)
forall ¢,y € g*.

Proof. The first part is shown by (2-6) and (4-2). For the bicovariant case, the
additional condition on E is (3-3). Using compatibility and rearranging terms, we
know that (3-3) is equivalent to (4-6) as displayed. U

Example 4.3. Let m be a finite-dimensional Lie algebra and G = m* be an abelian
Poisson-Lie group with its Kirillov—Kostant Poisson-Lie group structure {x, y} =
[x, y] forall x, y e m C C*°(m*) or S(m) in an algebraic context. By Corollary 4.2,
this admits a Poisson-compatible left-covariant flat preconnection if and only if m
admits a pre-Lie algebra structure o. This preconnection is always bicovariant as
(4-6) vanishes when Lie algebra m* is abelian (8, = 0). Then (2-7) with E = o
implies
y(x,dy)=d(xoy) forall x,yem.
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(Note that (i} is a constant-valued function in C*°(G, m), so {x, ci}} = 0 and
y(x,dy) = E(x, y).)

In fact the algebra and its calculus in this example work to all orders. Thus the
quantisation of C*°(m*) is U, (m), defined as a version of the enveloping algebra
with relations xy — yx = A[x, y] for all x, y € m, where we introduce a deformation
parameter. If m has an underlying pre-Lie structure then the above results lead to
relations

[x,dy]=Ad(xoy) forall x,yem,

and one can check that this works exactly and not only to order A precisely as a
consequence of the pre-Lie algebra axiom. The full result here is:

Proposition 4.4. Let m be a finite-dimensional Lie algebra over a field k of char-
acteristic zero. Then connected bicovariant calculi Q! of classical dimension (i.e.,
dim A' =dim m) on the enveloping algebra U (m) are in one-to-one correspondence
with pre-Lie structures on m.

Proof. A differential calculus is said to be connected if ker d =k1 (as for a connected
manifold classically). It is clear from [Majid and Tao 2015b, Propositions 2.11
and 4.7] that a bicovariant differential graded algebra on U (m) with left-invariant
1-forms m as a vector space corresponds to a 1-cocycle Z!(m, m) that extends to a
surjective right m-module map w : U(m)* — m. Here the derivation

d:Um) > QUmM))=Um)@m

is given by da = a1y ® w((a())) for any a € U(m). Suppose that @ is such a
map; we take { = |y, € Z1(m, m). For any x € m such that ¢(x) = 0, we have
dx =1 Q®w(x) =0, then kerd = k1 implies x = 0, so ¢ is an injection, hence a
bijection as m is finite-dimensional. Now we can define a producto: m®m — m
by x oy = —¢~'(£(y) <x). The 1-cocycle property ¢ ([x, y]) = £(x) <y — ¢ (y) <x
implies [x, y] =¢ 7' (¢(x) <y —¢(y) <x) = —yox+xoy forall x, y € m. Hence
this makes m into a left pre-Lie algebra as

[x,yloz=—¢"' () <lx, y])
=N (¢ () ay) ax) — ¢ (L (2) ax) ay)

=xo(yoz)—yo(xo02).

Conversely, if m admits a left pre-Lie structure o, then y <x = —x o y makes
m into a right m-module and ¢ = idy,, the identity map, becomes a bijective 1-
cocycle in Zi (m, m). The extended map w : U(m)™ — m and the derivation
d:U(m) — U(m)®m are given by o(x1x2---x,) = ((x1 <x3) <- - - <x,,) for any
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X1x2 - x, € U(m)T and

d(xixz -+ xp) = Z Z Xo(1)** Xo(p) @O Xa(pt1) - Xo(n))
p=0 oeSh(p,n—p)

for any x1x, - - - x, € U(m), respectively. We need to show that kerd = k1. On
the one hand, k1 C kerd, as d(1) = 0. On the other hand, denote by U, (m) the
subspace of U (m) generated by the products x;x; - - - x,,, where xy, ..., x, € m and
p < n. Clearly, Uy =kl, Uy(m) =kl ®&m, U,(m)U,;(m) € Up,1,(m) and thus
(U, (m)),>0 is a filtration of U (m). In order to show kerd C k1, it suffices to show
that the intersection

(kerd)NU,(m) =k1 for any integer n > 0.

We prove this by induction on n > 0. It is obvious for n = 0, and true for n = 1
as,foranyv=7y ;x; € (kerd)Nm, 0=dv=), 1 Qw(x;) =), ] ®x; implies
v = Zi x; = 0. Suppose that (kerd) N U,—;(m) = k1 for n > 2. For any v €
(kerd) N U,(m), without loss of generality we can write v =) x; X, - - - x;, + V',
where X, €m and v’ is an element in U,_;(m). We have

n
dv= E 1®w(xi -+ xi,) + E E :xil s X xl/xl(/+1) " Xy ®xi./
i i j

n—2
/
+ : : Z : : : xia(l) o 'xia(r) ®a)(xio(rJrI) e xio(n)) +dv N

i r=1o0eSh(r,n—r)

We denote the elements

u;.

j =Xy 'Xi(j xl] xl(JJr]) s Xy, € Un—l(m)

b
for any i, 1 < j <n. Except the term »_; > " =1 Ui; ® x;;, all the summands in dv
lie in U,_>(m) @ m, thus ), Zr;:l ui; ® x;; also lies in U, —2(m) ® m as dv = 0.
This implies ) Z?:l ui; x;; = v” for some element v € U, (m). Rearrange this
and add n — 1 copies of ) ; u;,x;, = D _; X;, X, - - - x;, on both sides; we get

.
nE Xiy e Xi, = E Ex,1~ “Xig oy Xy Xipyy X, 1V
i

therefore,
1 " /
E E Xiy e Xig_y, xlj,x,/+,---x,-,l]+,;v +v e Uy,—1(m).

Thus, we see that v actually lies in (kerd) N U, —;(m), hence v € k1 by assumption.
Hence (kerd) N U, (m) = k1 for any n > 0, which completes the proof. O
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We apply this to U, (m). Because the Hopf algebra here is cocommutative, the
canonical extension to a DGA is by the classical exterior or Grassmann algebra on
A! = m with dA! = 0. To make contact with real classical geometry in the rest of
the paper, the standard approach in noncommutative geometry is to work over C
with complexified differential forms and functions and to remember the “real form”
by means of a *-involution. We recall that a differential graded algebra over C is
called a %-DGA if it is equipped with a conjugate-linear map * : 2 — €2 such that

x> =1id, (EAn = (=DEMpAg*  dE") = (dE)*

for any &, n € Q2. Let m be a real pre-Lie algebra, i.e., there is a basis {¢;} of m
with real structure coefficients. Then this is also a real form for m as a Lie algebra.
In this case, e = e; extends complex-linearly to an involution * : m — m, which
then makes Q (U, (m)) a x-DGA if .* = —A, i.e., if A is imaginary. If we want A
real then we should take e] = —e;.

Example 4.5. Let b be the 2-dimensional complex nonabelian Lie algebra defined
by [x, ] = x. It admits five families of mutually nonisomorphic pre-Lie algebra
structures over C [Burde 1998], which are

b1y tox=—x, tot=uwt,

bzﬁ#oi xot=8x, tox=(B—1x, tot=P}pt,
b3 : tox=—x, tot=x—t,

by : Xox =t, tox =—x, tot =-2t,
bs : xXot=ux, tot=x++t,

where o, B € C. (Here bj g = by 0, so we let 8 # 0.) Thus there are five families of
bicovariant differential calculi over U, (b):

QUU(b14):  [t.dx]=—idx, [f,dr]=rads;

QU (b2p20) : [x,dt]=2Bdx, [t,dx]=A(8—1)dx, [t,dr]=2Bdt;
QLU (b3)) [t,dx]=—Adx, [f,df]=Ardx—Ards;

QLU (by)) [x,dx]=xdr,  [t,dx]=—Ardx, [t,dr] = —2xdr;
QLU (b)) : [x,df]=Adx, [r,df]=Ardx+Adr.

All these examples are *-DGAs with x* = x and t* = ¢t when A* = —A as {x, t}
is a real form of the relevant pre-Lie algebra. We also need for this that « and 8
are real. The further noncommutative geometry of by , and b; g in 4-dimensional
cases is studied in [Majid and Tao 2015a].
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Example 4.6. For g € C, g # 0, we recall that the Hopf algebra C,[SL;] is, as an
algebra, a quotient of a free algebra C(a, b, ¢, d) modulo relations

ba =qab, ca=gqac, db=gqgbd, dc=qcd, bc=cbh,
ad —da= (g ' —q)bc, ad—q 'bc=1.

Writing the generators a, b, ¢, d as a single matrix, the coproduct, counit and
antipode of C,[SL,] are given by

s(a)=(e0)e(cn) (=07 s(a)-(L5% %)

where we understand A(a) =a®a+b®c, €(a) =1, S(a) =d, etc. By definition,
the quantum group C,[SU>] is Hopf algebra C,[SL,] with g real and *-structure

a* b*\ d —q7'c

c* d*)  \—qb a )’
We use the conventions of [Majid 1995] and refer there for the history, which is
related both to [Woronowicz 1989] and the Drinfeld theory [1987].

On C,[SUy], there is a connected left-covariant calculus Q! (C4[SU]) in [Woro-
nowicz 1989] with basis, in our conventions,

o’ =dda—gbde, wt=ddb—qgbdd, o =gadc—cda

of left-invariant 1-forms which is dual to the basis {9y, +} of left-invariant vector
fields generated by the Chevalley basis {H, X1} of sup (so that [H, X1] = 42X
and [ X4, X_] = H). The first-order calculus is generated by {0, ot} as a left
module while the right module structure is given by the bimodule relations

a)of — q2|f|fa)0, a)if — qlflfwi
for homogeneous f of degree | f|, where |a| = |c| =1, |b| = |d| = —1, and with
exterior derivatives
da = a0’ + ¢ 'bw*, db=—q¢"%ho’ +aw™,
de = ca’® +q¢ 'dot, dd= —q_zdwo +co™.
These extend to a differential graded algebra €2 (C,[SU,]) that has same dimension
as classically. Moreover, it is a x-DGA with

o =—0, o=—¢ o7, o F=—go’.

Since C,[SU;] and 2(C,[SU»]) are g-deformations, from Corollary 4.2 these
must be quantised from some pre-Lie algebra structure of su3, which we now
compute. Let

g=e"? =1+ %H 0(\?)
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for imaginary A. The Poisson bracket from the algebra relations is

{a,b}=—’§ab, {a,c}=—’§ac, {a,d}y=—1bc, {b,c}=0,

__1t - _!
{b,d} = 2ba’, {c.d} 2cd.

The reader should not be alarmed by the : as this is a “complexified” Poisson

bracket on C*°(SU,, C) and is a real Poisson bracket on C*°(SU,, R) when we

choose real-valued functions instead of complex-valued functions a, b, c, d here.
As dx =), (9;x)w', we know, in the classical limit,

n(a)=(020) »(C0)=00) =(0)-62)

From aw® — 0% = (1 — q2)aa)0 = —1raw’ 4+ O(A?), we know that y (a, ®°) =
—1aw®. Likewise, we can get

ab AN a —b ; ) B B
V((C d>,a))—2t,(c _d)a) forall i € {0, £}, to = —21, t+ = —1.

—

Now we can compute the pre-Lie structure E : suj ® su; — su; by comparing
with (2-8), namely

a b ; i a b
(())= 2 =(a(ca)!
i,ke{0,+)

tells us that the only nonzero coefficients are

=00 __ =0+ l l
(=) = -1, S, = z, _ 5

Then
E@.0)=—14. E@ V) =—5Vs. E@ Y)=—5V-,

and E is zero on other terms, where {¢, 1/} is the dual basis of su3 to {H, X4 }.
Thus the corresponding pre-Lie structure of suj is

E(@,9)=—1¢, E(P, V)= _%1//:|: and zero otherwise.

Letting t = —21¢, x1 =1 (Y +¥_), xo =¥ —1¥_, we have a real pre-Lie structure
for suj = span{t, x1, x2}:

tot=-2t, tox;j=—x; foralli=1,2.
This is a 3-dimensional version of b; _;.
Example 4.7. Let g be a quasitriangular Lie bialgebra with r-matrix

r=rYer®eg®g.
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Then g acts on its dual g* by coadjoint action ad* and by [Majid 2000, Lemma 3.8],
g* becomes a left g-crossed module with — &, where E is the left g*-action

E(¢, ¥) = —(¢,r®)adfy, v
To satisfy the Poisson-compatibility (2-6), (g, 7) is required to obey
4-7) rDe [r(z), x|+ r?® [r(l), x]=0, ie,ryex=0, forall xeg,

where . = %(r +r»1) is the symmetric part of r and the second factor of r acts
on x via adjoint action of g. In this case g* has a pre-Lie algebra structure with
E(p, V) = —(¢p, r?P) ad:‘(l) Y by Corollary 4.2. We see in particular that every
finite-dimensional cotriangular Lie bialgebra g* is canonically a pre-Lie algebra.
More generally, if the centre Z(g) is nontrivial then any nonzero r; € Z(g)®?
combined with a triangular structure r_ gives a strictly quasitriangular r =r_ +r4
obeying (4-7). This is the full content of (4-7) since this requires that the image
of r, regarded as a map g* — g lies in Z(g) and ry is symmetric. On the other
hand, § and E are the same as computed from r_, so we may as well take ry =0
as far as our present applications are concerned.

5. Quantisation of the tangent bundle 7G = Gr<g

We will be interested in quantisation of the tangent bundle 7G of a Poisson—Lie
group G, with natural noncommutative coordinate algebra in this case provided by
a bicrossproduct [Majid 1990b; 1995].

5A. Review of bicrossproduct Hopf algebras. We start with the notions of double
cross-sum and bicross-sum of Lie bialgebras [Majid 1995, Chapter 8]. We say
(g, m, <, >) forms a right-left matched pair of Lie algebras if g and m are both Lie
algebras and g right acts on m via <, m left acts on g via > with

9. V]<E =[¢p <. ¥+, ¥ <€l+ oY) -y <(@r$),
¢, n]=[PpeE, nl+[5, oeonl+ (@<d)en—(pan)e§,

for any &, n € g, ¢, ¥ € m. Given such a matched pair, one can define the “double
cross-sum Lie algebra” ge<m as the vector space g @ m with the Lie bracket

[(S’(ﬁ)’ (n, W)]Z([faﬂ]+¢>ﬂ—‘ﬁ>§,[¢» W]+¢<”7—W<'5)

In addition, if both g and m are now Lie bialgebras with > and < making g a left
m-module Lie coalgebra and m a right g-module Lie coalgebra, such that

<& ®Ea) + b)) ®pe)>E =0

for all £ € g, ¢ € m, then the direct sum Lie coalgebra structure makes g>m into
a Lie bialgebra, the double cross-sum Lie bialgebra.
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Next, if g is finite-dimensional, the matched pair of Lie bialgebras (g, m, <, )
equivalently defines a right-left bicross-sum Lie bialgebra m >« g* built on m & g*
with

(5-1) (&, ) W, D] =, ¥]m, [f, hlg= + [ ¥ —h<¢),
(5-2) 5 =0mp+ (d—1)B(¢), Of =6,

for any ¢, ¥ € m and f, h € g*, where the right action of m on g* and the left
coaction of g* on m are induced from < and > by

(f<¢. &) =(f.6=&), BB =) f@¢<e,

forallp em, f eg*, £ egand {¢;} is a basis of g with dual basis { f'}. We refer
to [Majid 1995, Section 8.3] for the proof.

Now let (g, m, <, >) be a matched pair of Lie algebras and M be the connected
and simply connected Lie group associated to m. The Poisson-Lie group M ~« g*
associated to the bicross-sum m >« g* is the semidirect product M < g* (where g*
is regarded as an abelian group) equipped with Poisson bracket

{fsg}z()’ {5,77}=[5»77]g, {$7f}=a*$(f),

for all functions f, g on M and linear functions &, n on g*, where o, is the vector
field for the action of g on M. See [Majid 1995, Proposition 8.4.7] for the proof.
Note that here g, m are both viewed as Lie bialgebras with zero cobracket, so the
Lie bracket and Lie cobracket of the bicross-sum Lie bialgebra m >« g* is now
given by (5-1) and (5-2) but with [, Jg« =0, 8 = 0.

More precisely, let (g, m, <, >) be a matched pair of Lie algebras, with the
associated connected and simply connected Lie groups G acting on m and M acting
on g. The action < can be viewed as Lie algebra cocycle < € Zi*®7id (m, g*®m)
and under some assumptions can then be exponentiated to a group cocycle

ae Zi@AdR(M, g @m),

which defines an infinitesimal action of g on M. Hence, by evaluation of the
corresponding vector fields, a defines a left action of the Lie algebra g on C*°(M)
[Majid 1990a]:

z ~ d
(5-3) Ef)s)=as(f)(s)= Ef(s exp(tag (s))) |t_0 forall feC™(M), §€g.

We also note that m acts on M by a left-invariant vector field:

@) =S Fsexp o]
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for any ¢ e m, f € C°°(M), and these two actions fit together to an action of gs<am
on C*®°(M).

Finally, we can explain the bicrossproduct C[M] »< U, (g) based on a matched
pair of Lie algebras (g, m, <, >), where C[M] is an algebraic model of functions
on M. The algebra of C[M ]»<U, (g) is the cross product defined by the action (5-3).
Its coalgebra, on the other hand, is the cross coproduct given in reasonable cases
by a right coaction (defined by the left action of M on g)

B:g—>gQC[M], BE)(s)=sx£& forall £eg, seM.

The map B is extended to products of the generators of U, (g) to form a bicross-
product C[M]w»< U, (g) as in [Majid 1995, Theorem 6.2.2].

The Poisson—Lie group M >«g* quantises to C[M]»<U, (g) as a noncommutative
deformation of the commutative algebra of functions C[M >« g*]. See [Majid 1995,
Section 8.3] for more details. The half-dualisation process we have described at
the Lie bialgebra level also works at the Hopf algebra level, at least in the finite-
dimensional case. So morally speaking, U, (g) >< U (m) half-dualises in a similar
way to the bicrossproduct Hopf algebra C[M]»< U, (g). If one is only interested in
the algebra and its calculus, we can extend to the cross product C*°(M) > U, (g).

5B. Poisson-Lie group structures on the tangent bundle Gr< g. Let G be a Lie
group with Lie algebra g. As a Lie group, the tangent bundle TG of a Lie group
G can be identified with the semidirect product of Lie groups G < g (by the right
adjoint action of G on g) with product B

(g1, x)(g2,y) = (8182, Ad(gz_l)(X) +y) forall g;,82€ G, x,yeg,

where g is g but viewed as an abelian Poisson-Lie group under addition. Naturally,
the Lie algebra of G p< g is the semidirect sum Lie algebra g>< g with Lie bracket

[Ean]:[évn]g’ [Xay]z(), [X,s]:[X,é]g for all 597’)69’ x,yeg.

Keeping in mind the observations in Section 5A, we propose the following
construction of a Poisson—-Lie structure on the tangent bundle G < g via a bicross-
sum. In what follows we assume that G is a finite-dimensional connected and simply
connected Poisson-Lie group, and g is its Lie algebra with the corresponding Lie
bialgebra structure. We let

g* = (g% [, lg¢, zero Lie cobracket) and g:=(g, [, Iy, zero Lie cobracket),

where g* is the dual of Lie bialgebra g = (g, zero bracket, §5). One can check that
g* and g together form a matched pair of Lie bialgebras with coadjoint actions, i.e.,

Eap=—adjt=(d,61))kn), Erd=ad;d=0a)id0),§)
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for any ¢ € g*, £ € g.

5B1. Lie bialgebra level. The double cross-sum Lie bialgebra g* m<ig is then built
on g* @ g as a vector space with Lie bracket

[, Y] =1, Vg, [E. 0] =&, nlg,
.9l =E<p+éEpd = (h,E01))é0) +90) (D), &)

for all ¢, ¥ € g*, £, n € g, and zero Lie cobracket. This is nothing but the Lie
algebra of the Drinfeld double D(g) = g* < g of g with zero Lie-cobracket.

Correspondingly, the right—left bicross-sum Lie bialgebra defined by the matched
pair (g*, g, <, >) above is g« g, whose Lie algebra is a semidirect sum ge< g and
the Lie coalgebra is semidirect cobracket g >« g, namely -

(5-4) [§.n1=1& nlg, [x,y1=0, [x,§]=1[x,&]g,
88 = (id —1)8q(5) =£1) ®E) — €@ ® &y, 8x = 8y,

forany §,n € g, x, y € g. Here the coaction on g is the Lie cobracket 5 viewed as
amap from g to g® g.

5B2. Poisson—Lie level. Associated to the right—left bicross-sum Lie bialgebra
g >« g, the Lie group G < g is a Poisson-Lie group (denoted by G >« g) with the
Poisson bracket

(5-5) (LR =0, (o, ¥} =Ib Vg, (b, f)=0f

for any ¢, ¥ € g* C C>(g)and f, he C*(G), where 5 denotes the left Lie algebra
action of g* on C*®°(G) (viewed as a vector field on G) and is defined by the right
action of g* on g.

The vector field 5 for any ¢ € g* in this case can be interpreted more precisely.
We can view the actions between g* and g as Lie algebra 1-cocycles, namely the
right coadjoint action <« = —ad* : g ® g* — g (of g* on g) is viewed as a map
§— ()" ®F=(@"®F=g®F. Itmaps £ to

doe®Eaf =) e ®(fEnE =) ® ).

1

which is nothing but the Lie cobracket 64 of g. Likewise, the left coadjoint action
of g on g* is viewed as the Lie cobracket 8q+ of g*. We already know that the Lie
1-cocycle §4 € z! 4(9, 9 ® g) exponentiates to a group cocycle

DY € Z,4, (G, g®09),
thus

(5-6) $e = (L) (¢ ®id)D" (g)) € T,G, forall g€ G,
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defines the vector field on G in (5-5).
According to [Majid 1995, Proposition 8.4.7], the Poisson bivector on the tangent
bundle 7G = G >« g is

(5-7) r=Y Gef —Fen+y d ffaed,

i ik
where {9;} is the basis of left-invariant vector fields generated by the basis {e;} of g
and { f'} is the dual basis of g*. Here

Pxx =Y d f*8;®9;
i,j.k

is the known Kirillov—Kostant bracket on g with

dger = Zd,ijei ®e;j.
ij
We arrive at the following special case of [Majid 1995, Proposition 8.4.7]:
Lemma 5.1. Let G be a finite-dimensional connected and simply connected Poisson—
Lie group and g be its Lie algebra. The tangent bundle TG = G v< g of G admits a
Poisson—Lie structure given by (5-5) or (5-7), denoted by G >« g. The corresponding
Lie bialgebra is g~ g, given by (5-4).

5B3. Bicrossproduct Hopf algebra. Finally, when the actions and coactions are
suitably algebraic, we have a bicrossproduct Hopf algebra C[G] »< U, (g*) as a
quantisation of the commutative algebra of functions C[G >« g] on the tangent bundle
= g of a Poisson-Lie group G. The commutation relations of CIG]»<U; (g%
are

[f,h]1=0, (¢, ¥1=2rlp, Vg, [o, fl=1rdf

for any ¢, ¥ € g* € C*®(g) and f, h € C[G]. This construction is still quite general
but includes a canonical e;(ample for all compact real forms g of complex simple Lie
algebras based in the Iwasawa decomposition to provide the double cross product or
“Manin triple” in this case [Majid 1990a]. We start with an even simpler example.

Example 5.2. Let m be a finite-dimensional real Lie algebra, viewed as a Lie
bialgebra with zero Lie-cobracket. Take G = m*, the abelian Poisson—Lie group
with Kirillov—Kostant Poisson bracket given by the Lie bracket of m. Then g = m*
and g* = m and g = m* = R", where n = dimm. Since the Lie bracket of m* is
zero, m* acts trivially on m, while m acts on m* by right coadjoint action — ad*,
namely

fat=—ad; f, or (f<&n)=(f[§nn)

for any f € m*, £, nem. So (m, m*, « = — ad*, > = 0) forms a matched pair.
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The double cross-sum of the matched pair (m, m*) is m < m*, the semidirect
sum Lie algebra with coadjoint action of m on m*:

E.n]l=1[5nlm, [f,R]1=0, [f.§]l=Ff<E=( fo)fo.
§6=0, 8f=0 forall £&,nem, f,hem*

Meanwhile, the right—left bicross-sum of the matched pair (m, m*) is m* >qm*,
the semidirect sum Lie coalgebra

Lfih]=0, [¢.¥]=0, [¢,fl=0<f=0,
§f =Gd—=1)B(f), 8¢ =bn0,

for any f,h € m*, ¢, ¥ € m*, where the left coaction of m* on m* is given by

prmF > mrem, A=) f®fae,

and {e;} is a basis of m with dual basis { '} of m*.

The tangent bundle of m* is the associated Poisson-Lie group of m* >4 m*,
which is M* >qm* = R" >qm*, an abelian Lie group, where we identify the abelian
Lie group M* with its abelian Lie algebra m*. Let {x} be the coordinate functions
on R” identified with {¢;} C m € C®(m*) = C®°(R"), as ¢; (Z Ajf7) =2x;. The
right action of m on m* transfers to 8+ € Z!(m*, m* ® m*). As a Lie group M
is abelian and M* = m* = R", so the associated group cocycle is identical to 8y,
thus from (5-6) we have

- . of
Ecf = (v Edxeef = ) _(xay )y e) i = Y (€ eilm, x) 55 (0),
i i
where we use the Lie cobracket in an explicit notation. This shows that

£ igy k kO
S—Z(f,é)cijx T for all & € m,

where c ;j are the structure coefficients of Lie algebra m, i.e., [e;, ¢j]m = Zk Cjiek.
Therefore the Poisson bracket on R* >4 m™* is given by

(fih) =0, (& =[&nln, (5 /1=E5f=) (f.€ f‘,"af,

i,j,k

where f,h € C*°(R") and &, n € m.
The bicrossproduct Hopf algebra CIG]»< U, (g*) = C[R"] > U, (m), as the
quantisation of C*°(R" >4 m™*), has commutation relations

o L
[x', x'1=0, [e,e;] )»Zcuek, [e;, x’ =A2cijx
k
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where {x'} are coordinate functions of R” =m*, identified via the basis {e;} of m. As
an algebra we can equally well take C*°(R") > U, (m), i.e., not limiting ourselves
to polynomials. Then [e;, f1=1) ik cf.‘jxk df/dx’ more generally for the cross
relations.

Example 5.3. We take SU, with the standard Drinfeld—Sklyanin Lie bialgebra
structure on sup, where the matched pair comes from the Iwasawa decomposition
of SLy(C) [Majid 1990a]. The bicrossproduct Hopf algebra C[SU>] »< U, (su3),
as an algebra, is the cross product C[SU;] > U, (su3) with a, b, ¢, d commuting,
ad —bc=1, [x',x*]=xx' (i=1,2) and

(x|, t]=rtle;, t ‘et —es], i =1,2,3,

that is,
1 A . A
[x*, t] = —Abctey + Et diag(ac, —bd) + 5 diag(b, —c),
(5-8) [x2, f] = Abcte; — %t diag(ac, bd) + % diag(b, ¢),
[x3, t] = —Aadt + A diag(a, d),

where ¢ = (¢ %) and {e;} and {x'} are bases of su, and suj as the half-real forms
of sl (C) and s15(C) respectively. The coalgebra of C[SU,] »< Uy (su}) is the cross
coproduct C[SU; ] »< U;.(su}) associated with

A(x")z1®xf—2zxk®Tr(te,~t—lek), e(x'y=0 forall i e({l,2,3).
k

The *-structure is the known one on C[SU,] with x'* = —x! for each i.

Proof. We recall that the coordinate algebra C[SU;] is the commutative algebra
Cla, b, ¢, d] modulo the relation ad — bc = 1 with x-structure

a* b*\ _ d —c
ctd*)  \=b al’

As a Hopf x-algebra, the coproduct, counit and antipode of C[SU,] are given by

O Y A e G I O B (S R G

Let {H, X1} and {¢, {1} be the dual bases of sl,(C) and sl3(C) respectively,

where
1 0 01 00
H=(O_1), x+=<00) and x_=(1 0).
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As the half-real forms of sl>(C) and sl5(C), the Lie algebras su, and su} have bases
er=—31(X4+X), e=-1(X;—-X), es=-—11H,
=ity =i —yo), X =2¢,

respectively. Note that x’ = —1f’, where { f'} is the dual basis of {e;}.
The Lie brackets and Lie cobrackets of su, and suj are given by

le;,ejl=¢€ijxex and Se; =1e; Ne3 forall i, j,k,
[xl,xz] =0, [xi,x?’] =x',i=1,2, Sx! = z(xz(X)x3 —x3 ®x2),
ox% = l()c3 Rx' —x! ®x3), ox = l()c1 R x?2 —x2®xl),
where €;j; is totally antisymmetric and €13 = 1. Writing § = £'e; € sup and
¢ = ¢;x' € suj for 3-vectors & = (§'), ¢ = (¢;), we know that (su}, sup) forms a
the matched pair of Lie bialgebras with interacting actions
Eap=(Ex&)xp, Evp=Ex0.

To obtain the action of su’ on C[SU>], we need to solve [Majid 1995, Proposition

8.3.14]

d

T a¢(e’5u) = Ad,1(E<ur>¢)), ap(lr)=0.

Note that SU> acts on suj by u l>¢—§ = Rotu¢_5, where we view ¢ as an element in su,
via p(¢) = ¢;e;. One can check that

az(u) = ¢ x (Rot,-1(é3) — €3)

is the unique solution to the differential equation. Now we can compute by (5-3)

(o> t;)(u) = %t} (ueta¢(u))

t=0
N ik atag ) ‘
_Xk: 3 et

=Y uj(agw)
k

=Y uilp(@). u"esu—e3lt,
k

where p(¢) =Y, ¢ie;. This shows that

[xi, t|= Axict = Mle;, t_legt —e3],
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as displayed. For each i, we can work out the terms on the right explicitly (using
ad —bc=1) as

x! t]——& abd —a*c —2b, b*d —a*d +a
T 2\ ad*—ac*—d, bd*—acd+2c)’

[x2 = 2 a’c +abd —2b, a*d+b*d —a
T 2 \act+ad*—d, bd*+acd—-2c)’

2
3 4 o (ad—a, abd
[, 11 = A( acd, adz—d)'

These can be rewritten as the formulae (5-8) we stated.
For convenience, we use Pauli matrices o1 = (1), oo = (? ), a3 =(, V).

Clearly, e = —%lo‘i and o; obey 0i0; = (S,'jlz +l€,'jk0'k and [O’l’, O‘j] = 2lEijk0k-

The coaction of C[SU;] on suj is defined by B(¢)(u) =uv>¢ = Rotuqz for any
u € SU,, ¢ € su3. Again, we view ¢ as an element in sup, so p(u>¢) =up (Pu~t,
namely Y, (u>)io; = Y, ¢iuo;u~". In particular, we have

(ul>xi)1(71 +(u>xi)2c72+(u >xi)303 =uo*,'u_1, i=1,2,3.

Multiplying by o} on the right and then taking the trace of both sides, and using
Tr(o;0;) = 26;; we have 2(u >x))x = Tr(uo;u"'oy). Therefore

usxt = % ZTr(ua,'u_lok)xk =-2 ZTr(ueiu_lek)xk,
k k

and thus B(x') = 3 3 x* @ Tr(to;t 'oy) = =23, x* ® Tr(te;t ~'ey). This gives
rise to the coproduct of x’ as stated. This example is dual to a bicrossproduct from
this matched pair computed in [Majid 1995]. (]

5C. Preconnections on the tangent bundle G >« g. We use the following lemma
to construct left pre-Lie structures on (g4 g)* = ()" »<(g)* = g* »<g*, where the
Lie bracket is the semidirect sum g* >< g* and the Lie cobracket is the semidirect
cobracket g* p< g*, namely
[¢7¢]:05 [fv¢]:f>¢:[fv¢]g*v [fyg]:[fvg]g*v
8 =b3pd =01 @b 8f = fuy® fo — for ® fu.

forany ¢, € g, f, g€ g*. For convenience, we denote f € g* by f if viewed in
g* or f if viewed in g*.

Lemma 5.4. Let (A, o) be a left pre-Lie algebra and (B, %) a left pre-Lie algebra
in the category g, M of left ga-modules, i.e., there is a left g s-action > on B such that

(5-9) av(x*xy)=(avx)*xy+x*x(acy)
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foranya,be A, x,y € B. Then there is a left pre-Lie algebra structure on B ® A
(x,a)o(y,b)=(x*xy+a>y,aob).

We denote this pre-Lie algebra by B > A, and have ggxa = gp >< ga for the
associated Lie algebras.

Proof. This is a matter of directly verifying according to the axioms of a left pre-Lie
algebra. U

Corollary 5.5. Let (m, o) be a left pre-Lie algebra. Suppose it admits a (not
necessarily unital) commutative associative product - such that

[gvx')’]m=[f,x]m')“i‘x‘[g,ﬂ]m forall 5»x»y€m,

where [, Iy is the Lie bracket defined by o. Denote the underlying pre-Lie algebra
bym= (m, ). Then m ><,q m is a left pre-Lie algebra with product

(5-10) x, 8oy, M= y+I[& ylm. Eon)
foranyx,yem, & nem.

Proof. Take (A,0) = (m, o) and (B, %) = (m, - ) in Lemma 5.4. Here (m, o) left
acts on (m, - ) by the adjoint action and (5-9) is exactly the condition displayed. [J

The assumption made in Corollary 5.5 is that (m, -, [, ]) is a (not necessarily
unital) Poisson algebra with respect to the Lie bracket, and that the latter admits a
left pre-Lie structure o.

Theorem 5.6. Let G be a finite-dimensional connected and simply connected
Poisson—Lie group with Lie bialgebra g. Assume that (g*, [, |g+) admits a pre-
Lie structure o and also that g* admits a (not necessarily unital) Poisson algebra
structure (g*, *, [, 1g+)

(5-11) Lfsdx ¥l =1f. @lgs x ¥ + [ f, Y]y

forany ¢, € g*, f € g*. Then the semidirect sum g* > g* admits a pre-Lie
algebra product o given by

(5-12) (@, oW h)= (@ +[f, ¥lg, foh),

and the tangent bundle G < g in Lemma 5.1 admits a Poisson-compatible left-
covariant flat preconnection.

Proof. We take m = g* in Corollary 5.5. We know g* > g* is the Lie algebra
of g* < g*, dual to Lie algebra g« g of the tangent bundle. Then we apply
Corollary 4.2. (]
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The corresponding preconnection can be computed explicitly from (2-8). For a
Poisson-Lie group G, let {¢;} be a basis of g and { f'} the dual basis of g*. Denote
by {'} the basis of left-invariant 1-forms that is dual to {9;} the left-invariant vector
fields of G generated by {e;} as before. For the abelian Poisson—Lie group g with
Kirillov—Kostant Poisson bracket, let {E;} be a basis of g and {x'} the dual basis
of g*. Then {dx'} is the basis of left-invariant 1-forms that is dual to {3/dx'}, the
basis of the left-invariant vector fields on g generated by {E;}. Now we can choose
{ei, Ei} to be the basis of g« g, and so {f%, x'} is the dual basis for g P g*.
Denote by {81, D;} the left-invariant vector fields on G >« g generated by {e;, E;},
and denote by {@', dx '} the corresponding dual basis of left-invariant 1-forms. By
construction, when viewing any f € C*°(G) and ¢ € g* C C*(g) as functions on
the tangent bundle, we know

Gf=0f Gg=adip, Dif=0, Dip=:1g.
This implies
5 =0, +Z(ad* W D= F=e, dd=d =) d] x)e
k

Let 6 be the pre-Lie structure of g* >< g* constructed by (5-12) in terms of *
and o in the setting of Theorem 5.6. The Poisson-compatible left-covariant flat
preconnection on the tangent bundle is then, for any function a,

y(a, o)=Y Galf'* 1, e+ Diallx’, Iy, ex)ot,
ik i,k

y(a,dx)) =Y Dialx' ox/, Ep)dik.
ik

f’*fJ:Za,’cj ko xioxi= Zb” k
k

[, flg =D (X', flge e f£ = Zd,if (x', e) f*,
s,k

If we write

k

where [, f/]g = d,ij £k, then the left-covariant preconnection on the tangent
bundle G >4 g is

y(f.oh) =3 al @ ek, y(£dx)=0, ¥, dx’)—zb ( ¢)dxk
ik

y(p, w)) = Z(a,ij ad:i ¢+ Zd,ij (x!, eQ(%)) oF

ik

forany f € C*(G), ¢ € g" C C>(g).
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This result applies, for example, to tell us that we have a left-covariant differential
structure on quantum groups such as C[G] »< U, (g*) at least to lowest order in
deformation. In the special case when the product x is zero, there is a natural
differential calculus not only at lowest order. Under the notations above, we have:

Proposition 5.7. Let G be a finite-dimensional connected and simply connected
Poisson—Lie group with Lie algebra g. If the dual Lie algebra g* admits a pre-
Lie structure o : g* ® g* — g* with respect to its Lie bracket ([, |« determined
by 8g), then the bicrossproduct CI[G]»< U, (g*) (if it exists) admits a left-covariant
differential calculus

Q' = (CIGI»aUs(gh) o< A'

with left-invariant 1-forms A! spanned by basis {o', dx'}, where the commutation
relations and the derivatives are given by

[f01=0, [f,dx]1=0, [, o/l=) M, [l ek,
k
¥, de/]=rd(xioxl), df =) 3; /e, di=dxi+) (ad} x)e’
J J

forany f € C[G].

Proof. Tt is easy to see that we have a bimodule Q'. As the notation indicates
[Majid and Tao 2015b], the left action on Q! is the product of the bicrossproduct
quantum group on itself while the right action is the tensor product of the right

action of the bicrossproduct on itself and a right action on A!. The right action of
C[G] here is trivial, namely

W af = flew, ddaf=fle)dd;

the right actions of x’ are clear from the commutation relations and given (summa-
tion understood) by

o ax’ = —A(x', flg, en)of = —ad) (1, eg)o,
dxJ axi = —Ad(xiox/) = —kbij&)\c%.

One can check that these fit together to a right action of the bicrossproduct quantum
group by using the Jacobi identity of g*, the pre-Lie identity on o, and the fact that
(x'f)(e) = x, f =0 by (5-6).

We check that the Leibniz rule holds. The conditions

dif,h]=0 and d[x', x/]=Ad[x’, x/]y
are easy to check, so we omit these. It remains to check that

(5-13) dx', f1=Ad(x'f) forall feC[G].
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The right-hand side of (5-13) is
LA f) = 20;(x )
while the left-hand side of (5-13) is
dix’, fl=d@' f —x'f) =[dx’, f1+[x', df]

= [dx' + (ad} x| f1+[x', 3; o]
=0+ [ad} x', flo/ +1x', 9; flo’ + @ ¥, o]
=[ad} x', flo/ +[x', 9; flo’ + 1@ )X, ¥, e))e’
= (lad} x', f1+[x, 9, F14 2(x', X, e)) (0 f)) o

— 3(ad X f @) 1)+ (I Foges e) @)

It suffices to show that 9 (;f) = adjjxif+;(8jf)+([x", fk]g*, e;j) (0 f), namely

(8 '] = ad! x +(Ix', f¥lgr. ).
Recall that in the double cross-sum g* g, for any e; € g, x' € g*,
le;j, xi] =e; ax! +e; bxl = ([xi, fk]g*, ejleg —i—ad:jxi.

Therefore the condition left to check is nothing but the Lie bracket of elements e;
and x’ viewed as the infinitesimal action of g* < g on C[G], as explained in the
general theory of double cross-sums in Section SA. U

Now we compute the left-covariant first-order differential calculus on the bi-
crossproduct quantum group C[SU,] »< U, (su3) constructed in Example 5.3.

Example 5.8. As in Example 4.6, the classical connected left-covariant calculus
on C[SU;] has basis of left-invariant 1-forms

a)ozdda—bdc:cdb—add, wT=ddb—bdd, @ =adc—cda
(corresponding to the Chevalley basis { H, X1} of suy) with exterior derivative
da = aw’ + b=, db=aw™ — ba)o, de = ca® + do™, dd=cot - do®.

Let o : suj ® su; — suj be a left pre-Lie algebra structure of su3 with respect to
the Lie bracket [x!, x2] = 0 and [x?, x3] = x’ fori = 1, 2. Let

{dxl, dx?, dx?)

complete the basis of left-invariant 1-forms on the tangent bundle as explained above.
According to Proposition 5.7, this defines a 6-dimensional connected left-covariant
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differential calculus on the bicrossproduct C[SU;] »< U, (su;) with commutation
relations and exterior derivative given by

[t,0']=0 forall [ €{0,+}, [t dxi]=0,

[x, dx/] = Ad(xi o x/) forall i, j e (1,2, 3],
X', 1= +0), [ o'1=0, ' o 1=0,

2, 0] = %zk(aﬁ —w), [ eoT1=0, X, o ]=0,

[*,01=0, [, 0'=-2r0", [ ol=-lo",
af® b\ (ab o ot
cd)] \cd)\o =)’
dx! = d,;c/1 +2x%0 + ot —x3a)7, dx? = df;z —uxle?+ixd0T +lx3af,

dx3 = &;% —(x! —i—lxz)a)+ + (' = zxz)af.

Proof. The commutation relations and derivative are computed from the formulae
provided in Proposition 5.7. It is useful to also provide an independent, more
algebraic proof of the example from [Majid and Tao 2015b, Theorem 2.5], where
left-covariant first-order differential calculi 2! over a Hopf algebra A are constructed
from pairs (A, w) where A! is a right A-module and @ : At — Al is a surjective
right A-module map. Given such a pair, the commutation relation and derivative
are given by [a, v] = av —aqyv <ap) and da = a() @ wne(ap)) forany a € A
and v € A!, where 7. =id — 1€ and € is the counit.

Firstly, the classical calculus on A := C[SU;] corresponds to a pair (AIA, w4)
with AIA = span{w’, ©*}, where the right C[SU,]-action on AIA and the right
C[SU;]-module surjective map w, : C[SUs]" — AlA are given by

o at=e()w’, je{0, 4},
a—1 b o ot
t— L) = = .
wa(t — 1) wA( c d—l) <w _wo)
Meanwhile, the calculus over H := U, (su}) corresponds to a pair (AIH, wpy) with
AIH = span{(fc/l, d;é, cfc%},

in which the right U; (su})-action on AIH and the right U, (su3)-module surjective
map oy : U, (su3)t — Al, are given by

Al <axt = —xd(xiox/) and wg(x') —dxi forall i,jefl,2, 3}).

Next we construct a pair (A!, w) over A = Aw<H with direct sum A! = AlA EBAIH.
First, it is clear that AlH is a right A-module with trivial A-action dx/<t = €(t) dx/,
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One can see this more generally as
v<a((hay>a)hp) =€e(@)v<h=@w<h)<a=v<(ha).

Next, we define a right U, (su3)-action on AlA by the Lie bracket of suj viewing
{0°, T} as {¢, Y} (the dual basis to {H, X+}), where

=y +yo, X =1 — Yo, X =2¢)

is the basis for the half-real form suj of sl3, namely

a)oqxlz—%k(w“L—i—a)_), a)+<1x1=0, a)_<1x1=0,
(5-14) o’ <ax? = —%lk(w+ —w’), o’ ax?= 0, o <ax’= 0,
o’ <x3 =0, ot ax? =0T, w0 <ax =0,

This H-action commutes with the original trivial A-action on Al,, hence AlA also
becomes a right A-module, as does A, & AL,
We then define the map w: AT — Al, @ AL, on generators by

o ot

a)(t—Iz):a)A(t—Iz):(w_ _w()), o) =y =dxi forie(l,?2,3).

This extends to the whole of A' as a right A-module map. To see that w is
well-defined, it suffices to check

o't —tx'y =w(x',t]) forall i €({l,2,3)},
where [x!, t] are cross relations (5-8) computed in Example 5.3. On the one hand,

w(xit — txi) =wix't— (t— 1% —xilz)
= a)H(xi) at —wa(t — Ip) axi — wH(xi)Ig

= —wa(t — b) ax’,

that is,

. . 0 + .
(5-15) a)(xlt—txl):—<;0 _ZO><1x’.
Since

[x\£] = —Abeter+ %t diag(ac, —bd)+ % diag(b, —¢)

— _Abcter+ %(t D) diag(ac, —bd) + % diag(ca, —bd) + % diag(h, —c),
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we know

a)([xl, t)) = —lw)e(ctey) + %a)((t — Ip))e(diag(ac, —bd))

A
2

= % diag(w™ + 0™, —0T —w7),

+ = diag(w(c) <a, —w(b) <d) + % diag(w (b), —w(c))

using €(¢) = I,. Likewise, we have

| _ k(oo 0
CU([XJ])—Z( 0 ),

2 1k [0 T 0
a)([x,t])_z( 0 >,

—ot 4o~

w([x3,t])=k( 0 ““+).
—w 0

Comparing with (5-15), we see that w(x’t — tx') = w([x, t]) holds for each
i =1,2,3 if and only if the right H-action on AIA is the one defined by (5-14).
From the coproduct of x’ given in Example 5.3, we know

dot = dxi + %xka)(n6 (Tr(tait_lok))).
This gives rise to the formulae for derivatives on x' as displayed. (]

We now analyse when a Poisson-compatible left-covariant flat preconnection is
bicovariant.

Lemma 5.9. Let g be in the setting of Theorem 5.6. The pre-Lie structure & given
by (5-12) of g* »< g* gives a bicovariant preconnection in Corollary 4.2 if and only

if

(5-16) Sp:(fo8) =0, fuy®[f),gly =0,
(5-17) Jyog® foy=—fog1)®8w):
(5-18) Sg:(@xy) =0, é*f1)® fy =0,

forall, ¥ € g*, f.g€g*

Proof. Since the bicovariance condition (4-6) is bilinear on entries, it suffices to

show that c obeys (4-6) on any pair of elements (¢, V), (¢, f), (f, ¢) and (f, g)

if and only if all the displayed identities hold for any ¢, ¥ € g%, f, g € g*.
Firstly, for any f € g* and ¢ € g", (4-6) on o reduces to

Sl f, dlgs = LS dn] ® ) — b1y ®Lf, d)] = fy ¥ 9 ® fioy + [f1): ¢1® Sy
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The only term in the above identity not lying in g* ® g* is f(1) * ¢ ® ]Tz), which
hence equals zero. Noting that §4+ is a l—cocycle,_the rgmairﬁg terms imply that
f®lf), ¢lg- =0. Changing the role of f and ¢ in (4-6) implies ¢* f(1) ®sz) =0,
as required. o

Next, for any f, g € g*, the condition (4-6) on & requires

(fe®n®(foay+(fodny®(fo®n —Lf gnly ®8w)
—fe8m®8e) —8m® fge) —8&m ®Lf. gy
= [f), 8le ® foy + fyog® fy —gy ® 2@ o f-

The terms in the above identity lying in g* ® g* are exactly the condition (4-6)
on the pre-Lie structure o for g*. Cancelling this, the remaining terms in g ®g*
reduce to gy o f ® g2) + 8o fi) ® fro) =0, which is equivalent to

fyog® foy+fogny®ge =0 forall f,geg"

Combining the above with f(1) ® [ f(2), ¢1g+ = 0, the condition (4-6) on o reduces
to 8g+(f 0 g) =0.

Finally, for any ¢, ¢ € g*, the condition (4-6) on & reduces to (4-6) on * for g*.
Since * is commutative, this eventually becomes N

(@*xY)1) R @ *¥)2) =d*x Y1) @ V) +d1) * ¥ ® P2).
Since ¢ * f(1) ® f(2) =0, this reduces to 54 (¢p * ) = 0. O

The conditions in Lemma 5.9 all hold when the Lie bracket of g (or the Lie
cobracket of g*) vanishes. Putting these results together we have:

Proposition 5.10. Ler G be a finite-dimensional connected and simply connected
Poisson—Lie group with Lie bialgebra g. Assume that (g*, [, 14+) obeys the condi-
tions in Theorem 5.6 and Lemma 5.9. Then the tangent bundle G > g in Lemma 5.1
admits a Poisson-compatible bicovariant flat preconnection. -

Example 5.11. In the setting of Example 5.2, we already know from Corollary 4.2
that the abelian Poisson—Lie group R"” >4q m* admits a Poisson-compatible left-
covariant (bicovariant) flat preconnection if and only if (m* >qm*)* =m >,gm
admits a pre-Lie structure.

From Corollary 5.5, we know that such a pre-Lie structure o exists and is given
by (x,&)o(y,n) = (x -y +[&, ¥ylm, £ on) if we assume (m, -, [, ]y) to be a finite-
dimensional (not necessarily unital) Poisson algebra such that (m, [, ];) admits a
pre-Lie structure o : m ® m — m. Then the corresponding preconnection is

y((x,8),d(y,m) =d(x -y +I[&, ylm. §on)

forany x,yem, §,nem.
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In fact this extends to all orders. Under the assumptions above, according to
Proposition 4.4, the noncommutative algebra U, (m ><,q m) = S(m) > U, (m), or
the cross product of algebras C[R"] > U (m) (as quantisation of C*°(R" >4 m™*)),
admits a connected bicovariant differential graded algebra

QU.(m >y m)) = (S(M) >aUp(m)) >< A(M >pq M)

as quantisation. Note thatd(x,£) =1® (x,£) € 1® A'. The commutation relations
on generators are

[S? U]Z)\[é’ n]ﬁh [xv )’]:O’ [gvx]:)"[‘i:vx]mv
[x,dY]=)¥d(XY), [E,dXJ =)\'d[§7x]ma [éf,dﬂ]=)»d(§°77),

forany x,yem, §,nem.

6. Semiclassical data on the cotangent bundle 7*G = g* >« G

In this section, we focus on the semiclassical data for quantisation of the cotangent
bundle T*G of a Poisson-Lie group G. We aim to construct preconnections on 7*G.

As a Lie group, the cotangent bundle 7*G can be identified with the semidirect
product of Lie groups g* >1 G with product given by

(9, )W, h) = (¢ +Ad*(2)(¥), gh)

forany g, h € G, ¢, ¥ € g*. As before, g* is g* but viewed as an abelian Lie group
under addition. In particular,

0,9 '=(—Ad"(g H(@).g") and (0,9 (4, e)0,8) " = (Ad*(g)¢, e).

Here Ad* is the coadjoint action of G on the dual of its Lie algebra. The Lie algebra
of T*G is then identified with the semidirect sum of Lie algebras g* > g, where
the Lie bracket of g* >« g is given by

(6-1) [(¢,x), (¥, )] = (ady ¥ —ad} &, [x, ylg)

for any ¢, ¥ € g*, x, y € g. Here g* is g* viewed as abelian Lie algebra and ad*
denotes the usual left coadjoint action of g on g* (or g*).

Our strategy to build Poisson-Lie structures on the ¢ cotangent bundle here is to
construct Lie bialgebra structures on g* > g via bosonisation of Lie bialgebras.
Then we can exponentiate the obtained Lie cobracket of g* > g to a Poisson-Lie
structure on g* > G. We can always do this, as we work in the nice case where the
Lie group is connected and simply connected.
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6A. Lie bialgebra structures on g* >« g via bosonisation. Let SJ(/L denote the
monoidal category of left Lie g—cro&ed modules. A braided-Lie bialgebra b € gﬂ/t
is (b, [, s, &s, >, B) given by a g-crossed module (b, >, 8) that is both a Lie algebra
(b, [, ]e) and a Lie coalgebra (b, §p) living in gﬁ/t, with the infinitesimal braiding
V:b®b— b®bobeying W(x, y)=ad, dpy—ad, dpx —38p([x, ylp) forany x, y € b.
If b is a braided-Lie bialgebra in gﬂ/t, then the bisum b >« g with semidirect Lie
bracket/cobracket is a Lie bialgebra [Majid 2000].
For our purposes, a straightforward solution is to ask for

g_* = (9*7 [s] :O, 69*, ad*, a)
to be a braided-Lie algebra in g for some left g-coaction o on g*.

Lemma 6.1. Let g be a finite-dimensional Lie bialgebra and suppose there is a
linear map E : g* ® g* — g* such that (2-6) holds. Then

g_*z(g*? [a]=0, 89*, ad*, Ol)

is a braided-Lie bialgebra in ng/L if and only if E is a pre-Lie structure on g* such
that B is covariant under the Lie cobracket 8y, in the sense that

(6-2) E(@, V)1 ® E(D, V)2 = E(P, Y1) @Y + ¥ ® E(P, ¥2)

and

(6-3) E(P1), ¥) ® b2 = V1) ® E(W @), ¢)

for any ¢, W € g*. Here the left g-coaction a and the left pre-Lie product E of g*
are mutually determined via

(6-4) (a(@), ¥y ®x) =—-E(, $)(x)

forany ¢,y € g%, x € g. In this case, the bisum g* > g is a Lie bialgebra with Lie
bracket given by (6-1) and Lie cobracket given by

(6-5) (¢, X) =04 X + g + (id —7)x(¢p)

forany ¢ € g*, X € g.

Proof. Since the Lie bracket is zero, by definition, the question amounts to finding a
left g-coaction o on g* such that (1) (ad*, o) makes g* into a left g-crossed module;
(2) 84+ is a left g-comodule map under «; and (3) the infinitesimal braiding ¥ on
g* is trivial, i.e.,

(6-6) W(g, ¥)=ad},, p@Y P —adjy, Y @9P —y P ®ady, ) p+¢P ®@ad), ¥

is zero for any ¢, ¥ € g_*, where we write a(¢) = ¢V @ ¢p@.
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Clearly, « is a left g-coaction on g* if and only if E defines a left g* action on
itself, since @ and E are adjoint to each other by (6-4), thus if and only if = is
left pre-Lie structure, due to (2-6). Next, the condition that the Lie cobracket d-
is a left g-comodule map under o means 4+ is a right g*-module map under —E.
This is exactly the assumption (6-2) on E. In this case, the cross condition (3-2) or
(4-6) (using compatibility) for making g* a left g-crossed module under (ad*, «)
becomes (6-3).

It suffices to show that the infinitesimal braiding W on g* is trivial on g*. By
construction, -

((9), ¢ @ x) = —E(p, $)(x),
o)
adj ) ¢ ® v® =90 ® E(pa), V),
where
a(@) =9V ®¢? and Sy =¢n) @0
Thus, using (6-3),

V(@ ¥) =adyq ¢ @ yY? —ady, v ©9? —y P @ad), ¢+ @adj, ¥
=EWa1),P) @V — Yo ® EWq, ¢)
—E(b1), ¥) @00 + ¢2) @ E(day, ¥)

EWay, ®) @Yo +va) ® EW (), @)
—E(d1), V) ® P2y — d1) @ E(P2), ¥)
=0. O

Example 6.2. Let m be a pre-Lie algebra with product o : m®m — m and g = m*
with zero Lie bracket as in Example 4.3. This meets the conditions in Lemma 6.1
and we have a Lie bialgebra g* >4 g = m >4 m* with zero Lie bracket and with
Lie cobracket N

8¢p =8¢ and Sx = (id—7)a(x) forall p em”, x em,

where « is given by the pre-Lie algebra structure o on m, i.e., (x ® ¢, ax(y)) =
—({¢, x oy). The Lie bialgebra here is the dual of the semidirect sum Lie algebra
m=m* >am (viewed as a Lie bialgebra with zero Lie cobracket), where m acts on
m* by the adjoint to the action of m on m given by o, i.e., (x>¢, y) = —p(x 0 y),

[x,y]=[x, y]m, [x,¢]=x>¢ and [¢,¥]=0 forall x,yem, ¢,y em®.

The Poisson bracket on m* = m >4qm™* is then the Kirillov—Kostant one for m, i.e.,
given by this Lie bracket.
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Example 6.3. Let g be a quasitriangular Lie bialgebra with »-matrix
r=rVer® €gRg

such that r > X = 0 for all X € g. As in Example 4.7, g* is a pre-Lie algebra
with product E (¢, ¥) = — (¢, r®) ad;k(,) Y. Direct computation shows E satisfies
(6-2)—(6-3) without any further requirement. So g* = (g*, [, 1 =0, 8, ad”, @) is
a braided-Lie bialgebra in g/l/t with a(¢) =r® ® adj(l) ¢. Hence, from Lemma 6.1,
g* ><g is a Lie bialgebra with Lie bracket given by (6-1) and Lie cobracket given
by (6-5), i.e.,

(6-7) 8(¢, X) = 85X + 8y + (id —7) (r'® @ ad’, ¢).

Note that if g is a quasitriangular Lie bialgebra, Majid [2000, Corollary 3.2,
Lemma 3.4] shows that (g*, 84+) is a braided-Lie bialgebra with Lie bracket given
by

6, 1 =2(¢, ") ad’, ¥ =0
+
in our case, so in this example g* in Lemma 6.1 agrees with a canonical construction.

On the other hand, this class of examples is more useful in the case where g is
triangular.

6B. Poisson—Lie structures on g* > G induced from g* ><g. Next we exponen-
tiate our Lie bialgebra structure g_* >« constructed by Lemma 6.1 to a Poisson—Lie
structure on the cotangent bundle. As usual this is done by exponentiating 6 to a
group 1-cocycle D.

Proposition 6.4. Let G be a connected and simply connected Poisson—Lie group.
If its Lie algebra g with a given coaction o meets the conditions of Lemma 6.1 then
g* > G is a Poisson—Lie group with

D($, ) = Adg D(g) + 53¢ + (id—1) (9" @ 9@ — Jad} 1, p © ),

where a(¢) = ¢V @ ¢p@.

Proof. Because of the cocycle condition, it suffices to find D(¢) := D(¢, e) and
D(g) := D(e, g); then

D(¢, g) = D(¢)+Ady D(g) forall (¢, g) € g*>G,

where
Adyp(X)=X —ady ¢ forall X egCg*>g, ¢ €g™.

We require
d
3 Pd) = Adip(89),



250 SHAHN MAIJID AND WEN-QING TAO

which we solve writing
D(¢) =bg-¢ + Z(9),
so that
£ 26) = Ady(id —0) 0@ (9) = (id —1) 0 () — 1(id —1) ad}, § @ 9,
Z(0)=0.
Integrating this to

Z(t¢) = 1(id —1) o () — 31*(id —7) (ad’ 1, p @ ),
we obtain

D($) =856+ (d—1) (¢ ®¢® — ad}, ¢ @),

where a(¢) =V @¢®. The general case dD(¢+1v)/dt |;—o = Adg(8v) amounts
to the vanishing of the expression (6-6), which we saw holds under our assumptions
in the proof of Lemma 6.1. ]

Example 6.5. In the setting of Example 6.3 with (g, ) quasitriangular such that
ry>X =0 for all X € g, we know that g* > G is a Poisson—Lie group with

D(¢,g) =0y +Adg)(r) —r+2ryv¢—ri>(9Q9),

where > denotes the coadjoint action ad*. As a(¢) = 1 > ¢, direct computation
shows that D(¢) = g4+ (¢p) + (id —7)r21 > ¢ +r_> (¢ ® ¢). Since the differential
equation for D(g) is the usual one on G for g quasitriangular, D(g) = Adg(r) —r
and we obtain the stated result. Note that
Ady(r) = (r(l) —rp )R (r(z) —r@p d)
=r4+ro@®¢)—rVoper® —rVerPee.

The differential equation dD (¢ + 1) /dt|,_, = Adg(8v) amounts to
ry(Ad—1)(@d @ ¥) =0,

which is guaranteed by .. > X =0 for all X € g.

Note that we can view r € (g* > g)®?, where it will obey the the classical
Yang—Baxter equation and, in our case, adg(ry) =0 as r>¢ = 0 on g* under
our assumptions. In this case g* >« g is quasitriangular with the same r, with Lie
cobracket -

S (@) =ady(r)=—1Vo00r® —rVerPs¢=(d-t)r>9¢

at the Lie algebra level (differentiating the above Ad,) and with § X as before. In
our case the cobracket has an additional §4:¢ term reflected also in D.
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6C. Preconnections on the cotangent bundle g*><G. Let gbe a finite-dimensional
Lie bialgebra and suppose that its dual g* admits a pre-Lie structure

E:g"®g" =g

such that (6-2) and (6-3) hold as in the setting of Lemma 6.1. Then the dual of the
Lie bialgebra g* > g is g > g*, with Lie bracket the semidirect sum g > g* and
Lie cobracket the semidirect cobracket g >« g*, that is,

[xv}’]=[x»)’]g» [¢,X]=¢I>X, [¢v Tﬁ]=[¢,1//]g*,
dx =(@Ad—-1)B(x), &P =550,

forany x,y € g, ¢, ¥ € g*. Here the left action and coaction of g* on g are given
by

(6-8) (pox,¥)=—8(¢,¥)(x) and (B(x),y®¢)= (o, [x,y]),

respectively.
Here again, we use Lemma 5.4 to construct pre-Lie algebra structures on the
semidirect sum g > g*.

Theorem 6.6. Let G be a connected and simply connected Poisson—Lie group with
Lie bialgebra g. Let g* admit two pre-Lie structures & and o, with & obeying (6-2)
and (6-3) as in the setting of Lemma 6.1. Let g also admit a pre-Lie structure * such
that

(6-9) ¢ (xxy)=(prx)*xy+x*(d>y),

forall x,y € g, ¢ € g*, where > is defined by (6-8). Then the Lie algebra g > g*
admits a pre-Lie structure o:

(6-10) (x,@)o(y,¥)=K*xy+ory, ¢poy),

and the cotangent bundle g* > G admits a Poisson-compatible left-covariant flat
preconnection.

Proof. Since (g, E) is in the setting of Lemma 6.1, the left g*-action in the semidirect
sum g > g* is the one defined in (6-8). The rest is immediate from Lemma 5.4 and
Corollary 4.2. ([

To construct a bicovariant preconnection, the pre-Lie structure constructed in
Theorem 6.6 must satisfy the bicovariance condition (4-6).

Proposition 6.7. In the setting of Theorem 6.6, the pre-Lie structure 6 of g > g*
defined by (6-10) obeys the bicovariance condition if and only if o obeys (4-6), * is
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associative and

(6-11) [x, yJsz=[y, z]*x,

(6-12) ((ady ¥) o) () + E(ady ¢, ¥)(x) =0,

(6-13) E(@, ¥)(Ix, ylg) = E(@, ady ) (x) — (¢ oady Y1) (¥),
foranyx,y,z € gand ¢,V € g*. The associated preconnection is then bicovariant.

Proof. Since (4-6) is bilinear, it suffices to show that (4-6) holds on any pair of
elements (x, y), (x, ¢), (¢, x) and (¢, ) if and only if all the conditions and
displayed identities hold. Here we write 8(x) = x! ® x, € g* ® g, so we know

Ly =[x, ]y, x'(x, @) = —ad’ ¢.

Firstly, for any ¢, ¥ € g*, the condition (4-6) for & reduces to (4-6) on the pre-Lie
structure o for g*.
Secondly, for any x, y € g, the condition (4-6) requires
xxy)' @rxyn—(r*yn®@@x*y) —x'oy@xn+nry®@x' +x%y @)y
=y'®[x, g+ @y >x.
The terms lying in g®g on both sides should be equal, i.e., —x'>y®@x; =y @y !> x,
which is equivalent to —E (ad} ¥, ¢)(y) = E(adj ¢, ¥)(x). This is true from our
assumption (6-3) on E. The terms in g ® g* give [x x y, z] =[x, z] * y +x * [y, z],
i.e., * is associative. The terms in g* ® g give (x * y)1 R (X *xy)y = y1 ® [x, y21q
and, applying the first factor to z € g, we obtain [x *x y, z] = [x, [y, z]], which is

equivalent to [x, z] *y = [z, y] * x.
Now, for any x € g, ¢ € g*, the condition (4-6) reduces to

0=x' 0P Rx2— Py P> x.

Applying y ® ¥, this becomes —E (adj ¢, ¥)(x) = ((ady ¥) 0 ) ().
Finally, for any ¢ € g*, x € g, the condition (4-6) requires

(@>x)' @ (@Brx)— (P> x)n® (@rx) —¢pox' ®x
+or0Qx' —x'@prr+0Q@pox! =g rxR@Po) +12®x' 0.

The terms lying in g* ® g give
(¢>x)' @ @rx)2—dox! ®x—x' @Pprx=0.
Applying y ® i, this is equivalent to
—E(¢, adj ¥)(x) + (p oady ¥)(») + E(¢, ¥)([x, ylg) =0.
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Applying ¢ ® y to the terms lying in g ® g*, after cancelling the identity just
obtained, we have ((ad} ¥) o ¢)(y) + E(ad; ¢, ¥)(x) =0. O

For simplicity, one can choose E = o in Theorem 6.6 and Proposition 6.7:

Corollary 6.8. Let g be a finite-dimensional Lie bialgebra. Assume that g* admits
a pre-Lie structure & such that (6-2) and (6-3) hold. Also assume that g admits a
pre-Lie structure x such that (6-9) holds, where the action is defined by (6-8) from E.
Then

(@) oy, ¥)=x*xy+ory, (@, V)

defines a pre-Lie structure for the Lie algebra § > g*, and thus provides a Poisson-
compatible left-covariant flat preconnection on the cotangent bundle g* > G.
Moreover, if * is associative and obeys (6-11), then the pre-Lie structure & obeys
(4-6) and the corresponding preconnection is bicovariant.

Proof. Clearly, there is no further condition on o in the case o = E in Theorem 6.6.
In the bicovariant case, the further conditions on o in Proposition 6.7 are (4-6),
(6-12) and (6-13). These all can be proven from the assumptions (6-2) and (6-3) we
already made on E. In particular, (6-3) shows that (6-12) is true, and (6-2) is simply
a variation of (6-13) when o = E. The only conditions left in Proposition 6.7 are
that * is associative and (6-11). O

Example 6.9. In the easier case of Example 6.2, we already know the answer: a
Poisson-compatible bicovariant flat preconnection on m* = m >4 m* corresponds
to a pre-Lie algebra structure on m = m* >m.

Assume 6 is such a pre-Lie structure, and also assume 6 is such that 6(m®m) Cm,
o(m* @ m*) C m*, o(m ® m*) € m* and that the restriction of 6 on the other
subspace is zero. Directly from the definition of pre-Lie structure, one can show
0 := o|mgm also provides a pre-Lie structure for (m, [, ]n), while * := S|p+gm*
provides a pre-Lie structure for (m*, [, ]+ = 0), thus * is associative and (6-11)
holds automatically. Meanwhile, > := 6|hgm+* can be shown to be a left m-action
on m*, which is exactly the adjoint to the left m-action on m given by the pre-Lie
structure o on m. Applying 6 to any x € m, ¢, ¥ € m*, one has x> (¢ x ) =
(x>@)x Y +o*x(x>y), i.e., (6-9). The analysis above shows that o, %, > corresponds
to the data in Corollary 6.8. So this example agrees with our construction of Poisson-
compatible bicovariant flat preconnections on g* >tg = m >4 m* in the case of
g = (m* [, ]mx = 0) in Corollary 6.8. -

We already know how to quantise the algebra C°*°(m*) or S(m) and its differential
graded algebra as in Example 4.3. More precisely, the quantisation of S(m) is the
noncommutative algebra U, (m) with relations xy — yx = A[x, y] forall x, y e m,
o)

U, (M) = U, (m* >m) = S(m*) > U, (m)
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with cross relations x¢ — ¢x = Ax > ¢ for all x € m, ¢ € m*. Meanwhile, as in
Example 4.3 and Proposition 4.4, the preconnection on m* = m >4 m* is given by

y((¢,x),d(¥, y)) =d((¢, x) o (¥, y)) =d(¢p* ¥ +x>¢,x0y).
Thus, the quantised differential calculus is

QU,(M)) = Up(m) < A(m) = (S(m*) > U;.(m)) < A(m* & m)
with bimodule relations

[(¢,x), d(¥, ] =21d(@p* ¥ + x>, x0Y)

for all (¢, x), (¥, y) € m C U, (m), where A(m* @ m) denotes the usual exterior
algebra on the vector space m*@mand d(¢¥, y) =1 (¥ +y) € I ® A.

For a concrete example, we take m the 2-dimensional complex nonabelian Lie
algebra defined by [x, y] = x and for m* the 2-dimensional abelian Lie algebra with
its five families of pre-Lie structures [Burde 1998]. Among many choices of pairs
of pre-Lie structures for m and m*, there are two pairs which meet our condition
(6-9) and provide a pre-Lie structure for m = m* >am, namely

() yox=-—x, Y=—3y,  YxY=X,
x> X =0, x>Y =0, ye>X =X, yDY:%Y;
) yox =—xX, X*xY =X, Y*X =X, Y*Y =Y,
x> X =0, yeY =0, yo X =X, y>Y =0,

where {X, Y} is chosen to be the basis of m* dual to {x, y}. By Theorem 6.6 and
the general analysis earlier, we know that Q (U, (m)) = Uy (M) < A(m* @ m) is a
bicovariant differential graded algebra. In particular,

Q! (U (1) = U (i) dx @ U;. () dy @ Us () dX @ Uy () dY.
The bimodule relations for case (1) are
[y,dx]=—Adx, [y,dyl=—3rdy, [¥,dY]=AidX,
[y,dX]=21dX, [y,dY]=1rdY.
For case (2), we have

[y,dx]=—Adx, [X,dY]=AdX, [Y,dX]=AdX, [Y,dY]=AdY,
[y, dX]= A dX.

Example 6.10. Suppose that g is quasitriangular with r >x =0 for all x € g as in
Example 6.3. According to Corollary 6.8, if g admits a pre-Lie product * such that

(6-14) PV x5yl @r@ =D x]1xy@rP +xxrV, y1@r?,
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from (6-9), then g >« g* in Example 6.3 admits a pre-Lie structure &

xdy=x%y, ¢dx=¢ox=—(p,rOrV, x], ¢3¢ =—(¢,r?) ad’, ¥,

and thus determines a Poisson-compatible left-covariant flat preconnection on the
cotangent bundle g* >« G. Such a preconnection is bicovariant if * is associative
and (6-11) holds, and in this case condition (6-9) vanishes. Recall that we cannot
take g semisimple here since it will not then admit a pre-Lie structure.

For a concrete example, we take g to again be the 2-dimensional Lie algebra
[x, ] = x as in Example 4.5 but with §x =0 and §t =x ® t — ¢ ® x as a triangular
Lie bialgebra withr =t @ x —x ®t. If {X, T} is the dual basis to {x, ¢} then the
pre-Lie algebra structure o of g* determined by r is

ToX=-T, XoX=-X,

and otherwise zero, which is isomorphic to by 1 listed in Example 4.5. On the other
hand, computation shows that among all the possible pre-Lie algebra structures
for g listed in Example 4.5, precisely b; _; and b, ; satisfy condition (6-14), giving
us two pre-Lie algebra structures on g >« g* by our construction, namely

(D) tkx =—x, txt=—t, ToX=-T, XoX=-X,
X>x=x, T>t=x;

2) Xxt =X, txt=t, Tox=-T, XoX=-X,
X>x=ux, Tet=x.

These determine two Poisson-compatible left-covariant flat preconnections on the
cotangent bundle g_* >aG. In case (1) this is also bicovariant as % is associative and
satisfies (6-11), which can be checked directly.
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