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We study some general aspects of triangular dynamical r-matrices using Poisson
geometry. We show that a triangular dynamical r-matrix r: h* — A2 g always gives
rise to a regular Poisson manifold. Using the Fedosov method, we prove that non-
degenerate triangular dynamical r-matrices (i.e., those such that the corresponding
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1. INTRODUCTION

In the past two decades, the theory of quantum groups has undergone
tremendous development. The classical counterparts of quantum groups
are Lie bialgebras [12]. Many interesting quantum groups have been
found and studied by various authors, but the proof of existence of quan-
tization for arbitrary Lie bialgebras was obtained only recently by Etingof
and Kazhdan [15]. For triangular Lie bialgebras, however, an elementary
proof of quantization was given by Drinfel’d in 1983 [13]. Drinfel’d’s idea
can be outlined as follows. A triangular r-matrix on a Lie algebra g defines
a left invariant Poisson structure on its corresponding Lie group G. By re-
stricting to a Lie subalgebra if necessary, one may in fact assume that this is
symplectic. One may then quantize the r-matrix by finding a G-invariant
x-product on G, of which there may be several. In [ 13], Drinfel’d identified
the symplectic manifold with a coadjoint orbit of a central extension of g
and then applied Berezin quantization [6].

Recently, there has been growing interest in the so-called quantum
dynamical Yang-Baxter equation (see Eq.(13)). This equation arises
naturally from various contexts in mathematical physics. It first appeared
in the work of Gervais and Neveu in their study of quantum Liouville
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theory [24]. Recently it reappeared in Felder’s work on the quantum
Knizhnik—Zamolodchikov—Bernard equation. It also has been found to be
connected with the quantum Caloget—Moser systems [2]. Just as the
quantum Yang-Baxter equation is connected with quantum groups, the
quantum dynamical Yang-Baxter equation is known to be connected with
elliptic quantum groups [22], as well as with Hopf algebroids or quantum
groupoids [17, 18, 39, 41].

The classical counterpart of the quantum dynamical Yang-Baxter equa-
tion was first considered by Felder [22], and then studied by Etingof and
Varchenko [16]. This is the so-called classical dynamical Yang-Baxter
equation, and a solution to such an equation (plus some other reasonable
conditions) is called a classical dynamical »-matrix. More precisely, given a
Lie algebra g over R (or over C) with an Abelian Lie subalgebra b, a clas-
sical dynamical r-matrix, is a smooth (or meromorphic) function r(1) : h* —
g ® g satisfying the conditions,

(1) (zero weight condition) [A® 1+1® A, r(1)] =0, Vheb;
(i) (normal condition) r'?+r* = Q, where Q € (S*g)? is a Casimir
element;

(iii) (classical dynamical Yang—Baxter equation)
Alt(dr) + [, rB1+[r'% 21+ [, ] =0, ()

where Alt dr = $(h{" 27— %24 p® 7).

A fundamental question is whether any classical dynamical r-matrix is
quantizable. There have appeared many results in this direction. For the
standard classical dynamical r-matrix for sl,(C), a quantization was
obtained by Babelon [3] in 1991. For general simple Lie algebras, quan-
tizations were recently found independently by Arnaudon ef al. [1] and
Jimbo et al. [25] based on the approach of Fronsdal [23]. Similar results
were also found by Etingof and Varchenko [18] using intertwining opera-
tors. Recently, using a method similar to [1, 23, 25], Etingof et al. [19]
obtained a quantization of all the classical dynamical r-matrices of semi-
simple Lie algebras in Schiffmann’s classification list [35]. However, the
general quantization problem still remains open; a recipe has yet to be
found. Moreover, the problem of classification of quantizations has not yet
been touched.

In this paper, we study the quantization problem for general classical
triangular dynamical r-matrices. Classical triangular dynamical r-matrices
are those satisfying the skew-symmetric condition r'?(1) 4+ r*(1) = 0. In this
case, Eq.(1) is equivalent to >, A /\%7% [r,r]=0. These r-matrices
are in one-one correspondence with regular Poisson structures 7z =
>, hj/\£+m on the manifold h*x G, which are invariant under the
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left G- and right H-actions. Thus one may expect to quantize a classical
dynamical r-matrix by looking for a certain special type of star-products
[5] on the corresponding Poisson manifold. This is exactly the route we
take in the present paper. In some sense, this is also a natural generaliza-
tion of the quantization method used by Drinfel’d in [13] as outlined at
the beginning of the introduction. In fact, in this paper, we mainly deal
with non-degenerate triangular classical dynamical r-matrices (i.e., the cor-
responding Poisson manifolds are in fact symplectic). Berezin quantization
no longer works in this situation. However, one may use the Fedosov
method to obtain the desired star-products, as we will see later. It is well
known that star products on a symplectic manifold are classified by the
second cohomology group of the manifold with coefficients in formal
hi-power series. In light of this result, we are able to classify the quantiza-
tions of a non-degenerate triangular classical dynamical r-matrix and prove
that the quantizations are parameterized by the relative Lie algebra coho-
mology H*(g, h)[7].

For a general triangular classical dynamical r-matrix, it is natural to ask
whether it is possible to reduce it to a non-degenerate one by restricting to
a Lie subalgebra. This is always true in the non-dynamical case [13].
Unfortunately, in general this fails in the dynamical case, and we will study
the conditions under which this is possible. In this case, these r-matrices
are called splittable. Splittable triangular classical dynamical r-matrices
resemble in many ways non-degenerate ones. And in particular, they can be
quantized by the Fedosov method.

The outline of this paper is as follows. After Section 1 (this Introduc-
tion), in Section 2, we study general properties of triangular classical
dynamical r-matrices. It is proved that triangular classical dynamical
r-matrices correspond to some special Poisson structures on h* x G, which
are always regular. This may seem surprising at first glance since the rank
of r(A) may depend on the point 4. The main tool in Section 2 is the
method of Lie groupoids and Lie algebroids. In particular, we show how
gauge transformations, first introduced by Etingof and Varchenko [16],
enter naturally from the viewpoint of Lie algebroids. The study of the
tangent space of the moduli space of dynamical r-matrices naturally leads
to the notion of dynamical r-matrix cohomology, which is shown to be
isomorphic to the relative Lie algebra cohomology when r is non-degener-
ate. Section 3 is devoted to the proof of the equivalence between quantiza-
tions of triangular classical dynamical r-matrices and the so called com-
patible star products on their corresponding Poisson manifolds §*x G.
In Section 4, we study symplectic connections on such symplectic mani-
folds (M =H*xG). In particular, we show that there always exists a
G x H-invariant (i.e., left G-invariant and right H-invariant) torsion-free
symplectic connection on M such that the left invariant vector fields
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h,Vhe h are all parallel. The main result of Section 5 is that the Fedosov
quantization obtained via such a symplectic connection and some suit-
able choice of Weyl curvatures gives rise to compatible *-products on
M =b*x G. Therefore, as a consequence, we prove the existence of a
quantization of non-degenerate triangular classical dynamical r-matrices.
The presentation in Section 5, however, is made in a more general setting,
which is of its own interest. Section 6 is devoted to the classification of
quantizations. In particular, we show that the equivalence classes of quan-
tizations of a non-degenerate triangular dynamical r-matrix r: h* — A’ g
are parameterized by the relative Lie algebra cohomology with coefficients
in the formal 7i-power series H?(g, )[7]. Some speculation on the classifi-
cation of quantizations of a general triangular classical dynamical r-matrix
is given as a conjecture, which is consistent with Kontesvich’s formality
theorem [26]. In the appendix we recall some basic ingredients of the
Fedosov quantization, which are used throughout the paper.

Finally, some remarks are in order. Quantization of dynamical r-matrices
is related to quantization of Lie bialgebroids as shown in [41]. However,
for simplicity, we will avoid using quantum groupoids in the present paper
even though many ideas are rooted from there. Also in this paper, we work
in the smooth case. Namely, Lie algebras are finite dimensional Lie alge-
bras over R, all manifolds and maps are smooth, but our approach works
for the complex category as well. For simplicity, we assume that a dynam-
ical r-matrix is always defined on bh*. In reality, it may only be defined on
an open submanifold U = b*, but our results hold in this situation as well.

2. TRIANGULAR DYNAMICAL r-MATRICES

In this section, we study some general aspects of triangular dynamical
r-matrices. As a useful tool, we shall utilize the method of Lie algebroids
and Lie groupoids. Let g be a Lie algebra and h =g an Abelian Lie
subalgebra of dimension /. By a triangular dynamical r-matrix, we mean a
smooth function r: h* — A? g satisfying

(1) the zero weight condition: [4, r(A)]=0,Viebh* he), and
(i) the classical dynamical Yang-Baxter equation (CDYBE),
or

1
Zhi/\ﬁ-i_z[rar]:oa (2)

where the bracket [-,-] refers to the Schouten type bracket A*g®
N g— A'"'g induced from the Lie algebra bracket on g. Here
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{hy,...,h} is a basis in b, and (4, ..., ') its induced coordinate system on
b*. It is known [4, 30] that the CDYBE is closely related to Lie bialge-
broids. Recall that a Lie bialgebroid is a pair of Lie algebroids (4, 4%)
satisfying the compatibility condition (see [27, 32, 33])

d[X,Y]=[dX,Y]+[X,d. Y], VX, Y e ['(A), 3

where the differential d, on I'(A* A) comes from the Lie algebroid
structure on A*.

Given a Lie algebroid 4 over P with anchor a and a section A of
I'(A* A) satisfying the condition [4, A] =0, one may define a Lie alge-
broid structure on A* by simply requiring the differential d: I'(AF 4) —
T'(AN*1 A4) to be d,, = [4, - ]. More explicitly, denote by A* the bundle map
A* — A defined by 1*(&)(n) = A(E, n), VE, n e I'(A*). Then the bracket on
I'(A4*) is defined by

(& )= Lywen— Ly, —d[AE )], “4)

and the anchor a, is the composition a o A*: 4* — TP. It is easy to show
that (4, A*) is indeed a Lie bialgebroid, which is called a triangular Lie
bialgebroid [ 32].

Now consider 4 =TH*x g and equip A with the standard product Lie
algebroid structure. Then the anchor a:Th*xg— Th* is simply the
projection. The relation between triangular dynamical r-matrices and
triangular Lie bialgebroids is described by the following [4, 307]:

PROPOSITION 2.1.  Given a smooth function r:Y* — N g, r is a triangular
dynamical r-matrix iff the Lie algebroid (A, a) together with A=Y, h; /\%+
r(1) e I (\? A) defines a triangular Lie bialgebroid.

Proof. By a straightforward computation, we have [4, A]1=2C; h A
%+% [r, 7]+ [r, hi]/\ﬁ). It thus follows that [A4, A]=0 iff }; h,»/\%+
Ir,rY1=0 and [r,h,]=0 (i=1,...,]), ie., r is a triangular dynamical
r-matrix. ||

Let G be a Lie group with Lie algebra ¢ and H < G an Abelian Lie
subgroup with Lie algebra §). Consider M =§h*x G. Let G act on M from
the left by left multiplication on G and H act from the right by right
multiplication on G. An equivalent version of Proposition 2.1 is

PROPOSITION 2.2. For a smooth function r:h* — A’ g, r is a triangular
dynamical r-matrix iff t =, h; /\§+ r(4) defines a G x H-invariant Poisson
structure on M =b)*x G, where h € X(M) is the left invariant vector
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field on M generated by h, and similarly r(2)e I'(N>*TM) is the left
invariant bivector field on M corresponding to r(2).

THEOREM 2.3. If r:h* — A’ g is a triangular dynamical r-matrix, then
h+r(A)* htisa Lie subalgebraof g. Moreover, the Lie subalgebrash+r(1)* b,
Viebh* are all isomorphic, and the isomorphisms are given by the adjoint
action of G.

Proof. For any Aeb* 4, =T,h*®g=h*® g and 4] b ® g*. Under
these identifications, the bundle map A%: A7 — A, is given by

(h, &) > (%, —h+1r(D)* &), Vhe) and Eeg” 5

where i: ) — g is the inclusion. Set B = A*(4*) = (J,.* 45 (4}) = A. Since
(4, A) defines a triangular Lie bialgebroid, B is integrable; i.e., I'(B) is
closed under the Lie algebroid bracket on I'(A4). Hence ker al, is a Lie
subalgebra of ker a|,,. Now it is easy to see that ker a|5, =bh+r(4)* h* and
ker a|,, = g. It thus follows that h+r(1)* h* is a Lie subalgebra of g. On
the other hand, from Eq. (5), it is easy to see that a(B,;) =T,h* Hence
a: B— Th* is surjective, which implies that B is in fact a transitive Lie
algebroid (also called a gauge Lie algebroid [31]). Thus it follows that the
dimension of B, is independent of A, and therefore B is a subbundle of A.
Moreover the isotropic Lie algebras of B at different points of h* are all
isomorphic, and the isomorphisms are given by the adjoint action of G.
This implies that, for any A, ueb* bh+r(A)*bht is isomorphic to
h+r(u)* h* by the adjoint action of a group element in G. |

For the sake of simplicity, we denote by g, the Lie subalgebra
bh+r(A)*b*. Define the rank of a triangular dynamical r-matrix r to be
dim g, —dim [, which is denoted as rank r. We say a triangular dynamical
r-matrix r is non-degenerate if rank r = dim g—dim .

An immediate consequence of Theorem 2.3 is

COROLLARY 2.3. Under the same hypothesis as in Theorem 2.3, rank r is
independent of the point ) and therefore is a well-defined even number.
Moreover B= A*A* c A is a Lie subalgebroid of rank 2 dim h+rank r, and
(M, r) is a regular Poisson manifold of rank 2 dim h+rank r.

In particular, we have the following

COROLLARY 2.5. Given a triangular dynamical r-matrix r:h* — A?g,
the following statements are all equivalent:
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(i) r is non-degenerate;

(i) the bundle map A*: A* — A is nondegenerate;
(i) g, =g,Vlebh*
(iv) (M, rn) is a symplectic manifold.

If we choose a decomposition g = b ® m, where m is a subspace of g, and
choose a basis {A, ..., i} for h and a basis {e,, ..., ¢,,} for m, we may write

r(A) =Y a"(A) b Ah;+Y, b7(A) by nej+ ). cP(A) e; ne;. ©6)

It is simple to see that g; =h @ Span{}}; c’(A) ¢;|i=1, ..., m}, and rank r
is the rank of the matrix (¢”(1)). Therefore, we immediately know that the
rank of (c”’(1)) is independent of A. Clearly r is non-degenerate iff the
matrix (c’(A)) is non-degenerate.

A natural question arises as to whether it is possible to make an arbi-
trary triangular dynamical r-matrix non-degenerate by considering it to be
valued in a Lie subalgebra of g. This is true in the non-dynamical case
[13], for example. However, in the dynamical case, it is not always pos-
sible, as we will see below. Nevertheless we will single out those r-matrices
possessing this property, which will be called splittable. Splittable triangular
dynamical r-matrices contain a large class of interesting dynamical
r-matrices, which in fact include almost all examples we know, e.g., those
as classified in [16] when g is a simple Lie algebra. More precisely,

DEFINITION 2.6. A triangular dynamical r-matrix r: h* — A? g is said to
be splittable if for any Aeb* i*(r(1)* 'h)=bh* where i:h— g is the
inclusion.

ProrosiTION 2.7. Suppose that r is a triangular dynamical r-matrix.
Then the following statements are equivalent:
(1) r is splittable;
(i) forany Aeb* r()*g*cg;;
(iii) i r(A) is given as in Eq. (6) under a decomposition g =10 ® m, then
forany i,y bY(A) e; e Span{Y; c’(A) e;|i=1,...,m};

(iv) for any fixed A € h*, there exists a decomposition g =1 @ m, under
which

r(A) =Y, a"(A) by anhj+ Y c(2) e, ney; @)

v) Th*x {0} < B.

Let us first prove the following simple lemma from linear algebra.
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LemMma 2.8. Let V =1 ® m be a decomposition of vector spaces, and let
{h, ..., h,} be a basis of b, and {e,, ..., e, } a basis of m. Let r € N>V be any
element such that

r=Y a'hAh+Y hax'+) e ne,

where x' € m, and a;, c;; are skew-symmetric, i.e., a; = —a; and ¢;; = —c;. If I =
{1, ..., 1} is a subset of indexes such that for any i, € I, x* € Span{}’; c"e; |
i=1,...,m}. Then one can change the decomposition V =} @ 1t so that
under a suitable basis {é,, ..., &, } of W, r can be written as

r=Y ahah+Y hAx'+Y g nE,.
i¢l

Proof. Vi, € I, by assumption, there are constants y?,i=1, ..., m, such

that x* =2%, yPce; Let & =e,+3, c; v h;,, Vi=1, ..., m. Then

i g

Y. cie,ne; = Zc""(e,»+ Y oy h,-0>/\<ej+ Y y§°hio>

igel igel

=Y cle,ne;+2 Y b, ne; (mod A?b)

=Y cle,ne;+ Y. by AX® (mod A’b).

igel

Hence r =3 ¢¢;n&;+Y;,; h; Ax' (mod A’h). This concludes the proof.
|

Proof of Proposition 2.7.

(i) = (i) Let us fix a basis {A,, ..., i} of b, and let {As, ..., hi} be its
dual basis in §*. By assumption, for any 1< j</, there is a &/ e g* such
that i*¢/=h} and r(1)* & eb. Given any &eg*, take a;=<¢, h;> and
n=¢(-=> a,&’. Then it is easy to see that nebh’. Hence r(1)*¢=
> ar(D)*E+r()*neb+r(A)*ht =g,

(i) = (iii) Let {Ay, ..., h,} be a basis of b, {e,,...,e,} a basis of m,
and {hy, ..., h, ey, ..., €7 } the dual basis of {h,, ..., h, e, ..., e, } in g*. It is
trivial to see that r(1)* ek = =3, b"(1) h;+2 Y ; ¢’(4) e;. Hence we have

J

g,=he Span{Z (A eli=1,...,m}.
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Now r(A)* hi =3 ; 2a"(A) h;+3.; b"(A) e;. Since r(A)* hi € g, by assump-
tion, it follows that " ; b”(1) e; € Span{}_; c’(A) e;|i =1, ..., m}.

(iii)) = (iv) This follows from Lemma 2.8.

(iv) =) If r(A) =X a(A) hy Ah;+3 c"(A) e; ne;, then r(A)* hi =
23, a%(A) h;. Thus according to Eq.(5), 452X, a’(%) h;, hy) = (hi, 0).
Hence, (A%, 0) € B,. This implies that 7;H* x {0} = B,.

(v) = (i) Given any ¢ € h*, we know that (¢, 0) € B, by assumption.
Therefore there exist hel and ¢eg* such that A%(h, &) =(gp,0), ie.,
G*¢, —h+r(M)* &) = (¢, 0) according to Eq. (5). This implies that ¢ =i*&¢
and r(A)*¢=h. Hence ¢ ei*(r(A)*~'h). Therefore, we conclude that
b < i*(r(H*'h). |

Remark. In the proof above, the decomposition g=§ @ m and the
choice of the basis {ey, ..., ¢, } in (iv) depend on a particular point A. It is
not clear whether it is possible to find a decomposition so that Eq. (7)
holds uniformly for all points in §*. On the other hand, if there exists such
a decomposition g = ) ® m so that a triangular dynamical r-matrix is of the
form in Eq. (7), it is always splittable.

An immediate consequence of Proposition 2.7 is the following:

COROLLARY 2.9. If r:h* — A’q is a splittable triangular dynamical
r-matrix, then

() g, is independent of 4, ie., §; =g,, VA, pebh*. We will denote g,
by g,.

(ii) 7 can be considered a non-degenerate triangular dynamical r-matrix
valued in N\? g,.

Proof. By Proposition 2.7, Th* x {0} is a Lie subalgebroid of B. Hence
for any X € X(b*), (X, 0) e I'(B). Let ¢, be the (local) flow on h* generated
by X. The bisection exp #(X, 0) on the groupoid I = h* x h* x G generated
by the section (X, 0)eI'(4) is {(4, ¢,(4),1)|Aeh*}. Hence its induced
isomorphism between I"; and I, ;) is the identity map, when both of them
are naturally identified with G. Here I'; and I',;, denote the isotropic
groups of I" at the points 4 and ¢,(4), respectively. Therefore, Ad.,, .o is
an identity map between their corresponding isotropic Lie algebras. On the
other hand, since (X, 0) € I'(B); hence Ad,,,,x ¢, Wwhen being restricted to
B, is exactly the map which establishes the isomorphism between g, and
g,,1- Hence, g; and g,,; are equal as Lie subalgebras of g.
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For the second part, since r is splittable, we have r(1)* g* = g, according
to Proposition 2.7. Hence VA € h*, r(1) e A? (r(A)* g*) = A? g;. By dimension
counting, one easily sees that r is non-degenerate when being considered as
a dynamical r-matrix valued in A’g,. |

Let g: h* — G* be a smooth map, where G denotes the centralizer of H
in G with its Lie algebra being denoted by g”. Then g can be naturally
considered as a bisection of the groupoid I' = h*x h*x G, and hence we
can talk about the induced automorphism Ad, of the corresponding Lie
algebroid. In particular, we have a Gerstenhaber algebra automorphism
Ad, on @ I'(\* 4) [40].

leen a smooth function r:h*— A2g, let A4, =3, A2
I'(A%4) as in Proposition 2.1. Then

o +r(A)e

oA

0
Adg Ar =Adg <Zl: h,-/\a—li‘i‘r>

0 0
=Y. Ad, ”fA(a—x‘a—ffg“)*Adg’

_ 08
Z <a/11 a—l,.g >+Adgr
0 og
_;Mak (Ad r— ZhAaw >

Here in the second from the last equality, we used Ad, h; =h; since
ge G Let

a -1
re=Ad, r—Zh/\ail ) 8

Combining with Proposition 2.1, we thus have proved the following:

PROPOSITION 2.10. Assume that g: h* — G is a smooth map. Then

@) 4, =Ad, 4,
(i) r is a triangular dynamical r-matrix iff r, is a triangular dynamical
r-matrix.

(ii)) rank r,=rank r, in particular, if v is non-degenerate, so is r,.

This proposition naturally leads us to the notion of gauge transforma-
tions on dynamical r-matrices, which was first introduced by Etingof and



QUANTIZING CLASSICAL DYNAMICAL r-MATRICES 11

Varchenko [16]. Recall that triangular dynamical r-matrices r, and r, are
said to be gauge equivalent if there exists a smooth function g: h* — G7
such that r, = (r,),.

Remark. Although non-degenerate triangular dynamical r-matrices are
preserved by gauge transformations, splittable dynamical r-matrices in
general are not. For example, the trivial triangular dynamical r-matrix
r =0 is always splittable. However, r, = =3 A /\%g‘1 is never splittable
unless G¥ = H.

By #(g,}), we denote the quotient space of the space of all triangular
dynamical r-matrices r:h* — A’g by gauge transformations, which is
called the moduli space of triangular dynamical r-matrices.

Next we will introduce the dynamical r-matrix cohomology HY(g, b),
whose second cohomology group describes the tangent space of the moduli
space (g, b). As we will see in Section 6, the second cohomology group
H?(g, b) is connected with the classification of quantizations of » when it is
non-degenerate.

Consider C*=C>*(h* (A*g)¥) (or equivalently denoted as
C*(b*, (ANF g)")), and define a differential §,: C* — C**+! by

5r1=z hi/\%r—l—[r,r], VreCk )

PRrOPOSITION 2.11. 6,: C¥ — C**! is well defined and 6> = 0.
Proof. 1t is clear that 6,7 is in C*™(h* (A*'g)”) provided that

e C*(b*, (A g)*). For any 7 e C*= C*(b*, (AF g)¥), t can be naturally
considered as a section of AF 4, and

[4, 7] =[ZI: hi/\%+r,f}

0
=X h Aa+lr. 7]
=0,1.
Since [A4, A] = 0, it thus follows that 62 =0. |
Hence the cochain complex §,: C¥ — C**! defines a cohomology, called

the dynamical r-matrix cohomology, and denoted by H(g, ). Two remarks
are in order.
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Remarks. (1) The cochain complex J,: C¥— C**! is in fact a sub-
complex of the Lie algebroid cohomology cochain complex d,: I'(A* 4) —
T'(NF*' A), d X =[ 4, X]. Therefore it is easy to see that such a cochain
complex is always defined for an arbitrary dynamical r-matrix, which is not
necessary triangular.

(2) When r is triangular, HY(g, §) can be naturally identified with a
“special” G x H-invariant Poisson cohomology of the Poisson manifold
(M, n), i.e., the cohomology obtained by restricting the Poisson cochain
complex to G x H-invariant multi-vector fields tangent to the fibers of the
fibration: h* x G — h*.

PrOPOSITION 2.12. If g: b* — G is a smooth map, then

Q) 0, o Ad, = Ad, o5,
. (i) Ad,:(C*6,)—(C*,d,) induces an isomorphism H/(g,D) =
H; (g, D).

Proof. For any 7 € C*(h*, (AF g)¥),

(Ad, 2 9,) 1 =Ad, [ 4, 1]
=[Ad, 4, Ad, ]
=[4,,, Ad, ]
=(d,, o 4d,) .

The conclusion thus follows immediately. ||

As a consequence, we conclude that H7 (g, h) only depends on the gauge
equivalence class of the dynamical r-matrix. For this reason, we also denote
this group by H{,,(g, h).

PROPOSITION 2.13. For any triangular dynamical r-matrix r:H* — N’ g,
]—Er]%(ga b) = H%r] (ga I))

Proof. In Eq. (2), replace r by r+ ¢t and take the derivative at ¢ = 0, one
obtains the linearization equation Y, A; A%+[r, 1]=0; i.e, 0,7=0. It is
clear that 7 is of zero weight since r + ¢7 is of zero weight.

To compute the tangent space to the gauge orbit at r, one needs to
compute %l,:o(rexp,f), for feC®H* g"). Now rep,=Adyy, r—

S h /\ae;f,.'f (exp tf)~". It is thus simple to see that &|,_o(Fep:r) = [f> 71—

> h /\% = —0, f. The conclusion thus follows immediately. ||
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Given a Lie algebra g, one may also consider classical triangular dynam-
ical r-matrices r;: h* — (A? g)[#] valued in g[[/i] such that r;(1) =r(1)+
fir,(A)+ ---. The gauge transformation can be defined formally in an
obvious way. Thus one can form the moduli space .#(g[#%], h). Assume
that r: h* — A’ g is a classical triangular dynamical r-matrix. From Prop-
osition 2.13, it follows that Tj,,.#(g[%], h) = H{,, (g, D)[A]. By a formal
neighbourhood of r in #(g[#h], h), denoted by ., (g[#%], ), we mean the
subset in .#(g[%], h) consisting of the classes of those elements r+ O(%).
Then H?,,(g, h)[7] can be considered as a linearization of .#,(g[7%], ). In
general, these two spaces are different. However, when r is non-degenerate,
they expect to be isomorphic, which should follow from Moser lemma.

In fact, as we will see in the next theorem, when r is non-degenerate,
H{, (g, ) is isomorphic to the relative Lie algebra cohomology.

THEOREM 2.14. If r:h* — A2 g is a non-degenerate dynamical r-matrix,
then H >E‘,](g, b) is isomorphic to H*(g, V), the relative Lie algebra cohomol-

ogy of the pair (g, b).

Proof. Since r is non-degenerate, (M, «) is a symplectic manifold. As it
is well known, n*: Q*(M) — X*(M) induces an isomorphism between the
de Rham cohomology cochain complex and the Poisson cohomology
cochain complex. Now a k-mutivector field P e X¥*(M) is in C* iff (i) P is
left G-invariant and right H-invariant; and (ii)) dA’ 1 P=0,Vi=1, ..., I
This, however, is equivalent to that (i) (z*)~! P is both left G-invariant
and right H-invariant; and (i) A, _ (z*)"' P =0, because n*(di’)="r,,
Vi=1,..,1, and n is G x H-invariant. Note that a k-form w e QM) is
H-invariant and satisfies E Jw=0,Vi=1,..., 1, iff w is the pull back of a
k-form on the quotient space M /H, i.e., o = p*w’, where p: M — M /H is
the projection and ' € Q“(M /H). Moreover, o is left G-invariant iff o’ is
left G-invariant since the left G-action on M commutes with the right
H-action. In summary, we have proved that the space (z*)~' (C*) can be
naturally identified with the space of left G-invariant k-forms on
M /H =~ }*x G/H. Under such an identification, the differential J, goes to
the de Rham differential. Hence H ’[‘,](g, b) is isomorphic to the invariant de
Rham cohomology H*(h* x G/H)°. Since G does not act on the first factor
h*, the latter is isomorphic to H*(G/H)®, which is in turn isomorphic to
the relative Lie algebra cohomology H*(g, b) [10]. 1

3. QUANTIZATION AND STAR PRODUCTS

In this section, we investigate the relation between quantizations of a
triangular dynamical r-matrix and star products on its associated Poisson
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manifold (M, 7). The main theme is to show that quantizing r is equivalent
to finding a certain special type of star products on M. Let us first
introduce the precise definition of a quantization.

DerFINITION 3.1, Let r: h* — A’*g be a triangular dynamical r-matrix.
A quantization of r is an element F(1)=14+AF,()+0(F)e
C*(h* Ug ® Ug)[#] satisfying

(1) the zero weight condition, [l ® A+A® 1, F(4)] =0, Vheb;
(i) the shifted cocycle condition,

(4®id) F(1) F(A—31h®) = (id @ A) F(L) F2(A+3khY);  (10)
(iii) the normal condition,
(e®id) F(A)=1; (id ® ¢) F(4) =1; and (11)

(iv) the quantization condition, F12(A)—F3'(A) =r(),

where 4: Ug — Ug ® Ug is the standard comultiplication, &: Ug — C is the
counit map, and F*(1—1%h®), FR(1+3 k") are Ug® Ug ® Ug-valued
functions on h* defined by

® h h

iy

1 B OF 1/ BV 0°F
F12 __ ©)] =F 1—= [ = — —
(’1 5 ih ) e 226/1’®h’+2!< 2) L Fann

1 A o*F
+"'+E<—§> Zm@h,-l"'hik'i'"‘, (12)

and similarly for F?(1+3 hh®).

The relation between this definition of quantizations and the well-known
quantum dynamical Yang-Baxter equation (QDYBE) is explained by
the following proposition, which can be proved by a straightforward
verification.

ProrosiTiON 3.2. If F(A) is a quantization of a triangular dynamical
r-matrix r(A):h* — A*qg, then R(A)=F?(A)"' F'*(A) can be written as
R(1) = 1+Hr(L)+ O(h*) and satisfies the quantum dynamical Yang—Baxter
equation (QDYBE):

RZ(A—1h®) RB(4+1 k@) RB(.—L hh®)
= RB(A+17hW) RB(A—L ih®) RP(A+1 ). (13)
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Remark. This is a symmetrized version of QDYBE, which is known
[19] to be equivalent to the non-symmetrized QDYBE:

RZ(Z+1h®) R¥(2) RP(A+Hh®) = R¥(2) R*(A+Hh®) R™(2).

The reason for us to choose the symmetrized QDYBE in this paper is that
it is related to the Weyl quantization, while the non-symmetrized QDYBE
is related to the normal ordering quantization, as indicated in [41]. Since
we will use the Fedosov method later on, the Weyl quantization is
obviously of some advantage.

To proceed, we need some preparation on notations. Let &/ =2 ®
Ug[#], where 2 is the algebra of smooth differential operators on §*. Then
2 ® Ug can be naturally identified with the algebra of left G-invariant dif-
ferential operators on M. Hence &/ becomes a Hopf algebroid [41] with
base algebra R = C*(H™)[%]. The comultiplication

is a natural extension of the comultiplications on £ and on Ug,
AD®u)=4D® Au, VDe 2, and ueUg,

where AD is the bidifferential operator on h* given by (4D)(f,g)=
D(fg),Vf,ge C*(bH*), and due Ug® Ug is the usual comultiplication on
Ug. Let us fix a basis in b, say {A,, ..., i}, and let {&,, ..., &} be its dual
basis, which in turn defines a coordinate system (4!, ..., A’) on b*.

Set

1J o 0
9=§izl<hi®ﬁ_ﬁ®hi>6%®ﬂ’ and O=exphfed ®A.

(14)

Note that 6, and hence 0, is independent of the choice of a basis in §.

For each D € 2 ® Ug, we denote by D its corresponding left G-invariant
differential operator on M =h*x G. We also use a similar notation to
denote multi-differential operators on M as well. Now let 7(1): b* — A g
be a triangular dynamical r-matrix, and M = §* x G its associated (regular)
Poisson manifold with Poisson tensor 7 =73, EA§+T/1) It is simple
to see that the Poisson brackets on C*(M) can be described as follows:

(i) forany f,geC”(h"), {f,g}=0;
(i) forany feC*(h) and g € C(G), {f, g} =%, &) (h g);
(iii) forany f,geC(G), {f,g}=r(A(f, ).
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This Poisson bracket relation naturally motivates the following theorem,

which is indeed the main theorem of this section.

THEOREM 3.3. Let (M, n) be the Poisson manifold associated to a
triangular dynamical r-matrix as in Proposition 2.2. Assume that x; is a
G x H-invariant star product on (M, ) satisfying the properties

() forany f,geC”(h%),
S () %, g(A) = f(4) g(4);

@ii) for any f(A) e C*(H*) and g(x) e C*(G),

- i ANk 1 o —
S(A) % g(X)=@(f,g)=k2—:0<_§> Eﬁhil'”hikg’

. ® e o*
g(x)*, f(A)=06(g, f Z < ) ---hfkgr_f(.m;

(i) there is a smooth map F:§* — Ug® Ug[h] such that for any
f(x), g(x) € C*(G),

f o g=F)(f, 2. (15)

Then F(A) is a quantization of the dynamical r-matrix r(1). Conversely, any
quantization of r(l) corresponds to a G x H-invariant star product on M
satisfying the properties (1)—(iii).

A G x H-invariant star product on M with properties (i)—(iii) is called a
compatible star product. In other words, Theorem 3.3 can be stated as that
a quantization of r(1) is equivalent to a compatible star-product on M.

To prove Theorem 3.3, we need several lemmas.

LeMMA 3.4. O satisfies the equation
[(4®id) @] 60" =[(id ® 4) O] O in AVQASA. (16)
Proof. Note that both sides of Eq.(16) normally are elements in

o ®p o ®p . In our situation, however, they indeed can be considered
as elements in &/ @ of ® .
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Now

[(4®id) 0] 6" = [(4® id) exp 6] exp 0"
=exp h[(4 ® id) 6+6'*]

cep iy (holeltioholiholel
=expoh ) (B it o FYL

—i®1®h a.@h,.

0
o © 5 ®h—58he1)

oA

Here in the second equality we used the fact that (4 ®id)# and 6%
commute in of ® o ® .

A similar computation leads to the same expression for [(id ® 4) @] 6%.
This proves Eq. (16). ||

LemMmA 3.5. VD, D,, D;e o, and Vf;(A) € C*(H"), fo(x) e C(G), and
g(4, x) e C*(h*x G),

[(4® id) F(A)(D, ® D, ® D3)1(f1(4), f2(x), g(4, x))
= [F?()(D; ® D, ® D)1(f1(4), f2(x), g(4, x)).

Proof. Write F(A) =73 a,(4) u, ® us, with u,,u;eUg and a,,(1) e
C*(H™)[A]. Then

(4 ®id) F(A))(D, ® D, ® Dy) =Y a,5(4) 4u, (D, ® D,) ® uyD;.

Hence

[(4 ®id) FG)(D; ® D, ® D)I(fi(4), £2(x), g(4, %))
=Y a,y(2) Au,(Dy ® D,)(f1(2), f2(x))(us D3 2)(2, X)
=Y a5 (1) w1 (D; £)(A)(D; £2)(x) (145 D; £)(A, x)
= a5 (D] f)A(WD5) £5)(x)(usDs2)(2 x)

=D, ® F(A)(D, ® D3)(f1(4), f2(x), g(4, x))
= F?(A)(D; ® D, ® Dy)(f1(A), f2(x), g(4, x)). 1

COROLLARY 3.6. Yf,(A) e C2(H*), f,(x) € C(G) and g(h, x) e C*(H*x G),

F(2) 8(f1(2) % f2(x), g4, X)) = B(f1(2), F(2) O f2(x), g(4 X))).
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Proof.

F(3) O(f1(2) % f2(x), g(, X))
= F(2) 8(B(£1(2), f2(x)), g(, x))
= (4 ®id)(F(2) ©) 0"(£,(2), f2(x), g(h X))
=(4®id) F(A)(4 ®id) @02 £,(1), f,(x), g(4, x)) (by Lemma 3.4)

= (4 ®id) F(A)(id ® 4) ©0%( f(4), f»(x), g(4, x)) (by Lemma 3.5)

= F2(2)(id ® 4) 06%( f,(2), f2(x), g(4, X))

Let us write @ =3’ D, ® Dy. Then (id ® 4) @ =3 D, ® AD; and

F2()(id ® 4) 00%( f,(1), f2(x), g(4, X))
=Y. [D, ® F(A) 4D,01(/1(4), £2(x), g(4, X))

=Y. (D, f1)(2) F(2) 4AD0( f,(x), g(4, x)).

Using the expansion @ =37_, ()" % (Zio, (h ® z—x ®h))*, one
obtains that
F(2) O(f1(2) *; f2(x), g(4, X))

o AN ok (4
=y <_§> %ﬁzr(i) A(hy, - hy,) O(f2(x), g(4, X))

=/ B\E1 O (A
=3 (<5) magr sy A, ) F2) 6(£(3), 204 )

0 ANc1 ©OF | y) - —_— —
-5 <_§> ) B LF() 6(£2(x), & )]
= 6(£,(4). F(2) 6(£(x), g2 x))).

Here the second equality follows from the fact that F(A) is of zero weight;
i.e., F(A)(4h) = (4h) F(A), Yh € b. This concludes the proof. ||
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ProPOSITION 3.7. Under the same hypothesis as in Theorem 3.3, we have

(1) forany f(A) e C*(H*) and g(4, x) e C*(H* x G),

—» i A\F 1 o i
1m0 =6(£.0= 3 (=3) gam g -he (D

k=

G =6 =3 (N in g7 . as
b X) i S =OREJI= L\ ) ' w8 G g

2) forany f(4, x) e C°(h*x G) and g(x) € C*(G),

S (4, x) % g(x) = (F(2) ©)(f, 8)

_ © ANF1 akf . -
_kgo <_§> EF(A) <m’ h;, "'h,-kg>, (19)
g(xX) % (4, x)=(F(1) ©)(g, f)

© RN . okf
_k; <§> = F0) <hi1 b g “w). (20)

Proof. We will prove Eq. (17) first. For that, it suffices to show this for
g(4, x) = g, (A) *, g,(x), Vg,(A) € C*(hH*) and g,(x) e C*(G), since, at each
point, the C*-jet space of C*(h* x G)[#] is spanned by the C*-jets of this
type of functions. Now

L) % 8 x) = f(2) %, (81(2) % 2(x))
=(f(D) % (1) &(x)
=(f() g1 (D) # (%)
=06(f(4) g,(2), &:(x))
=6(6(f (1), g1(), g2(x))
=[(4®id)©10"(f(1), g (1), &:(x)) (by Lemma 3.4)
= [(id ® 4) 0] 67(f (1), g1(4), &(x))
=06(f(4), 6(g:(1), £(x)))
=0(f (1), &(4) % &:(x))
=06(f(4), g(, x)).

Equation (18) can be proved similarly.
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To prove Eq.(19), similarly we may assume that f(4, x) = f1(1) *;

fo(x), for f,(4) € C*(H*) and f,(x) € C*(G). Then

SO x) % 8(x) = (f1(A) % fo(x)) % g(x)
= £1(A) % (f>(x) % g(x)) (using Eq. (17))
=0(f1(4), f2(x) % g(x))
= 6(f1(A), FG)(f>(x), g(x)))
=6(f,(4), F(2) 6(f,(x), g(x))) (by Corollary 3.6)
= F(2) 6(f1(2) %, f>(x), g(x))
=F(1) 6(f (4, x), g(x)).

Equation (20) can also be proved similarly. [

We are now ready to prove the main theorem of the section.

THEOREM 3.8. Under the same hypothesis as in Theorem 3.3, F(A) O is
the formal bidifferential operator defining the star product =, i.e., for any
f(4, x), g(4, x) e C*(h*x G),

f(2 x) %, g0 x) = F(2) O(f, 2).

Proof. We may assume that f (A, x) = f1(1) %; f>(x), for fi(1) € C*(H*)
and f,(x) e C*(G). Then
S, x) #; g(4, x)
= (f1(A) # [2(x)) *; g(4, x)
= f1(A) %, (f>(x) %, g(4, x)) (by Proposition 3.7)
=6(f,(4), F(2) O(f>(x), g(4 x)))  (by Corollary 3.6)
=F(1) 0(f1(A) = f2(x), g(4, x))
=F(}) 0(f(4, x), g(4, x)).
This concludes the proof. ||
Finally, before proving Theorem 3.3, we need the following result,

which connects the shifted cocycle condition with the associativity of
a star-product.
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ProPOSITION 3.9. Under the same hypothesis as in Theorem 3.3, V f,(x),
f2(x), f3(x) e C*(G),

() (d@id) F() FP(—3 ih)(fi(x), f>(x), f3(x))
= ([1(%) 5 f2(x)) % f5(x);

(i) (id® 4) F() FP(A+31hV)(f1(x), £,(x), f3(x))
= [1(%) % (f2(x) % f5(x)).

Proof. From Eq. (12), it follows that

(4®id) F(1) F <,1—% hh<3)>

k

1 A . 0°F
=ZH<_§> [(4®id) F(1)] <m®hn "'hik>-

Hence

(4 id) F() F" (z—é hh“)) (F1G. fo(00, 5(2))

_ COF(D) .
-3z < 2> F) [m (i), f2x)), G, ~--h,-kf3)<x)]

0% 1 2) .
~Y(5) FO| G2 G b £ | (using B (19)
= (A 0 1) 0 S0,

The second identity can be proved similarly. |

Proof of Theorem 3.3. Since #;, is invariant under the right H-action,
F(Z) is right H-invariant. This implies that F(1) is Ad,-invariant, and
therefore is of zero weight. The normal condition follows from the fact that
1 is the unit of the star algebra, i.e., 1%, f = f %, 1 = f. And the shifted
cocycle condition follows from the associativity of the star product together
with Proposition 3.9. Finally, let us write F(4) = 1 +#AF,(A)+ O(#?). Since
*, is a star product quantizing 7, it follows that (F,(1)—F*(L))(f,g) =
{f, g} =r(A)(f,g),Vf,ge CG). Hence it follows that F,(A)—F7} (1)
=r(d).

Conversely, if F(1) is a quantization of r(4), according to Theorem 7.5
in [41], F(A) O is indeed an associator and therefore defines a star product
on M =§*x G. It is simple to see that this star product is a quantization of
7 and satisfies Properties (i)—(iii) in Theorem 3.3. ||
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We end this section by the following

Remark. Bordemann et al. found an explicit formula for a star-product
on RxSU(2) [9] using a quantum analogue of Marsden—Weinstein
reduction. It would be interesting to investigate if this is a compatible star-
product.

4. SYMPLECTIC CONNECTIONS

From now on, we will confine ourselves mostly to non-degenerate trian-
gular dynamical r-matrices. In this case, the corresponding Poisson mani-
folds are in fact symplectic, and therefore can be quantized by Fedosov
method [20, 21]. As is well known, Fedosov quantization relies on the
choice of a symplectic connection. Serving as a preliminary, this section is
devoted to the discussion on symplectic connections. We will start with
some general notations and constructions.

Let V be a torsion-free symplectic connection on a symplectic
manifold (M, w). Define the symplectic curvature [20] by

RX,Y,Z,W)=w(X,R(Z,W)Y), VX,Y,Z,WeX(M), (1)

where R(Z, W)Y =V,V, Y-V, V,Y -V, 3,Y is the usual curvature
tensor of V.

ProposiTiON 4.1. (1) R(X,Y,Z,W) is skew symmetric with respect to
Z and W and symmetric with respect to X and Y, i.e.,

RX,Y,ZW)=—RX,Y,W,Z), RX,Y,Z,W)=RY,X,Z W). (22)
(i) The following Bianchi’s identity holds:
RX,Y,ZW)+R(X,Z,W,Y)+R(X,W,Y,Z)=0. 23)

Proof. 1t is clear by definition that R(X, Y, Z, W) is skew symmetric
with respect to Z and . Now since V is a symplectic connection,
(X, V,VpY) =Z(o(X, Vy Y))— (V2 X, V5 Y)
=ZWw(X,Y))—Zo(Vy X, Y)
—Wao(V X, Y)+w(V, VX, Y).
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Similarly,

(X, VyV,Y) = W(Zao(X, Y)) =W (V,X, Y)
—Zo(Vy X, Y)+(V,Vy X, Y).

Hence
o(X, V[Z, w1 Y)=[Z,W](w(X, Y))_w(v[z, W]Xa Y).
Thus

RX,Y,Z,W)=w(X,R(Z,W)Y)
= o(X, V,Vy Y =V VY =V 1Y)
= — (VY X =V V, X =V 3n X, Y)
=w(Y, R(Z, W) X)
=R(Y,X,Z,W).

This concludes the proof of (i). Finally, (ii) follows from the usual Bianchi
identity for a torsion-free connection. ||

Symplectic connections always exist on any symplectic manifold. In fact,
there is a standard procedure to construct a torsion-free symplectic
connection from an arbitrary torsion-free linear connection [20, 28]. Since
such a construction is essential to our discussion here, let us recall it briefly
below.

Assume that V° is a torsion-free linear connection on a symplectic
manifold M. Then any linear connection on M can be written as

VY =VS4Y +S(X,Y), VX, Y € ¥(M), (24)
where S is a (2, 1)-tensor on M. Clearly, V is torsion-free iff S is symme-
tric; ie., S(X,Y)=S(,X), VX,YeX(M). And V is symplectic iff

Vyw = 0. The latter is equivalent to

o(S(X,Y), Z)—a(S(X, Z),Y)=(Vyo)Y,Z), VX,Y,ZeX(M). (25

Lemma 4.2. If V° is a torsion-free linear connection, and S is a
(2, 1)-tensor defined by the equation:

o(S(X,Y), Z) =3 [(Vyo)(¥, Z)+(Vyo)(X, Z)], (26)
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then VY =V$Y +S(X,Y) is a torsion-free symplectic connection. More-
over, if M is a symplectic G-space and V° is a G-invariant connection, then V
is also G-invariant.

Proof. Clearly, S(X,Y), defined in this way, is symmetric with respect
to X and Y. Now

o(S(X,Y), Z)—o(S(X, Z), Y)
=3 [(Vi)(Y, 2) +(Vyo)(X, 2)] -3 [(V3o)(Z, V) +(Vz0)(X, V)]

=% [(Vio)Y, Z)+(Vyo) X, Z)+(Vyw)(Y, Z)+(Vzo)(¥, X)]
= (Vyo)Y, 2),
where the last step follows from the identity
(Vio)(Y, Z)+ (Vi) Z, X)+(Vyw)(X,Y)=0.

This means that V is a torsion-free symplectic connection. The second
statement is obvious according to Eq. (26). |

Now we retain to the case that M =h*x G, the symplectic manifold
associated with a non-degenerate triangular dynamical r-matrix r, which is
our main subject of interest in the present paper. The main result is the
following

THEOREM 4.3. Assume that r:§* — A’ g is a non-degenerate triangular
dynamical r-matrix. Let M =4* x G be equipped with the symplectic struc-
ture as in Corollary 2.5. Then M admits a G x H-invariant torsion-free
symplectic connection V satisfying the property that Vih=0,YX € ¥(M),
heb.

We need a couple of lemmas first.

LemMMmA 4.4.  Assume that g admits a reductive decomposition g=1 ® m;
i.e., [, m] = m. Then, the equations

0

V$ = 57 =0 V$h=0, V$é=0;
0 d 07~ 02_T17
Vh EYE =0, V,;h1 =0, Vﬁe =[h,el; 27

0 1
Vg a/{z_ > Vgh:o’ Vg;é;:z[el,ez],
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where X € X(b*), h, h, €Y, and e, e,, e, € m, define a biinvariant torsion-free
linear connection V° on M.

Proof. This follows from a straightforward verification. ||

LemMma 4.5. Given a Lie algebra g, if there exists a non-degenerate
triangular dynamical r-matrix r:b* — A?gq, then g admits a reductive
decomposition g =1 @ m so that [h, m] cm.

Proof. Fixing any Aebh*, we take m=r(1)*Hh*. Since (1) is non-
degenerate, by definition, we have g=0h+m. On the other hand, it is
clear that dim m < dim h* = dim g—dim }. Hence, dim §+dim m < dim g.
Therefore g = h+m must be a direct sum. For any ~el) and & € g*, since
r(1) is of zero weight, we have [A, r(1)* &1 =r(A)* (ad;¢). Since ad;é e ht
for any ¢eg® it follows that m=r(1)*h* is stable under the adjoint
action of . ||

Remark. Note that, in our proof above, the decomposition g=) ® m
depends on the choice of a particular point Aebh* It is not clear if
m=r(A)* h* is independent of A.

Proof of Theorem 4.3. According to Lemma 4.5, we may find a reduc-
tive decomposition g=h@®m such that [h, m]cm. Let V° be the
G-biinvariant torsion-free connection on M as in Lemma 4.4. According to
Lemma 4.2, one can construct a torsion-free symplectic connection V on
M. Since the symplectic structure is G x H-invariant, the resulting
symplectic connection V is G x H-invariant. It remains to show that V still
satisfies the condition that VXﬁ =0, VX € X(M) and & € b. The latter is equiv-
alent to that S(fz, X)=0. To show this identity, first note that VX e
(M), VOX = L;X, since V° is torsion-free and V%% =0. Hence Viw =
L;w. However, L;w =0 since w is invariant under the right H-action.
Thus, we have Viw = 0. According to Eq. (26), VY € X(M), o(S(h, X),Y) =
(Vo) (X, Y) + (V@) (h, Y)] =1 (Vyw)(h, ). This implies that «®(S(h, X))
=1(h JVSw)=1V%(h Jw) since Vh=0. Finally, for any i, b, J
=dA" and from the table in Lemma 4.4, it is easy to check that
V%(dA)=0,Yi=1,...,1. It thus follows that S(h, X)=0,Vi=1,..,1.
This concludes the proof. ||

In the case that (A1) € A*> m, the symplectic connection can be described
more explicitly.

ProPOSITION 4.6. Suppose that g =1 @ m is a reductive decomposition,
{hy, ...} is a basis of V), and {e,, ..., e,} is a basis of m. Suppose that
r(A) =3, r(1) e;ne; is a non-degenerate triangular dynamical r-matrix.
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Then the symplectic connection on M obtained from V°, using the standard
construction as in Lemma 4.4, has the form

a - . .
Ve, ﬁ=0’ Vo =0, V§8f=2k2 di(2) e
0 — .
Vi Ei 0, Vi h; =0, Vi e, =[h,e]; (28)
Vz 6/1] Z di(A) e, VE;E}=0, Vze; = 2[e,,e]+z fiD e,

where d¥. ;(4) and f (1) are smooth functions on h*.

Proof. The proof is essentially a straightforward computation. We omit
it here. ||

COROLLARY 4.7. Under the same hypothesis as in Proposition 4.6, if
{hi, ..., hk, es, ..., €7} denotes the dual basis of {h,, ..., b, e, ..., €%}, then

Vo dii=0, Vohi=0, Veel=Y di(2)ek;
o' ot o' %
Viodd =0,  Vyhi=0, Vel = ad} el; 9

Vodi=0, V-hi=-1 Z alek, Vel ==Y di,(2) di*
k
—Gal+fh(A) ek,

where the coadjoint action is defined by {ad:&, vy = —(&, [u, v]]), Vu,ve g
and £ eg”, and the constants af-‘]- are defined by the equation [e;, e;]=
X alih (mod m).

We end this section by generalizing Theorem 4.3 to the splittable trian-
gular dynamical r-matrix case. According to Corollary 2.9, one may reduce
a splittable triangular dynamical r-matrix to a non-degenerate one by
considering the Lie subalgebra g, = g. Thus immediately we obtain the
following

COROLLARY 4.8. Assume that r:H* — N*q is a splittable triangular
dynamical r-matrix. Let M =§* x G be its associated Poisson manifold as in
Proposition 2.2, which admits a (regular) symplectic foliation. Then there
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exists a G x H-invariant torsion-free leafwise Poisson connection V satisfying
Vixh=0, for any hel and any vector field X € X(M) tangent to the
symplectic foliation.

However, when a triangular dynamical r-matrix 7 is not splittable, such a
Poisson connection may not exist. We give a counterexample below.

ExampLE 4.9. Consider a two dimensional Lie algebra g with basis
{h, e} satisfying the bracket relation [%, e] =ah, where a is a fixed con-
stant. Let h = Rh and r(4) = f(1) hne, where f(A) is a smooth function. It
is simple to see that r(4) is a triangular dynamical r-matrix of rank zero,
and it is not splittable unless a = 0. Nevertheless, r(4) defines a regular
rank 2 Poisson structure on the three dimensional space M = R x G with
the Poisson tensor 7 =74 ANE+ (D) hng, where G is a 2-dimensional Lie
group integrating the Lie algebra g. It is simple to see that the symplectic
foliation of M is spanned by the vector fields h and 4+ f(A)é. Let us
denote X = £+ f(4) & Then, we have [h X]=af(d) h. Now suppose that
V is a G x H-invariant torsion-free leafwise Poisson connection on M
satisfying the condition that V,;E =0 and V,/ =0. Since V is torsion-free,
it follows that V;X =[h X]=af(A)h. Assume that V,X =b(l, x) h+
c(4, x) X, where b(4, x) and c¢(4, x) are smooth functions on M. Then,
Vi = VX(EA X)= hA VX =¢(4, x) hAX. Since V is a Poisson connec-
tion, it follows that c¢(4, x) = 0. Finally, we still need to check that V is
G x H-invariant. It is clear that V is G-invariant iff the function b(4, x) is
independent of x € G (which will be denoted by b(4)). For it to be invariant
under the right H-action, one needs the following condition:

Vi x1X +Vy[h, X1=[h, Ve X1 =[h, b(2) h] =0.

It thus follows that Vi, nX +Vy(af(4) h) 0, which implies that
fAA) a2h+a(— ) h=0. Therefore, we arrive at the following equation
(under the assumption that a # 0):

Y —ar). (30)

In conclusion, we have proved that such a connection does not exist unless
f(2) is a solution of the above equation. It would be interesting to find out
what is the geometric meaning of this equation.

Remark. Our quantization method does not work for this particular
example. It is thus very natural to ask whether this dynamical r-matrix is
still quantizable. Etingof and Nikshych recently have given an affimative
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answer to this question using the so-called vertex-IRF transformation
method [14]. Their method indeed works for a large class of dynamical
r-matrices called “completely degenerate,” which somehow are opposite to
the non-degenerate ones considered in this paper. It would be very
interesting to see whether one could combine these two methods together
to completely solve the quantization problem for arbitary triangular
dynamical r-matrices.

5. COMPATIBLE FEDOSOV STAR PRODUCTS

In this section, we consider Fedosov star products on a symplectic
Hamiltonian H-space M, where H is an Abelian group. For the reader’s
convenience, we give a brief account of the general construction of Fedosov
star products in the Appendix. Readers may refer to that section for
various notations and formulas that are used here. What is eventually
relevant to our situation is the case where M is the symplectic manifold
h* x G corresponding to a nondegenerate dynamical r-matrix. However, we
believe that our general presentation will be of interest on its own right. We
can now state the main result of this section.

THEOREM 5.1. Let H be an Abelian group and M a symplectic Hamil-
tonian H-space with an equivariant momentum map J: M — §*. Assume that
J is a submersion, and there exists a H-invariant symplectic connection V
such that h is parallel for any hel, ie., Vih=0,VX e X(M). Let ;, be the
corresponding Fedosov star product on M with Weyl curvature Q= w+
how, + -+, + - - € Z*(M)[h], which satisfies the condition that i;w; = 0,
Vi = 1,Vhel. Then for any f(A) € C*(H*) and g(x) e C*(M), we have

* - i\ 1 * 0" 1 s
(J*f) * g(x) = ), <—§> a’ (W)hn“‘hikg;

k=0

© (ANl . . o*
0 N=3 (3) g -ho 7 (55 L5m )

Here h denotes the corresponding Hamiltonian vector field on M generated
by hel.

Remark. From Theorem 5.1, it follows that J*: C*(h*)[A] — C*(M)[A]
is an algebra homomorphism, where C*(h*)[#] is equipped with pointwise
multiplication. In other words, J* is a quantum momentum map [37]. It

would be interesting to see how to generalize this result to the case where
H is not Abelian [42].
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Applying Theorem 5.1 to the symplectic manifold M = h* x G associated
to a nondegenerate triangular dynamical r-matrix, and using Theorem 4.3,
we obtain

COROLLARY 5.2. Let r:h* — A? g be a nondegenerate triangular dyna-
mical r-matrix and M =§* x G its associated symplectic manifold. Let V be
the symplectic connection on M as in Theorem 4.3. Suppose that Q = w+
how,+ -+ +Hhw,+ --- € ZX(M)C [H] satisfies the condition that ijw; =0,
Vi> 1, hel. Then the Fedosov star product on M corresponding to (V, Q) is
a compatible star product.

Combining with Theorem 3.3, we are led to the following main result of
the paper.

THEOREM 5.3. Any nondegenerate triangular dynamical r-matrix is
quantizable.

More generally, if r is a splittable triangular dynamical r-matrix, accord-
ing to Corollary 4.8, the corresponding Poisson manifold M =h*x G
admits a G x H-invariant leafwise (w.r.t. the symplectic foliation) Poisson
connection such that V4 =0, Vi € h. Applying Theorem 5.1 leafwisely, we
thus have the following

THEOREM 5.4. Any splittable triangular dynamical r-matrix is quantizable.

The rest of the section is devoted to the proof of Theorem 5.1. We will
start with the following

PrROPOSITION 5.5.  Under the same hypothesis as in Theorem 5.1, we have
(i) For any (r,s)-type tensor Se€ T "9M and hel, we have
VS =L;S.
(i) VXeX(M)andi=1,Vy(J*di)=0.
(iii) Givenany € Q' (M), ifh 10 =0, then h _1V,0 =0, VX € X(M).

(iv) R(X,Y,Z,W)=0, if any of the vectors X, Y, Z, W is tangent to
the H-orbits.

v) V;R=0,Vhel.

Proof. (1) Since V is torsion-free, for any vector field X € X(M), we
have

ViX =Vyh+[h X]1=[h, X]=L;X.

This implies that V;0=L;0 for any one form e Q'(M). Therefore
V;S = L;S for any (r, s)-type tensor S € 7 "IM.
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(i) Since J: M —b* is a momentum map, it follows that J*dA' =
o’h;, where " ¥(M)— Q'(M) is the isomorphism induced by the
symplectic structure w. Hence Vy(J* dA’) = Vy(w’h;) = @®(Vyh,) = 0, since
V is a symplectic connection.

(iii) We have Vy(h _10) = (Vyh) 10+h 1V,0="Fh _1V,0. The claim
thus follows.

(iv) Let & denote the H-action on M. For any hel), since V
is H-invariant, it follows that VW,Y € X(M), Vi ,.m)( PexpinY) =
D (Vi Y). Taking the derivative at ¢ = 0, one obtains that

Viiw Y + VB Y1=[h,V, Y]
Hence,
R(B,W)Y = ViV Y =V Vi¥ =V ¥
= [, Vi Y 1=V [, Y 1= Vi g Y
=0.

On the other hand, we know that R(Z, W) h= 0, since h is parallel by
assumption. This means that R(X,Y,Z,W)=0if Y = h or Z=h. Since
R(X,Y,Z, W) is antisymmetric with respect to W, Z, and symmetric with
respect to X, Y according to Proposition 4.1, the conclusion thus follows.

(v) Since both the connection V and the symplectic structure o are
H-invariant, the symplectic curvature R, as defined by Eq. (21), is also
H-invariant. Hence, for any % € ), according to (i), V;R= L;R =0.

This completes the proof of the proposition. |

By K =« TM, we denote the integrable distribution on M corresponding
to the H-orbits, and K* its conormal subbundle. That is, a covector @ is in
K*iff <0, ii> =0, Vheh. For any x € M, by pol(K.), we denote the poly-
nomials on 7,M generated by those linear functions corresponding to
covectors in K. By W1, we denote the formal power series in 7 with coef-
ficients in pol(K ). Clearly W1 is a subalgebra of the Weyl algebra W,. Let
W =U),cr Wt be the subbundle of W. We also consider W+ ® A?K*, a
subbundle of W @ A!T*M, whose space of sections is denoted by
T'W* @ (4*)%. As before, let us fix a basis {4, ..., i} of b, and denote by
(A%, ..., ") its induced coordinate system on b* Since J:M —bh* is a
momentum map, we have X,.i=h, Vi=1,.. 1. It thus follows that
J,.ﬁ;= Jo X5 =0,Vi=1,..,1 since ) is Abelian. Next we need to extend
{71;, s 71;} to a set of (local) vector fields which constitutes a basis of
tangent fibers of M. For this purpose, let {u,,...,u,} be (local) vector
fields on M tangent to the J-fibers such that {A;, ..., &, uy, ..., u,} consti-
tutes a basis of the tangent spaces of the J-fibers. Choose (local) vector
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fields {vy, ... v,} on M such that J,v, —i,, Vi=1,...,1, which is always
possible since J is a submersion. It is easy to see that locally
{h,, s B0y, v Uy, L, 4, ) constitutes a basis of the tangent fibers of
M. Let {hy, ..., By, Uiy ..., Uk, Uy, ..., iy } be its dual basis. Then any section
of W ® A can be written as

_ k i ipyd J
a—Zh ak,i[’“ip,jl“'qu*l. y‘”xl '/\xal:lﬂ (31)

where all y.’s and x.’s are either A, v, or u), and the coefficients

iy iy, jy-j, ATC covariant tensors symmetric with respect to i, s, and

antisymmetric in j; ---j,. It is simple to see that a section a belongs to
T'W+* ® (A%)? iff there are no terms involving explicit A%’s in the above
expression.

LemMA 5.6. (1) Foranyi=1,..1 J*d) =vi;
(i) foranyi,j, Vi-vi =0, and Vy-h} and V;: v, belong to T'K*;
(i) for any i, j, m(vi, hl) = d;;, n(vy, vi) = 0, n(v, ul) = 0;
(iv) the commutatant of {vy, ..., vy} in TW is TW*.

Proof. (i) <J*dA,v;)=<dN, Jov;y = dA, w) d,;. Similarly, we have
J*dA,u;y =0and <J*d)', h;) = 0. Therefore, J* di' = vj,.

(i) According to Proposition 5.5, V;vk = V;-(J*dA)) = 0. Also, VK,
(Vi B, by = \% <hl, > — (h*,Vh h> =0. Hence it follows that \% ~hi e
I'K*. Similarly, we can prove that V;-u} € 'K™.

(i) We have n(vk, b)) = <(n*(J* di%), b = by, by = 6. Similarly,
we can show that (v, v]) = 0 and n(vl, ul) = 0.

(iv) Assume that a e I'W such that [a,vi]=0,Vi=1, ..., [ It thus
follows that {a, vi} =0, where the Poisson bracket refers to the one corre-
sponding to the fiberwise symplectic structure on TM. Thus ae IW+*
according to (iii). ||

LemMA 5.7. (i) ITW*® At is closed under the multiplication o as
defined by Eq. (46).
(i) I'W*® At is closed under both the operators & and 57"

(i) I'W*® A" is invariant under the covariant derivative Vy, VX €
X(M).

Proof. (i) and (ii) are obvious. For (iii), note that I'(K') is invariant
under the covariant derivative Vy according to Proposition 5.5(iii). Hence
I'Wt ® A*is also invariant. ||
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As an immediate consequence, we have the following

COROLLARY 5.8. If aeIW*® A+ and V;a=0,Yhel, then Oa
eIlwt® At

To prove Theorem 5.1, we start with the following

LEMMA 5.9. Under the same hypthesis as in Theorem 5.1, we have
Y% =0"'QeTW*® A+ and V;y, =0, Vheb.

Proof. According to Eq.(57), we know that @=Q—-w+R=R+
Fiwo, +F%w, + ---. By assumption, we have w;, e T'W* ® A*,Vi>1. On the
other hand, according to Proposition 5.5(iv), we know that Re T'W* ® A*.
Therefore, @ e T'W* ® A*. Hence y, € TW* ® A+ by Lemma 5.7.

Finally, note that for any hel, L;o, =i;(dw,)+d(iw;) = d(i;w;) = 0.
According to Proposition 5.5, we have L;R = V;R =0. Hence L;Q =0. It
thus follows that V;y, = Liy, = L;0 '@ =0"'L;2=0. |

ProrosiTION 5.10. Under the same hypothesis as in Theorem 5.1, the
element y, defined as in Theorem A.2, belongs to T'W* ® A* and satisfies
Viy=0,Vhel.

Proof. We prove this proposition by induction. Assume that y, e
I'W+® A+ and V;y, =0, Vhel. It suffices to show that y,,, satisfies the
same conditions. By Eq.(59), y,.; and y, are related by the following
equation:

Vnt1 =yo+5“<5yn+%yi>,Vn>0- (32)

According to Corollary 5.8, we have 0y, e TW* ® A*. On the other
hand, by Lemma 5.7, y2 e T'W* ® A*. Hence y,,, € TW* ® A* according
to Lemma 5.7 and Lemma 5.9.

Now

i
Vi) = Vivo+ V3o ™! <8yn +z Vﬁ)

=L’ -1 L 2
h5 <ayn+hyn>

=07 <L;;a)’n +% Lz?ﬁ)

=0.
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Here, in the last step, we used the relation L;0 = dL;, which follows from
the fact that the symplectic connection is H-invariant. This concludes the
proof. |I

As in the Appendix, for any a € C*(M), we denote by a € W, its parallel
lift; i.e., D@d=0 and d|,_,=a. Theorem 5.1 is in fact an immediate
consequence of the following

ProrosiTION 5.11.  Under the same hypothesis as in Theorem 5.1,

W) ifa=J*f for f e C*(H*), then

~ = 1 * akf i1 i,
=2’ <a/1f1..-a/1fk>”* B 33)

(i) for any ae C*(M),
a=Yy —(E“'Eka)hi---hZ+T,

where the remainder T does not contain any terms which are pure polyno-
mials of hy’s.

Proof. For (i), it suffices to prove that @, given by Eq. (33), is a parallel
section. According to Proposition 5.10 and Lemma 5.6, we have [y, @] = 0.
Thus it follows that Da@ = —d@+ dd, which clearly vanishes since dvl, = 0 by
Proposition 5.5(ii) and Lemma 5.6(ii).

For (ii), recall that a is determined by the iteration formula

woi=a3 (20 ) “
So it suffices to prove that
=Y —(h, b ap) bl hE+T,,

where each term in the remainder 7, is not a pure polynomial of 4.’s. This
can be proved by induction again.

Assume that this assertion holds for a,. To show that it still holds for
a,,,, we need to analyze which terms in a, would produce pure poly-
nomials of A%’s out of Eq.(34). Since ye IW* ® A*, we may ignore
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67 '[}7,a,] and only consider 6" da, =67'(3; Vira, bk +X,; V, a, v+
>V, a, auy). From this, it is clear that those terms containing pure poly-
nomials of /}’s arise only from 6 (3, V;-a, Ahi). Now a general term in a,
has the form 7i*a,; (x) vihBul, where «, f, and y are multi-indices.
However,

Vﬁ(aocﬂy(x) Uihgui)
= (ancﬁy(x)) Uihéul +aapy(X)(VE’Ui) hgui
+ a5, (x) V5 (Vi hE) th + ayp, (x) 03hE (Vi ul)

= (Eaaﬁy(x)) Uih{:ui +azxﬂy(x) Ui(vﬁ,’hg) qu +aaﬂy(x) v:hg(vﬁ:ui)

According to Lemma 5.6, neither Vghﬁ nor V;-uj} will be a pure polynomial
of hi’s. Hence to produce a pure ki-polynomial term, one needs that
a=y=0. And in this case, the resulting pure A-polynomial term is
hk(EaOﬁO(x)) h%. In conclusion, only pure hi-polynomial terms in a, can
give rise to pure hi-polynomial terms in 6 'da,. Hence the pure
Hy-polynomial terms in a,,; is o+ p_o gy i(hy, - By ag) Bih - - B,
which clearly equals to Yth & (% ---h; a,) hii ---hi. This concludes the
proof. |

6. CLASSIFICATION

This section is devoted to the classification of quantization of a non-
degenerate triangular dynamical r-matrix. Our method relies heavily on the
classification result for star products on a symplectic manifold. First, let us
introduce the following:

DreriNtTION 6.1. Two quantizations F(A) and E(1) of a triangular
dynamical r-matrix are said to be equivalent if there exists a T'(1): h* —
(Ug)" [#] satisfying the condition that 7T'(1) = 1(mod /) and &(7T(1)) =1
such that

EQ) = AT(2)™ F(A) T, (.= L ih®) T,(4+1 ih®). (35)

To justify this definition, we need the following result, which interprets
this equivalence in terms of star products.

THEOREM 6.2. Given a compatible star product %, on the Poisson
manifold (M, ©) associated to a triangular dynamical r-matrix r(1), assume



QUANTIZING CLASSICAL DYNAMICAL r-MATRICES 35

that T(A):b* — (Ug)" [] satisfies the condition that T(A) = 1(mod %) and
&(T (1)) = 1. Then the x-product:

[% =T TfTg),Vf, geC (M) (36)
is still a compatible star-product. Moreover, if f, g € C*(G), then

f % g=EQ)(f @), (37)
where E(J) is given by Eq. (35).

Thus we are led to the following

DreriNiTION 6.3.  Compatible star-products #, and #, are said to be
strongly equivalent iff they are related by Eq. (36) for some T(4): h* —
(Ug)® [#] satisfying the property that T'(1) = 1(mod %) and &(T' (1)) = 1.

An immediate consequence of Theorem 6.2 is the following:

COROLLARY 6.4. If F(A) is a quantization of a triangular dynamical
r-matrix r:* — A’ g and T(A): h* — (Ug)" [i] satisfies the condition that
T(A) = 1(mod ) and e(T (1)) = 1, then

E(A) = AT (1) F(A) T,(A—3 ih®) T, (A +3 kD)

is also a quantization of r(1).

Due to this fact, Definition (6.1) is well justified. Indeed, Theorem 6.2
allows us to reduce the classification problem of quantizations of a trian-
gular dynamical r-matrix to that of strongly equivalent star products on M.

Remark. Let Ry(2) = E*(A)™" E'(4) and Rp(1) = F*(A)"' F(A). It is
easy to see that they are related by

Ry (1) = T,(A— BhO) 1 T, (A+1 k@) ' Rp(D) T, (A—1L Bh®) Ty (A+1 BhD).
(38)

Alternatively, we may define a quantization of a triangular dynamical
r-matrix r(1) to be an element R(A) = 1+7r(A)+ --- € Ug ® Ug[h] satisfy-
ing the QDYBE, and define an equivalence of quantizations by Eq. (38).
This definition sounds weaker than our original one. We do not know,
however, at this moment whether these two definitions are equivalent. It
would be interesting to have this clarified.

To prove Theorem 6.2, we need a lemma.
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LEMMA 6.5. Assume that T(A):b* — (Ug)" [#] is as in Theorem 6.2,
then

() (@d))" (T © D)= (D" 4, ity by -
(i) OT ®1)0'=T,(A-Lih®);
(i) O(1®T)O"' =T(A+LAnD);
(v) O ®T)O' =T,(A-Lih®) T,(A+LHhD).

Proof. (i) We prove this equation by induction. Obviously, it holds
for n=0. Assume that it holds for n = k. Now

(ady) ' (T ® 1)

1\¢ T
1\¢ o o

=<‘z> 2,2, Z([Wﬁm@h”]

0 o*T
‘[ﬁ@’W@"”D

1 k+1 ak+1T
) <‘§> RN A R N

(i) We have
(T ®1) O~ =exp(fi ady)(T ® 1)
1

z,;oﬁ(h ad,)* (T ® 1)

| A\ o'T
- () aam ok

(iii) is proved similarly, and (iv) follows from (ii) and (iii). ||

Proof of Theorem 6.2. 1If f,ge C*(H*), then Tf = f and Tg =g since
&(T)=1. Hence

TTf+Tg)=fg.
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Now if f e C*(h*) and g e C*(G),
j;f*hj;g:f*hfg

=6(f.Tg)
=0(1®T)(f,g) (byLemma 6.5)

- T2<,1+%hh“)> o(f.g)
© 1 B\ o'T
=k§olﬁ<5> <hi1...hik® —aﬂlmaﬂk>@(f,g)

=(1®T)6(f, g
=T(f * 8).

Here in the last equality, we used the fact that T does not involve any
derivative 5 So we have proved that T-/(T f , Tg) = O( £, g).
Finally, assume that f, g € C®(G). According to Theorem 3.8,
Tf#Tg=(F(2) O)Tf,Tg)
=FA)OTT)(f,g) (byLemmab6.5)
= F(2) Ty(2—31h®) (A +31h) 6(f, g).

It thus follows that

TNTf %, Tg) = AT(2) "' F(A) T, (A—4 ih®) T,(.+57h ) O( £, g)
=E(D) 6(f,g).

This concludes the proof. ||

The rest of the section is devoted to the classification of strongly equiva-
lent classes of compatible star products on M =h*x G. The classification
of star products on a general symplectic manifold was studied by many
authors, for example, see [8, 11, 34, 36, 37]. Here we follow the elementary
approach due to Bertelson et al. [ 7] concerning invariant star products.

First we prove

THEOREM 6.6. Let M =14)*x G be the symplectic manifold corresponding
to a non-degenerate dynamical r-matrix r(A). Two compatible Fedosov
x-products are strongly equivalent iff their Weyl curvatures 2, and £
are strongly cohomologous; i.e., Q,—Q=dl, where 0ecQ'(M)[h] is
G x H-invariant and satisfies i;0 =0, Yh e ).
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From now on, in this section, by M we always mean the symplectic
manifold h* x G associated with a non-degenerate dynamical r-matrix. Let
g =D @ m be a reductive decomposition as in Lemma 4.5, and {A,, ..., h;} a
basis in b, and {e,, ..., e, } a basis of m. If we choose v; =2 and y; =¢;,
then {&,, ..., h;, vy, ..., v, u; ---, u,,} constitutes a local (in fact global in this
case) basis of tangent fibers of M, which satisfies all the required properties
as in the construction preceding Lemma 5.6. In what follows, we will fix

such a choice and denote by {Ay, ..., hk, vy, ..., Uk, Uy, ..., uy } its dual basis.

LemmA 6.7. Assume that D is an Abelian connection defining a compa-
tible «-product on M as in Corollary 5.2. For any a € C*(M), let

a=Y H*Dy .y, (a) vihbul, e T(W) (39)

be its parallel lift, where «, B, and y are multi-indices and Dy .5, are certain
differential operators on M. If an operator D .z involves a derivative of
A e€b*, then the corresponding term satisfies |« > 0.

Proof. Asis known, d is given by the iteration formula

i1 =aO-i_571 <aan+|:%y’ a, :|>9

so it suffices to show that a, possesses such a property for any », which we
shall prove by induction.

Assume that a, possesses this property, and we need to show that so
does a,,,. Let i*D, apy (@) vihiul, be a term in a,, |, where D, .4, involves a
derivative of A. There are two possible sources that this term may come
from. One is from 6 '[} y, a,]. Since this operation does not affect the part
involving derivatives on a, so it must come from a term having the form

5_1[% Vs hk,Dk, aﬂy(a) U:hﬁlui i|s (40)

where /¥ Dy 4,(a) vihiu} is one of the terms in a,. By assumption, we
know that |o/| > 0. Since y e T'W* ® A*, it follows from Lemma 5.6 that
any resulting term in Eq. (40) has at least a factor vg'.

Another possible source is from 6 '(0a,). Now

67'0a,=) (Voa,)vi+Y), (Vya,) hi+), (V;ra,) us.
ot i i

i
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If it arises from the first term, we are done. Assume that it comes from the
second term: (V;-a,) h. Let i*D, oy (@) vihEu be a general term in a,; then

Vir (D oy (a) v3H4L) = K1 Dy, g, )(@) V35U +H¥Dy o, (@) v3(Vihl)
+thk, zxﬂy(a) vihﬁ(vﬁui)

From this equation, it is clear that D, ., must already contain some deriv-
ative of A € h*. The conclusion thus follows from the inductive assumption.
A similar argument applies when it arises from the last term (V,-a,) u.
This concludes the proof. ||

Proof of Theorem 6.6. Our proof here is essentially a modification of
the proof of Corollary 5.5.4 in [21].

“Necessity.” Let

i

D=—5+6+}—‘l[y,-], and
D, = —6+0+% [7s:°]

be the Abelian connections with Weyl curvatures 2 and Q,, respectively,
and A4: W, — W, an isomorphism of algebras. It is standard that 4 lifts to
an automorphism of the Weyl bundle W, which will be denoted by the
same symbol 4: W — W. Then A is G x H-equivariant. As in [21], we may
assume that 4(a) =U oa o U~ for some U e I'W,, Yae W. We may also
assume that U is G x H-invariant since A4 is G X H-equivariant. By assump-

k . .

tion, we also know that da=aifa=37 %alila__‘f‘;lik vt - vy, Ya, € CP(hY),
which is the parallel lift of g, according to Proposition 5.11. This implies
that U commutes with v}, i=1, ..., /, and therefore U € I'W ; according to
Lemma 5.6. Consider another Abelian connection: Da = (4 o D o A™")(a) =
UoDWU 'aU) oU'=Da—[DU oU"",a]. Then D has the same Weyl
curvature as D (see Theorem 5.5.3 and Corollary 5.5.4 in [21]), which is
assumed to be 2. On the other hand,

D,a—Da = % [« —y—ik(DU o U™), a]

i
= L4y, al. 4D

Since U e T'W 7 and y,,ye TW* ® A*, it follows that Aye TW* ® A*. It
is also clear that Ay is G x H-invariant. Moreover, from Eq. (41), it follows
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that [4y,a] =0, if a e W,,,. Hence Ay is a scalar form. Thus Q, —Q = dA4y.
Clearly, 4y is G x H-invariant and i;4y =0, Vh € }.

“Sufficiency”. Assume that Q,—Q=df, 0e Q' (M)[r] is Gx H-
invariant and ;0 =0, Vhel. Let Q(t)=Q+tdf and D,=-0+0+
+[7(2),- ] be the Abelian connection with Weyl curvature Q(z), where y(¢)
is as in Theorem A.2, satisfying 6 ~'y(¢) = 0.

Let H(t)e I'W be the solution of the equation D,H(t)=—60+y(¢)
satisfying H(t)|,_, = 0. Then H(t) is G X H-invariant since D,, 0, y(t) are
all G x H-invariant. On the other hand, since y(t) e T'W* ® A* according
to Proposition 5.10, and § € '4* by assumption, it follows that H(¢) e
rw+.

According to Theorem 5.5.3 [21], the solution of the Heisenberg
equation

da -
E—'_ [H(t),a]l=0 42)

establishes an isomorphism W, — W, , which is given by a(0) — d@(1). In
fact, D,a(t) =0 if Da(0) =0.

Clearly, this correspondence is G x H-equivariant since H(z) is G x H-
invariant. So its corresponding formal differential operator T: C°(M)[A] —
C*(M)[h] is G x H-invariant. Finally it remains to show that T, as a
formal differential operator, does not involve any derivative of A € h*.

To show this, for any a e C*(M), let @ € W, be its parallel lift, and a(z)
the solution of Eq.(42) satisfying the initial condition @(0)=da. Then
D,a(t) = 0. Also, let a(t) = a(t)|,_,. Write

a(t) = Y 1D, 1 op,(a(1)) vihu.

If an operator D, ,; involves a derivative to 1ebh* we know that
a# 0 according to Lemma 6.7. Since H(¢) e I'W*, it thus follows that
[H(), D, . up,(a(1)) vihiul]l,_o =0. This implies that [H(¢), a@(t)]l,-,
= 9,a(t), where 9, is a formal differential operator on M involving no
derivatives of 4 € h*. Now Eq. (42) implies that

da(t)
dt

+2,(a(t)) =0.

Therefore the equivalence operator T: C®(M)[A] — C*(M)[h], which
sends a(0) to a(1), does not involve any derivative of 1 € h*. This concludes
the proof. |
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Asin [7], by C ’;ifﬁO(M ), we denote the space of differential Hochschild
k-cochains on C®(M) (i.e., k-multidifferential operators on M) vanishing
on constants and denote by b: Cly (M) — Cit!((M) the Hochschild
co-boundary operator.

PrROPOSITION 6.8. Suppose that %, and *; are two compatible star-
products on M:

urgv= >y HCu,v),ux,v=">y ICi(u ), Vu,ve C*(M).

k=0 k=0

Assume that %, and *; coincide with each other up to order n; i.e.,
C.=CL,0<k<n. Then

@) (Cry1t —Chir)w, v) = B, v) + (E)(u, v), where Be C*(b*, (A\* g)")
is a 6, 2-cocycle (i.e., 6,B=0) and E:h* — (Ug)". Here 6, denotes the
coboundary operator defined by Eq. (9).

(i) C,=3{-, }+bc for some c, e C*(h*, (Ug)").

(i) If B=6,X,XeC “(b* o), then the formal operator T =
1+A"X + K" E, transforms =, to another star-product, which coincides with
*; up to order n+1. Here E, = E(u)—[X, ¢, ].

Proof. We use an argument similar to that in [7].

(1) By definition, if either u or v is in C*(§*), we have u=*, v=
u x), v = O(u, v), which implies that (C,, —C, . 1)(u,v)=0.
On the other hand, as is well known, C,,,—C,,, is a Hochschild
2-cocycle [7, 37]. Hence we may write

Cpo1—Clyy =S+5T,

where S € I'(A> TM) and T is a Hochschild 1-cochain. Since S and bT are,
respectively, the skew-symmetric and symmetric parts of C,,, —C,,,, they
share many common properties as C,,; —C,, . In particular, both of them
are G x H-invariant and vanish when one of the argument u or v belongs to
C>(H*). This implies that S = B, for some Be C(h* (A?g)"). It is also
standard [7, 37] that S satisfies the equation [z, S] =0, which is equiva-
lent to 6, B = 0 according to the remark following Proposition 2.11.

Now M =}* x G clearly admits a G x H-invariant (in fact G-biinvariant)
connection. Since bT is G x H-invariant, according to Proposition 2.1 in
[7], we can assume that T is a G x H-invariant 1-cochain. Since (b7 )(u, v)
=0, Yu, ve C*(Hh*), we have u(Tv) —T(uv) + (Tu) v = 0. On the other hand,
since Tu is G-invariant, it must be a function of Aebh* only; ie.,
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Tu e C*(h*). Hence the restriction of the operator T to C*(h*) defines a
vector field Y on h*. Now since (bT )(u, v) = 0, Vu € C*(h™*), it follows that

(T-Y)(uw) =u(T-Y)(v), Yue C*(H*), veC(M).

Hence T—Y does not involve any derivative with respect to A e h*. Since
T —Y is G x H-invariant, it follows that T—Y = E for some E: h* — (Ug)".
Therefore, bT = bE.

(i) It is standard that C, =3 {-,-} +bc|, where ¢} is a Hochschild
1-cochain. By repeating an argument similar to that in (i), we can prove
that ¢} can be chosen so that ¢} = ¢, for some ¢, € C*(h*, (Ug)").

(i) If B=4,X, then B=[r, X] according to the remark following
Proposition 2.11. It is easy to check that the operator T = 1+4i"X +H"E]
transforms #; to another star-product, which coincides with ; up to order
n+1. |

As a consequence, we have

COROLLARY 6.9. If r is a non-degenerate triangular dynamical r-matrix
and M =4*x G its associated symplectic manifold, then every compatible
x-product on M is strongly equivalent to a Fedosov x-product as constructed
in Corollary 5.2.

Proof. This follows essentially from the same argument as in the proof
of Proposition 4.1 in [7]. We will omit it here. [

Combining with Theorem 6.6, we thus have proved:

THEOREM 6.10. Let M =4*x G be the symplectic manifold associated
with a non-degenerate triangular dynamical r-matrix r: h* — N’ g. Then the
equivalent classes of compatible x-products on M are classified by the relative
Lie algebra cohomology (with coefficients being formal power series of h)

H*(g, H)[7].
Using Theorem 6.2, we are thus led to the following

THEOREM 6.11. The equivalence classes of quantization of a non-degen-
erate triangular dynamical r-matrix r: )* — A? g are classified by the relative
Lie algebra cohomology (with coefficients being formal power series of h)

H*(g, H)[A].

Remark. 1t would be interesting to see if this theorem can be proved by
directly applying the usual classification theorem of star products on a
symplectic manifold. One of the difficulties is that the characteristic class of
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a star product is usually difficult to computer. Recently, Tsygan comes up
a nice way of redefining the characteristic class using the jet bundle. This
may shed some new light on our problem.

Inspired by Kontesvich’s formality theorem, we end this section with the
following:

Conjecture. For an arbitrary classical triangular dynamical r-matrix
r:h*— A?g, the quantization is classified by .Z(g[%],}), the formal
neighbourhood of r in the moduli space .#(g[%], h).

APPENDIX

In this section, we recall some basic ingredients of the Fedosov con-
struction of x-products on a symplectic manifold, as well as some useful
notations, which are used throughout the paper. For details, readers should
consult [20, 21].

Let (M, ) be a symplectic manifold of dimension 2xn. Then, each
tangent space 7, M is equipped with a linear symplectic structure, which
can be quantized using the standard Moyal-Weyl product. The resulting
space is denoted by W,. More precisely,

DeriNiTION A.1. A formal Weyl algebra W, associated to 7,M is an
associative algebra with a unit over C, whose elements consist of formal
power series in /i with coefficients being formal polynomials in 7, M. In
other words, each element has the form

a(ya h) =thak,aya9 (43)

where y=(y!, ...,y*™) is a linear coordinate system on T.M, o=
(0, - 0p,) is @ multi-index, y*=(y")*---(y*)*, and g, , are constants.
The product is defined according to the Moyal-Weyl rule:

= (A\*1 , .. 0% b
b= (%) —ahi.. g — a— - 44
“ kz=:0 <2> T Gy Gy oy oy @

Let W =, W,. Then W is a bundle of algebras over M, called the
Weyl bundle. Its space of sections I'W forms an associative algebra with
unit under the fiberwise multiplications. One may think of W as a “quan-
tum tangent bundle” of M, whose space of sections I'W gives rise to a
deformation quantization for the tangent bundle TM, considered as a
Poisson manifold with fiberwise linear symplectic structures. As in [20], by
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W* we denote the extension of the algebra W consisting of those elements
described as follows:

(i) elements a € W™ are given by series (43), but the powers of 7 can
be both positive and negative;

(i) the total degree 2k + || of any term of the series is nonnegative;

(iii) there exists a finite number of terms with a given nonnegative
total degree.

The center Z(W) of I'W consists of sections not containing y’s, thus can
be naturally identified with C*(M)[/4]. By assigning degrees to y’s and 7
with deg y’ =1 and deg 7 = 2, there is a natural filtration

C*M)ycIW)c - TW)cTW,,) - <IT'W)

with respect to the total degree (e.g., any individual term in the summation
of the RHS of Eq. (43) has degree 2k +|a/.)

A differential g-form with values in W is a section of the bundle
W ® A?T*M, which can be expressed locally as

a(x, y, i, dx) =Y Bay ;. ji..j, ¥ YrAXI A - Adx, (45)
Here the coefficient a,;,...; j...;, is a covariant tensor symmetric with
respect to i, ---i, and antisymmetric in j, ---j,. For short, we denote the
space of these sections by I'W ® A?. There is an associative product o on

I'W ® A*, which naturally extends the multiplication * on I'W and the
wedge product on A™:

(a®0)o (bRw)=(axb)® (Orw), Va,be I'W,and 0, w € A*. (46)

The usual exterior derivative on differential forms extends, in a straight-
forward way, to an operator ¢ on W-valued differential forms:

Oa

., VaeI'W ® A* 47
ay

da=Y dx'a
By 67!, we denote its “inverse” operator defined by

1 (0
-1 = _— ' bt _I
07 'a Zi:p+qy <5x’ a> (48)

when p+¢ >0 and 6~'a=0 when p+¢ =0, where ae I'W ® A? is homo-
geneous of degree p in y.
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There is a “Hodge”’-decomposition,
a=06""a+d"0a+ay, VaeIW ® A%, (49)
where ay(x) is the constant term of g, i.e., the 0-form term of a|,_, or
ag(x) = a(x,0,0,0). The operator J possesses most of the basic properties
of the usual exterior derivatives. For example,

0’=0 and (67Y)*=0.

It is also clear that both § and J~! commute with the Lie derivative; i.e.,
VX € X(M),

Lyod=00Ly, and Lyod =61 0Ly. (50)
Let V be a torsion-free symplectic connection on M and
O:TW —TW ® A

be its induced covariant derivative.
Consider a connection on W of the form

D=—5+8+%[%'], G

withye I'W ® A
Clearly, D is a derivation with respect to the Moyal-Weyl product; i.e.,

D(axb)y=ax* Db+ Da b, Ya,beI'W. 52)

A simple calculation yields that

Da=—|10Qal|, Vaerw, (53)
A

where

Q=w—R+5y—6y—%y2. (54)
Here R=; R, y'y’ dx*adx', and R, = w,, R, is the curvature tensor of
the symplectic connection as defined by Eq. (21).

A connection of the form (51) is called Abelian if Q is a scalar 2-form;
ie., Q € QX M)[HK]. 1t is called a Fedosov connection if it is Abelian and in
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addition ye I'W; ® A'. For an Abelian connection, the Bianchi identity
implies that dQ = DQ =0; i.e., Q € Z*(M)[#]. In this case, Q is called the
Weyl curvature.

THEOREM A.2 (Fedosov [21]). Let V be a torsion-free symplectic con-
nection and Q = w+hw, + --- € Z*(M)[}] a perturbation of the symplectic
form in the space Z*(M)[l]. There exists a unique ye I'W; ® A" such that
D, given by Eq. (51), is a Fedosov connection, which has Q as the Weyl
curvature and satisfies

67 ly=0.

Proof. It suffices to solve the equation

a)—R+5y—6y—%y2=Q. (55)
This is equivalent to
(3y=[~2+6y+%y2, (56)
where
Q=0-0w+R (57)

Applying the operator ' to Eq. (56) and using the Hodge decomposition
(Eq. (49)), we obtain

y=610 45! <0y+%y2>. (58)

Note that y,, = 0 since y is a 1-form.
Take y, = 6 ', and consider the iteration equation

Pt =yo+5‘1<6yn+%yi>, Vn>0. (59)

Since the operator @ preserves the filtration and &' raises it by 1,
y, defined by Eq. (59) converges to a unique y e I'W ® A', which is clearly
a solution to Eq. (58). Moreover since y, is at least of degree 3, y is indeed
an element in 'V, ® A'. ||
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Theorem A.2 indicates that a Fedosov connection D is uniquely deter-
mined by a torsion-free symplectic connection V and a Weyl curvature
Q=37 ,lw,eZX(M)[k]. For this reason, we will say that D is a
Fedosov connection corresponding to the pair (V, Q).

If D is a Fedosov connection, the space of all parallel sections W,
automatically becomes an associative algebra. Let ¢ denote the projection
from W), to its center C*(M)[#] defined by a(a) = al, _,.

THEOREM A.3 (Fedosov [21]). For any ay(x,h)e C*(M)[A] there is
a unique section a €Wy such that o(a) = a,. Therefore, o establishes an
isomorphism between Wy, and C*(M)[#] as vector spaces.

Proof. The equation Da = 0 can be written as

5a=8a+[%y,a].

Applying the operator 67!, it follows from the Hodge decomposition
(Eq. (49)) that

a=a0+§‘1<6a+[%y,a]>. (60)

In analogy to the proof of Theorem A.2, we can solve this equation by the
iteration formula:

an+1=a+51<aan+[%y, aD 1 61)
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