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Abstract
We define the chiral zero modes’ phase space of the G = SU(n) Wess—
Zumino—Novikov—Witten (WZNW) model as an (n — 1)(n + 2)-dimensional
manifold M, equipped with a symplectic form €2, involving a Wess—Zumino
term p which depends on the monodromy M and is implicitly defined (on an
open dense neighbourhood of the group unit) by

do(M) = L (M~ dM)’. (%)
This classical system exhibits a Poisson-Lie symmetry that evolves upon
quantization into a U,(s¢,) symmetry for ¢ a primitive even root of 1. For
each (non-degenerate, constant) solution of the classical Yang—Baxter equation
we write down explicitly a p (M) satisfying equation () and invert the form
€2,, thus computing the Poisson bivector of the system. The resulting Poisson
brackets (PB) appear as the classical counterpart of the exchange relations of
the quantum matrix algebra studied previously in Furlan et al (2000 Preprint
hep-th/0003210). We argue that it is advantageous to equate the determinant
D of the zero modes’ matrix (aé) to a pseudoinvariant under permutations g-
polynomial in the SU (n) weights, rather than to adopt the familiar convention
D = 1. A finite-dimensional ‘Fock space’ operator realization of the factor
algebra M, /T, where T, is an appropriate ideal in M, for ¢" = —1, is
briefly discussed.
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Mathematics Subject Classification: 17B37, 53D05, 81S10

0305-4470/03/133855+21$30.00  © 2003 IOP Publishing Ltd Printed in the UK 3855


http://stacks.iop.org/ja/36/3855

3856 P Furlan et al

1. Introduction

Two-dimensional conformal current algebra models are known to lead to an unconventional
problem of classical symplectic dynamics defined in terms of a multivalued action [49, 44, 50]
or, equivalently, by a closed—but not exact—3-form [35], depending on a group-valued field.
It has been noted at an early stage of this development [1] that the most interesting new
features of the theory already appear in a finite-dimensional ‘toy model’. The present paper
is devoted to a study of a version of such a finite-dimensional ‘chiral zero modes’ model.
We display its precise relation to the (infinite-dimensional) WZNW theory, reformulate it as
a constrained dynamical system in the case when the underlying group is SU (n), compute
Poisson brackets among the basic dynamical variables for a given non-degenerate solution
of the classical (dynamical) Yang—Baxter equations and demonstrate that they appear as a
(quasi)classical limit of quantum exchange relations considered earlier [32].

1.1. The zero modes’ manifold

Let G be a semisimple compact Lie group of n x n matrices with Lie algebra G. The zero
modes’ manifold of a chiral WZNW model is not uniquely determined by the corresponding
two-dimensional (2D) conformal theory. It depends on the splitting of the G-valued field
g(x%, x) into chiral factors,

g% xl) = g (! +20)gp! (xf =¥ (1.1)
which obey a twisted periodicity condition (involving monodromy degrees of freedom),
gc(x +2m) =gc(x)M C=L,R MeG (1.2)

implying that the 2D field is periodic: g(x°, x' +2m) = g(x°, x!). A further arbitrariness is
involved in the factorization of the chiral fields g¢ (x) into (classical counterparts of ) chiral
vertex operators u(x) and zero modes a; we shall write, in particular, the left movers’ field in
the form

gL()) =u(x)ta] (A joa=1,...n). (1.3)
The chiral vertex operators have, by definition, diagonal monodromies so that the
(x-independent) matrix a = (az) is chosen to diagonalize M:

aM = M,a M, =g g=e'% g =elt. (1.4)

Here k is the Kac—Moody level appearing as a coupling constant in the WZNW model [50]
and p is a diagonal matrix whose entries define a weight vector belonging to the Weyl alcove
A, of the dual to the Cartan subalgebra of G. For G = su(n)

D1 0 e 0

0 ... 0
h= P (15)

0 0 ... pn

and the Weyl alcove can be conveniently identified with
1 n

A, = ={pi}i_,, pij:=pi—p; >0fori < j, P:=— i =0 1.6
p =Apiliz1» pij = Ppi = Dj i< n;p (1.6)

p; playing thus the role of barycentric coordinates.
While the weights p,; corresponding to the simple roots o; of G (py, = pjj+1 for
G = su(n)) provide an intrinsic characteristic of the state space of (both the chiral and the 2D)
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WZNW model, the zero mode matrix af is gauge dependent. We shall use this freedom to work
in a ‘covariant but not unitary gauge’ (discussed in section 3) and to equate, for G = SU (n),
the determinant D of (az) to a pseudo-invariant under permutations of the p; function of p
(cf[32)),

D :=det(a)) = Dy(p) := [ [Ipi)] for G =SU(n)
i<j
q" — g’ (L.7)
 q-7
rather than to 1 as done in most related studies [1, 4, 8, 15,9, 10, 19].

[p]: (gg=1)

Remark 1.1. We use on purpose different notation for the indices such as A, j, @ of u and a
that run in the same range (1.3) since they have rather different nature. While the chiral model
is invariant under left shifts of G (acting on A), it only admits a Poisson—Lie (or quantum
group) symmetry with respect to «, while j labels the diagonal elements of M.

1.2. The case n =2 and its k — oo limit: the form Q4 for SU(2)

The advantage of the ansatz (1.7) (as compared to the conventional D = 1) is exhibited on the
simple example of the SU (2) model space and its g-deformation which we proceed to sketch.
It can also be viewed as an introduction to the general case.

The realization of all irreducible representations (IR) of SU (2) with multiplicity 1 in the
Fock space of a pair of creation and annihilation operators is half a century old (see [46, 12]).
Its classical counterpart is the space C2 regarded as a Kiihler manifold with a symplectic form

Q) = (idzy A dZ% =) idz, dZ% = i(dz; dz! + dz, dZ2). (1.8)

(We omit throughout this paper the wedge sign A for the exterior product of differentials but
keep it for the skew product of vector fields.) The corresponding Poisson bivector,

d d
1 laza Py (1.9)

yields the PB counterpart of the canonical commutation relations for (bosonic) creation and
annihilation operators:

{z1.22) =0={z".2%) {za, 2P} = i6F. (1.10)
In order to express €2 (1.8) in terms of the above ‘group like’ variable a = (ab’;) and ‘weight’

P = P12, We set

az(zlz ?) pi=deta=zz'+27 (0&ped) (L)

p=3o3p. (1.12)
A simple calculation allows us then to rewrite 2; as an exact 2-form:

Q) = —idtr(pdaa). (1.13)
The symplectic form €2, for the SU (2)r WZNW zero modes (derived for the general SU (n)

case in section 2) appears as a one-parameter deformation of (1.13):

k -1 -1 171 —1
Qq(a,Mp)za{tr(daa (2dM, M, " + M, daa"'M,")) — p(a~'M,a)}. (1.14)
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Here M, is the diagonal matrix defined in (1.4), and p is the WZ term:

%deM;' =idp dp(M) = %tr(dMM_')3. (1.15)
(The 3-form on the right-hand side is closed but not exact on G; the complex 2-form p can
only be defined on an open dense neighbourhood G of the identity of G.)

The phase space M, is a four-dimensional surface in the five-dimensional space of

variables ag and p, singled out by equation (1.7):
(deta=) D =[p] (—pfork— oo, resp.q — 1). (1.16)

To summarize, for (undeformed) SU(2) creation and annihilation operators the determinant
(1.11) plays the role of a number operator. More precisely, in the quantum theory p € N is
the dimension of the IR of SU (2) spanned by all homogeneous polynomials of the creation
operators a, of degree p — 1 (acting on the Fock space vacuum). For p > 0 we can introduce
new matrix variables with determinant 1,

. 1 . .
gl = ﬁaé det (g]) =1 (1.17)
preserving the form of Q; (=—idtr(pdgg™")). The new variables (ga) obeying (1.17),
however, would not satisfy the canonical PB relations for creation and annihilation operators.
For g # 1 (k finite) a change of variables a; — gi = [p]~"/?a (that would again give
deta = 1) may become singular, as [k] = O for ¢ given by (1.4). From this point of view, the
convention deta = 1 is neither convenient nor always possible.

1.3. Outlook and references

Although the WZNW model was introduced [50] in terms of a multivalued action, its solution
was first given in the axiomatic approach to conformal current algebra models [41, 47]. The
canonical (Lagrangean) approach had to await the discovery of the link between the quantum
exchange relations and the Yang—Baxter equation [5]. It was initiated for the WZNW model
in [14] and was given a strong impetus by [27]. Among early subsequent works [8, 6, 35, 17,
18, 29, 7, 33, 34] we would like to single out the development by Gawedzki and co-workers
[35, 29, 36] of a truly canonical first-order formalism adapted to the problem. The present
paper is devoted to a self-contained study of the finite-dimensional zero modes’ problem
(without recurrent appeal to its infinite-dimensional origin). This problem was first singled
out in [1] followed by [4, 15, 30]—among others. It has an interest of its own, exhibiting in a
nutshell a number of properties that attract the attention of both physicists and mathematicians:
Poisson—Lie symmetry [45, 4, 9, 10, 2, 11], r- (R-) matrices (classical and quantum) [13, 45,
28], dynamical - (R-) matrices [37, 31, 26, 43, 42, 25, 24, 3]. The study of the SU(2)
case in [33] was extended to SU (n) in [38, 32], s£(n) being singled out among other simple
Lie algebras by the fact that the corresponding quantum R-matrices satisfy quadratic (Hecke
algebra) relations. The gauge freedom in the very definition of the zero mode phase space was
discussed in [34] and its BRS (co)homology was studied in [22, 23] (for a concise review see
[21]). The presence of such a freedom allows us, in particular, to avoid the complications of
the unitary gauge advocated in [9, 10].

1.4. Outline of the paper

After sketching (in section 2.1) the derivation of expression (2.10) for €2, that generalizes (1.14)
to any compact semisimple Lie group G, we study in section 2.2 an extension Mg* of the phase
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space M, for G = SU (n) for which one derives a more manageable symplectic form €2¢*. In
section 2.3 we display the undeformed limitk — oo (¢ — 1) in which the WZ term disappears.
The resulting form €2; can be easily inverted. We also display the Hamiltonian vector fields

corresponding to the constraints x := log Di(p) and P := nl > i_, Ds- In particular,
q

A n A

d 0 dD dD
Q=i Qo = dy _ 4D dDy(p) (1.18)
oP 1 — Ipy 4 D D, (p)
Here X means the contraction of the vector field X with the form 2; we have, e.g.,
9 dp;, =485 —d 9 (1.19)
op, T T i '

It is important that these ‘momentum maps’ remain valid after g-deformation (i.e. for finite k).
Section 3 is devoted to inverting the form €2¢* (and €2,), thus computing PB among zero modes.
In section 4.1 we demonstrate that the quasiclassical limit (k > n, pje > 1, % finite) of
the quantum exchange relations of [38, 32, 39] reproduces the PB relations of section 3.
In the rest of section 4 we review the U, (s£,) symmetry of the quantum matrix algebra and
its operator realization.

2. Zero modes’ phase space from chiral WZNW 2-form

2.1. From a 2D canonical 3-form to the zero modes’ symplectic form

The canonical approach to a field theory in D-dimensional spacetime formulated in [35]
(where its sources are cited and reviewed) starts with a closed (D + 1)-form w (=dL(x) if a
Lagrangian D-form L(x) exists). It allows us to read off the equations of motion while the
integral over a (D — 1)-dimensional space-like surface provides the symplectic form of the
theory. A form of this type, called symplectic density, was recently (partly rediscovered and)
applied to Yang—Mills, general relativity, Chern—Simons and supergravity theories [40]. In
the case of the WZNW model, the 3-form w can be written as the sum of an exact form and
the canonical invariant closed 3-form on the group G,

1 T k
=d{ o (ig dg+ )T+ — (g dg)’ 2.1
w {21‘1g g+ d) T+ o-t(e dg) 2.h
where J is the current 1-form and *J is its Hodge dual:

J(x) = ju(x) dx? J(x) = £, (x) dx” (pv = —&upr €01 = 1 = &'0). (2.2)

We shall sum up without derivation the implications of equation (2.1).
The equations of motion, obtained as the pull-back of the contractions of w with the

: s 8
vertical vector fields FTRE)) and g(x)X 3200 read
ko, 2mi .
J=-—g dg dJ+—J" =0 = dJ+7))=0. (2.3)
2 k

They imply the existence of left and right (No6ther) currents depending on a single light cone
variable,

jr=1G"+ Y jo=1gG" = %! djr=0=0_jL

for 9y = (3 % ) 24

and the factorization (1.1) of g(x?, x1).
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The symplectic form Q) can be expressed in terms of either of the two chiral currents:

b
Q> :/ wdx!

i L _ k - 1y
:—/ dxtr(ld(]Ldgg 1)+Edgg l(dgg 1))

4 k
:/ dxtr(id(jRg_ldg)+Eg_ldg(g_ldg)/>. (2.5)

Y

Inserting the factorized expression (1.1) for g in (2.5), one can split 2 into chiral symplectic
forms

Q® = Q(gr, M) — Q(gr, M) (2.6)

where

k ” ,
Q(ge, M) = o {tr (/ dx(gc' dgc(ge' dge)’) +be' dbe dMM—‘) — ,o(M)} (2.7)

T

with
be = gc(—m) M =bz'gc(m) (=gc' (x)gc(x +27)) C=L,R. (2.8)

The cumbersome (ill defined) WZ term p (M) (satisfying (1.15)) has been added and subtracted
from the two chiral terms to ensure d2 = 0. An alternative approach, introducing quasi-
Poisson manifolds [2] (for which the Jacobi identity satisfied by proper PB is replaced by a
weaker condition) is developed in [11].

Finally, substituting g, (x) by its expression (1.3), we find

Qgr, M) =Qu, My)+w,(M,) +Q,(a, M) (2.9)
where
Q,(a, M) = ﬁ{u (daa™'(2dM,M," + M, daa~'M, ")) — p(a~'Mpa)} — w,(M))
(2.10)

and w, is an arbitrary closed 2-form (which will be restricted further by some symmetry
conditions). For G = SU(2) there is a single variable p, hence w,(M,) = 0 and (2.10)
coincides with (1.14).

A detailed derivation of the results formulated in this subsection will be presented
elsewhere.

2.2. Basis of right invariant 1-forms: An extended phase space and a privileged choice of wy
for G = SU (n)

We shall now write down the first two terms in expression (2.10) as sums of products of right
invariant forms. To this end we shall use the Cartan—Weyl basis {4;, ¢, }, @ running through
the positive roots of G¢ (in its n-dimensional fundamental representation) satisfying

(alaj)
|]2 etq lea;» e—a;] = 8ijh; (2.11)

[hihj]=0 (A, e1q] = £2

o

(i, j=1,...,r :=rank G), and shall write

p=>_ pah! with tr(h'hy) =8 (and tr(eqe_p) = 8up) (2.12)
j=1
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(thus {&;} and {h/} define dual bases of diagonal matrices). Let further ®/, O* and %D be
the corresponding right invariant 1-forms in 7*G¢',

a>0

G = (G xRy)¢ (2.13)
defined by
j . —17j +a . -1 dD -1
®/ = —itr(a”"'h' da) O™ = —itr(a” ey da) ) = tr(daa ). (2.14)
It then follows that
—idaa™" =Xr:®-fh~+2(®“e +O %_,) — id—Dn (2.15)
i:l J o —da n D .

where D = deta > 0 and 1 is the n X n unit matrix.

If G is compact, then the forms @/ are real while ®* are complex conjugate to @%. We
also note that the (Lie algebra valued) 1-form (2.15) is not closed but defines a flat connection,
the Os satisfying the Cartan—Maurer relations. We shall use, in particular,

40/ = i) (WO e  ((Ala) =3)) (2.16)
a>0

AJ being the fundamental weights of G.
Inserting (2.12) into the first term on the right-hand side of (2.10) and using (1.15) and
(2.14), we deduce

k B B ) o r ‘
o tr(daa™" dM, M, ") = itr(daa"'p) = Z dpa, ©. (2.17)
j=1
The second term is expressed as a sum of products of conjugate off-diagonal forms:
k -1 —1ps—1 ko @@
Etr(daa M, daa""M, )= E(C]—Q)gppa]@ O« (2.18)

where p,, is a linear functional on the roots:

Pa=Y (Mlo)ps,  for a= (Ala)a;. (2.19)

j=1 j=1
Here (A/|a) € Z. and we have the relation
Ady,eq = MpeaM, " =G"e,. (2.20)

At this point we shall specialize to the case G = SU (n) and will view the (n — 1)(n + 2)-
dimensional symplectic manifold M, = M, (n) as a submanifold of codimension 2 in the
extended (n(n + 1)-dimensional) phase space M" spanned by p; and aé i, j,a=1,...,n)
regarded as independent variables:

2.21)

. 1 ¢ D
— . J ex. o— — P —
M, = :(pl,aa)qu,P._n > pe=0,x .—loqu(p) _0}.

s=1

We introduce the Weyl basis {e/} of n x n matrices satisfying

et =slet () =88  ijkt=1,...n (2.22)
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The positive roots ;; (i < j) of su(n) correspond to raising operators, e/, while —a;; are

i?

associated with lowering operators, e_"i. Equation (2.15) now assumes a simple explicit form:
—idaa' = 0l (=) O] O] = —itr(¢] daa™") = —idal (@7, (2.23)

The general Cartan—Maurer relations (which incorporate (2.16)) are written simply as
de] = ie/e;. (2.24)
Recalling that relation (1.7) is invariant under simultaneous permutation of the rows of
the matrix (az) and of p; (i.e. under the action on both sides of the su(n) Weyl group), we

shall also require permutation invariance of the extended form {*(p). We shall determine
wg(M)) = 07" (p)|p=o by further demanding that the symplectic form Qg on M,

n k _ . B o
Q=2 dpO; — - 1@ =9 Y _[2p,e]0[0] + p(a” Mypa) t — & (p) (2.25)
s=1

j<t

will reduce to €2, on the surface M, C Mg*. In order to implement this last condition, we
shall require that the terms involving d P cancel in the difference

—wy(M)) = (—idP 4Dy (p )) — w7 (p). (2.26)
Dy(p)
Inserting the expression (cf (1.7)) for D, (p) which implies
dD,(p) =w (n )
4 = t(—pie)dp; 2.27
Dq(]?) X ;CO kij Pje ( )
we find a form w{* (p) satisfying all the above conditions:
ox ¥4 b4
W (p) =1Z§COt<2pﬂ) dp;dpe. (2.28)

Indeed, using the relation
1 n
pj = P+ ; 2_1 Pjs (2.29)

we deduce

i T T b4
CL),,(M,,) = E Z (COt (Zp][) + cot (;p[m) — cot (;pi,‘m))dp_,‘g dpgm

1< j<t<m<n

(2.30)

(note that for n = 2 there is no triple j, £, m satisfying the above inequalities so that the form
wy (M) vanishes, as it should, while a)j;x (p) (2.28) reduces to a single term: a)j;x (p) =
i cot(F p1a) dpi dpo).

We observe the relative simplicity of the extended symplectic form (2.25), (2.28) as
compared with , (obtained from (2.10) by inserting (2.17) with

n

. . n
oon—] . .
Pa; = Pjjei e = > e - - Z e’ (2.31)
s=1 s=j+1
(2.18) and (2.30)). It is, therefore, rewarding to know that the PB we are interested in can be
computed using the simpler expression £2¢*, as we shall see in section 3. In the next subsection
we shall display this property for the k — oo limit theory.
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2.3. Right invariant vector fields: the limit k — oo. Dirac brackets

It is easy to display the basis of right invariant vector fields {aim, V¥} dual to the basis
{dPe, ®,J{} of 1-forms:

k_ . k0 g O
Vi=itr|eia— | =ia,—. (2.32)
! ! da dal
Indeed, contracting the form ®fn (2.23) with vk we find
vie,, =tr(eaa'e),) = 855, VEidp, = 0. (2.33)
Obviously,
B B :
—0! =0 —dpe=3).
ap;j ap;

This would allow us to invert the form 7" but for the WZ term.
We shall profit from the above remark taking the limit k — oo in which the WZ term
disappears. Indeed, using the expression for g in (1.4), we find

.k . I
i @0 =i g fmPri=y @)
and hence,

Q'@ p) =) dpOi+i Y pi®0) —wi(p)
s=1

1<j<t<n
. . dp;d
=dY per—i Y P (2.35)
s=1 i<i<t<n  Pit
Here we have set
k
lim —p(a~'M,a) = 0. (2.36)

k— o0 4n
In fact, since the right-hand side of (2.35) is a closed 2-form, it follows that

lim LS tr(dMM ") =0 for M =a'M,a. (2.37)
k—o0 471
We conclude that ﬁ p can also be chosen to vanish in this limit—a property that can be derived
from the expression for p(a~'M,a) given in section 3.
As anticipated, it is straightforward to invert the 2-form (2.35). The result can be encoded
in the Poisson bivector

P = ; VA 81 +i lg;@ piﬂ(vf AV =VIAVY) (2.38)
which gives rise to the following PB:

pipy=0  {al, pe} =it (2.39)
and

{ab’;, af}} = r(l)(p):;fzg,ab’;,ag (i.e. {a1, ar} = rl(é)(p)alaz) (2.40)

where the undeformed classical dynamical r-matrix is given by

. L (87,8 —8)8%) for j#¢
c 0yt — 5 (8580 =88 . 2.41
(Pje 0 for j=¢ 241)
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For a general Poisson manifold M with a pair of second class constraints P and x the
Dirac brackets { f, g}p [20] of two arbitrary functions on M are expressed in terms of their
PB as

{f.glp=1{f 8¢+ 55— {P ({f PHx. g} —{f. xHP. g} . (2.42)
We shall verify that in the case at hand
{pje. Py =0=Apje. x} {al. x} =0. (2.43)

The first pair of equations implies that p;, are ‘observables’ on M, C M¢", so that
{pje. fYp = {pje, f} for any function f on MZ; in particular,

{pie;ai} =i(87 —87)ai = {pje. i’} (2.44)
The last equation (2.43) is sufficient to assert that the PB (2.40) coincide with the corresponding
Dirac brackets.
Although it is easy to verify (2.43) directly, using (2.38)—(2.40), we shall give a more
general derivation that will apply to the case of finite k (¢ 7% 1) as well. To this end we shall
use the momentum maps

. d 0 X dpje | R
i—Q =1 —Q =i Q) — —— =d —— ViQ =dP.
9P 1 §3ps 1 ; s l§j§<n Die X n; s 2l

(2.45)
Displaying the Hamiltonian vector fields corresponding to x and P, equation (2.45) allows us
to compute any PB of the constraints; in particular,

A /\

; d
{x,aé}—lﬁda =0 {x, p,g}—l dp,g—O
(2.46)
(pje. Pt =~ ng dpje=0 (P, x}=—i.
s=1
We find, on the other hand,
ot i) = fa pe) +ilale PYx pi =i (37 - 1) (2.47)

3. Inverting Q¢”: PB in My(n)

3.1. The WZ form

It was Gawedzki [35] (see also [29]) who introduced in the early 1990s the WZ 2-form p (M)
and described its relation to the non-degenerate (constant) solutions of the classical Yang—
Baxter equation (CYBE). Gradually, a more general and complete understanding of such a
relation has been worked out [10, 30]. We shall only deal here with a special case of the
outcome of [30] corresponding essentially to the early discussion in [29].

We shall again start with an arbitrary semisimple matrix Lie group G with Lie algebra G.
For an arbitrary pair {#*}, {7} of dual bases in G, we can write the Killing metric tensor 71,
and its inverse, n”b

Nap = tr(T,Tp) n’ = tr(1*t) for tr(t*Ty) = 8. 3.1
In the Cartan—Weyl basis {T,} = {h;, ey} we have {t* = =h , ex«} and the nonzero elements
of n are

nij =trhih; = (a;lo;) Nap = treqeg =84, 3.2)

(where the norm square of the highest root is fixed to 2).
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The polarized Casimir invariant Cj; € Sym (G ® G), given (in Faddeev’s notation [28])
by

Cp= nabt?tzb =T, ® '="'® T, = h,‘]]’lg + Zeale_az (3.3)

where the sum is taken over all, positive and negative, roots «, plays the role of the unit
operator on G:

CX := tI‘z(Cqu) =X (EX]) for X e g (34)
Let ri; = —ry1 (€ G A G) be a solution of the modified CYBE
[r12, 7153 + 23] + [r13, 1231 = [Cia, Cos] - (== fupet“1°1°) (3.5)

and let r be the corresponding operator (r : G — G) defined by taking the trace in the second
argument as in (3.4):

rX :=trp(rpXs) for XeGg = rnp=rCpn. (3.6)

Proposition 3.1. Let the 2-form p(M) be written in terms of a skew-symmetric kernel
K(M)1, € GAGfor M € Gy where G is an open dense neighbourhood of the group unit in
which the operator (1 — Ady)r + 1 + Ady, AdyX == MXM™', is invertible, and let K (M)
be the corresponding operator K(M) : G — G defined as in (3.6),

p(M) =L dMM'KM)dMM ™) (tr(XK(M)X) =0 VX € G). 3.7
Assume further that

K(M) = ((1+Ady)r +1 — Ady) (1 — Ady) r + 1+ Ady) ™! (3.8)
so that K (1) = r. Then p(M) satisfies

do(M) = Luw(@dMM ™)’ (3.9)

iff r1i2 (related to r by (3.6)) satisfies the modified CYBE (3.5).

The statement is a corollary of propositions 1 and 2 of [30]; see also the earlier discussion
in [29].

Remark 3.1. The modified CYBE (3.5) for ry, is equivalent to the standard CYBE

[ri5. 5 + 155 + [r5.735] = 0 for ri =r;p+Cp. (3.10)

In fact, [29] deals with equation (3.10).

Remark 3.2. Using (3.8), it is easy to check that the skewsymmetry of K (M) is equivalent
to that of ,'/K(M) = —K(M) < 'r = —r where the transposition 7 is with respect to the
invariant bilinear form tr.

Remark 3.3. One can consider a more general ansatz of type (3.8) allowing the operator r
to depend on M. Then one has to deal with a ‘dynamical’ version of the (modified) CYBE
including differentiation in the group parameters—see Eqs. (1.3) and (3.8) of [30]. One argues
in [10] that a constant classical r-matrix cannot correspond to a compact group G. It is well
known, indeed, that the modified CYBE (3.5) has no real solution in G A G for G compact.
We shall however stick to the above simple choice which uses a complex 2-form p. As noted
in the introduction, the use of the simple constant 7-matrix for the PB of the zero modes a;,
is perfectly admissible because the freedom in their choice does not affect the properties of
u j‘ (x) which always transform covariantly under left shifts of the compact group G.
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Using (3.7) and (3.8), we can present the WZ 2-form in (2.10) as

pla”'Mya) = L u{dM,M;" — A_(daa™"))K*(AM,M," — A_(daa™"))}. (3.11)
Here and below we are using the operators
Ay =1+ Ady, AdM M, =0 = (A, —2)dM, M, (3.12)

while K¢ is given by

K := Ad,K(a 'M,a)Ad;" = (A;r* + A)(A_r* + A,

r* = Ad,rAd;" (3.13)
(K% and r¢ are skewsymmetric together with K (M) and r).

We note that p(a~'M pa) coincides with its extension on Mff (n). This is obviously true

for the 3-formdp (M) (3.9 for M = a~'M pa. Indeed, the contribution of the term proportional
to dP is given by

ex, —1 ~1 2mi “1\2
dp® (@' Mya) — dp(a™' Mya) = == dP (@M M) = 0. (3.14)

(Remember that the diagonal monodromy M), enters 27" through

27 o 27i
-1 _ _ A
M, M, = =~ ;dpseg == (@P1+dp) (3.15)
cf (2.12), and det a is not set equal to D, (p).) Since p is defined by equation (3.9), it can be left
unchanged in the extended phase space. This is certainly true for expressions (3.11)—(3.13)
provided we take—as we will—the standard solution of the modified CYBE (3.5)

ra=Y (a®cq—ca®e) =Y (e1065 —efea) (" :=ea) (3.16)
a>0 a>0
for which
rety = feiy for a >0 rhi =0=rl. (3.17)

3.2. Poisson bivector for Q*

We shall first establish relation (1.18) which, according to (2.46), is sufficient to prove that
the PB of a can be computed using the form Q7' (2.25), (2.28) on M¢*(n). Equation (1.18)
follows from (2.26)—(2.28) and (3.14) (together with the subsequent argument), which imply

F]
ﬁp(a 'm pa) = 0. (3.18)

Similarly, one can deduce

Zvép(a 'M,a)=0 = ——vaz”—d (3.19)
s=1
which extends the second equation (2.45) to g # 1.
Using (3.11)—(3.13), we can write the extended symplectic form (2.25) as

Qo = des®é+2— Y elew-X)"8+ Y dperx)(@—X)"!
J#ELr#s Jir#s,t#q

T - i ig _ ’ !
- > dpjdp [ + X7+ > XDl - X)X (3.20)
j# S5 1!
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where
. T . I . .
! :=icot Pt wl, = —wl's] 8 = " 818] (3.21)
so that
ex T jt Ay J e J — N m
w, (p) = m Za) dp;dp, A_ee =-ow'e, =0,,¢, (3.22)
J# -

(because Ady, e} = g*’ite] ) and X', is defined as
riel = —X"e" =  Xip=—Adyarn (Xi=—Xu). (3.23)

To derive (3.21), one uses (2.10), (3.11), (2.23) and (3.15) as well as (3.21), (3.22). This
allows us to present 27" as

k
QZX = —a)f;x(p) - — tr{(A,dazfl)(AJr — KA_)(daa™"
8

+2dM, M (2 — KA )(daa™") +dM,M 'K (dM, M, ")} (3.24)

Note that the only nonzero contribution of the diagonal elements of daa~' comes through the
term

—% twr(dM,M," daa™") = ;dps(a;. (3.25)
One also uses relation (3.13) and its corollary
(Ay = KA =K'Ay — A = A, —K'A_=4Ady,(r"A_+ A7} (3.26)
as well as

K dM M KA (daa“):itrdM Moty (po g Ar 71daa_1
47 Pp - 27 Pp A_

= Y dpOX) (- X)) (3.27)
jrs.iq
and
trdM, M, ' K* (dM,M ") = trdM, M, 'r* (dM,M ")
—1.a A a - -1
+trdM,M,'r 1+A—+r — 1| (dM,Mm,") (3.28)

where the second term on the right-hand side gives

A- N\ A
w(rdM,M") [ (1+—r") —r|(dM,M,")
Ay Ay
4n? js —1qtt’ ys't
= Y dpidpe Y X — X)X (3.29)
Jj#L s#t, s #t'
The PB derived from Q7" can be compactly written in terms of the Poisson bivector

P:ZVm’"/\aim+;—k Yo" (VEAVE—VIEAVE) = > XAV (330)

n#m n,m,s,t
obeying the operator equation
P2 (QZ)‘)23 = I3. (3.31)
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Here [ is the mixed (1, 1)-tensor

n

9 A A A .
I:Z(£®dpj+vjil®®:;)+ZVEJ®®] (3.32)
j=1 ! J#t
which plays the role of the identity operator in the space of 1-forms ®, resp. vector fields X
in the sense

el _Z®< )dp,+2 =0 OX) = X0)

Jjl=1

(3.33)
n 8 .
I1X = Z 3 dp;(X) + Z v/ elx) =
j=1 "FJ jie=1
We find, in particular,
b4
a1, a2} = Pialar, az) = rio(p)araz — T (3.34)
where
T T J ot J gt .
PG = 1% cot(§ pje) (87,85 — 87,8%) for J #4 (3.35)
0 for j=¢
and
rely = —€up 85 80 (3.36)

(cf (3.23) for the standard solution (3.16), (3.17)). A

The other two basic PB coincide with those in (2.39) (and the Dirac bracket {a;ﬁ, p@} with
(2.47)).

The operators in the triple tensor product C" x C" x C"

rE(p) =rab(p):l:%cab a,b=1,2,3 a<b (3.37)
satisfy the dynamical CYBE [26]

[r5(p), ri5(p) + 155(p) ] + [ (p), 155 (p) ] + Alt(dr®) = 0 (3.38)
where
Alt(dri) = —12 e“r23(p) ej2r13(p) +ej3r12(p)) Alt(dr). (3.39)

As the veriﬁcatlon of (3.38) requires some work, we sketch the main steps in the appendix.

4. Quantization

4.1. Quantum exchange relations and their quasiclassical limit

The exchange relations for the quantum matrix algebra—which we shall again denote
by M,—were derived earlier on the basis of an analysis of the braiding properties
of SUn)y WZNW 4-point blocks [32, 39] satisfying the Knizhnik—Zamolodchikov
equations [41, 48]. They have the form [32]

[g",q"1=0  g"al=alq" " @1

. ]
R(p)*'ajar = a1axR 4.2)
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where
(a7 R)pry = @ Wiy — Aivsr AL = g 851857 — 85185 “3)
(f1 for o) <o
gt =41 for oy =w q= e in h=k+n 4.4)
q for o) > an
%IQ 1 £y A Al _ [Pivi, — 1] 511512 851852 4.5
(q (p))”_H - q ii+1 — ll+1(p) ]ljz(p) - [pl iz] ( 7195 - J jl)' ( . )
Both A;;4; =: A; and A;;41(p) =: A;(p) satisfy the Hecke algebra relations
AiAin A — A = A1 Ai A — A A? =[2]A;
[Ai, A;]1=0 for |i —j| > 1. 4.6)

It remains to verify that the quasiclassical limit of these relations indeed reproduces the PB
relations of section 3.

One can introduce two deformation parameters: ; L and the (implicit in common notation)
Planck constant 72 (see [1]). If one ascribes to the physwal quantities k and p the dimension
of action, then our dimensionless numbers k£ and p shall be written as k = ﬁ and p = %.
We shall distinguish the quasiclassical limit (7 — 0) from the undeformed limit (k — o0)
without using the parameter 71, by characterizing the second one by

k — oo pje¢ finite % — 0 “4.7)
while setting for the first one of interest

k Djt . . .

- = 0 Dje — 00 e finite (Jj <0). (4.8)

n

The substitution of the level k by the height h = k + n in the quantum expression for g (4.4)
is consistent with (4.8) but we are only aware of an explanation of its necessity that uses the
full (with infinite number of degrees of freedom) WZNW model which involves the Sugawara
formula expressing the stress energy tensor as a normal square of the SU (n) current (see
[41, 47]).

Let P be the permutation operator for either set of indices, j, ¢,...orc, 8, ...:

P = (Pi,) = (8,8)  or  Po=(Pg) = (85,85) 4.9)
and let 1, be the corresponding unit operator (e.g., llé1 Z = 8’ ‘8”) Then we can write
Ry = R =7 (- = PR + 155) 10)
i1 j2 D — qpl' i1J: [plll7_1] Jij2
R(p)ll.l_ — (RP)IIJZ =g < P]l]z + J1J2 1 1J2 . (411)
e e [pjljz] ot [pjljz] ot
Setting now
g w2 w2
q:l—lz+(9<ﬁ> (qn—1+1 +(9(k2>>
-1 2
= 7 (Zp)+o(” (4.12)
[r] k ©’ 2

we find

) 2 7.[2
R12:]l12+1kr12+(9< ) R(p)12—]112+1r12(p)+0(k2> (4.13)
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where
— o0 o0 1
ro=rn—Cn Tgip = —€aiar Pg g, Cip= P — ;1112 (4.14)
H(p) =rp—C 12 —iZ ot Zpy ) (87 62 — 81 51 4.15
”12(17) =T 12 ”(P)g]gz _1]( cot kpjljz ( ¢, 90, & (l)- (4.15)

The reason why we are keeping the factor 7 in the definition of r12(p) is that it has a nonzero
undeformed limit since

lim Z cotg ( = ! (4.16)
1mm — CO — = —. .

Taking into account that [C1,, aja;] = 0, we thus recover the PB relations of section 3.2.

4.2. Uy (st,) symmetry of the exchange relations

\n M- M
Let, for Gos M = (M,li)i,jzl’ M" # 0 # det < Mz,:ll ]\71,’,‘ ) etc and

M=qgi ‘MM M, = N,D M'=N_D D = (du58%) (4.17)
LA fo ... 1 0 0
0 1 f2 . [} 1 0
= _ = 4.1
Ns o 0 1 ... N e e 1 (4.18)

where the common diagonal matrix D has unit determinant: did> . . .d, = 1. Itcan be deduced
from (4.1), (4.2) and M = a_lMpa that

~t a N
[R, Mo M+] =0 RMy My = MM _R. 4.19)

It is known that equations (4.19) for the matrices M. are equivalent to the defining relations
of the quantum universal enveloping algebra U, := U, (s{,) [16] that is paired by duality to
Fun(SL4(n)) [28]. The Chevalley generators of U, are related to the elements of the matrices
(4.17), (4.18) by ([28], see also [34])
d; = ghi-1mN (i=1,....,n,A0=0=A,)
ei=(q—q)E fi=@—-qF
@~ f2=Lhi—afifo= @~ (F2Fi —qFF) et
(@ — q)ea1 = eres — gesey = (q — q)°(E1E2 — g 2 Ey) et

(4.20)

Here A; are the fundamental co-weights of s€(n) related to the co-roots H; by H; =

2A; — Aj—1 — Aj41; E; and F; are the raising and lowering operators satisfying
(Ei. Fjl=[H)s;  qVE;j=Ejq™™  q%F;=Fiq"™"
[Ei, Ej] =0=[F, F;] for [j—i[>2 (4.21)

21X, Xix1 Xi = Xim1 X2 + X2 X,z for X=E,F.
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The exchange relations (4.1), (4.2) imply
MliPal = az],éIlei (422)
(see [32]). It follows that these exchange relations are invariant under the coaction of U,,,

i i H, H, il — Hq i
[Eas aa] = 8aa—laa71q [6] Fy, aa] = Saaq Ayl
Ha Ha"'Saot*Baa—l

(4.23)

q aé:aéq a=1,...,n—1.

We note that the centralizer of ¢” ([]7_, ¢” = 1) in the algebra (4.1), (4.2) (i.e. the maximal
subalgebra commuting with all ¢g”') is spanned by U, over the field Q(g, g”) of rational
functions of ¢”i.

4.3. Operator realization

We shall sketch and briefly discuss the finite-dimensional Fock-like space realization of the
quantum matrix algebra of [32].

The ‘Fock space” F and its dual 7’ are defined as M,-modules with one-dimensional
U,-invariant subspaces of multiples of (nonzero) bra and ket vacuum vectors (0| and |0) (such
that (0| M, = F', M,|0) = F) satisfying

all0)y=0 for i>1 (Olal =0 for j<n
q"10) = ¢’~'0) (01" = ¢’~'(0] (4.24)
(X —&(X)]0) =0 = (0](X — &(X)) VX € U,

with &(X) the co-unit. The duality between F and F is established by a bilinear pairing (- | -)
such that

(010) =1 (D|A|Y) = (V|A'|D) (4.25)
where A — A’ is a linear anti-involution (transposition) of M, defined for generic g by

Ly 1 ; ; ' .
Dip)a) = a7 1= o €5 e g g (@) =g (4.26)
n—1]! -l

Here D; (p) stands for the product
Dipy =[] pdl  (=[Dip.ad]=0=[Dip)a]). @27
J<t,j#i#t

For the definition of the U,- and, respectively, the ‘dynamical’ Levi-Civita tensors
Exertn g; i i, see [38, 32]. The anti-involution (4.26) extends the known transposition
of U, determined by its action on the Chevalley generators (see section 3 of [34]),

E[, _ Fvqu,-fl Fvi/ — qlfH,-Ei (qH,-)/ — qH,- (428)

to the quantum matrix algebra (cf section 3.1 and appendix B of [32]).
The space F admits a canonical basis of weight vectors whose inner product can be
computed (see section 3.2 of [32]). For n = 2 the basis has the simple form

Ipom) = (@)"(@)""7"0)  0<m<p—1  (p=pn) (4.29)
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and the inner product is given by
(p',m'|p,m) = 8,p8umq" P " m![p — 1 — m]!. (4.30)
For the deformation parameter ¢ appearing in (4.4),
g=c i h=k+n = g¢"=-1 (4.31)

i.e. ¢ a (here, even) root of unity, the Fock space has an infinite-dimensional U, invariant
subspace of null vectors orthogonal to any vector in F. In the n = 2 case all null vectors belong

to the set Z;,|0) where Z;, is the ideal generated by [ip], [hH], ¢"" + ¢"H, (aé)h, ia=1,2.
The definition of the ideal Z;, can be generalized to any n > 2 assuming that it includes the ith
powers of all minors of the quantum matrix (aé). For n = 2 the factor space Fj, is spanned
by vectors of the form (4.29) with 0 < p < 2h and m in the range 0 < m < p — 1, for
I<p<handp—h<m<h—1forh+1< p <2h—1.1Itsplits into a direct sum of
2h — 1 irreducible representations of U, (s£>) of total dimension h2.

For general n and generic ¢ (i.e. for ¢ not a root of unity) the space F has been proved to
be a model space for U, (see section 3.1 of [32]). The question of what should be viewed as
a model space for the reduced U, (U, factored by its maximal ideal) for ¢ satisfying (4.31)
appears to be unsettled. If we define it as the direct sum of integrable representations (those
with 0 < p < h, for n = 2) of multiplicity 1, then the question arises whether there is a
natural (say, a BRS type) procedure that would reduce F, to such a sum. A BRS procedure
was introduced in [22, 23] for the tensor product of two copies of F;,—corresponding to the
left and right movers’ zero modes of an SU(2) WZNW model. It would be interesting to
pursue a similar approach to the problem at hand.

5. Concluding remarks

We have tried to make the present study of the chiral zero modes’ phase space reasonably
self-contained and have, hence, included some known material. It may be, therefore, useful
to list at this point what appears to us as the main new features in our treatment.

We find explicitly the correspondence between the WZ term p(a~'M,a) (rendering the
zero modes’ symplectic form (2.10) closed) and the solutions of the CYBE.

It is essential for the present treatment of the SU (n) case that the determinant det(aé)
of the zero modes’ n x n matrix is set equal to an (essentially unique) pseudoinvariant ¢-
polynomial in the su(n) weights (see (1.7)). Accordingly, the symplectic form (2.10) in the
(n — 1)(n + 2)-dimensional zero modes’ phase manifold M, necessarily contains, forn > 2,
a term w, (M) depending only on the diagonal monodromy.

The counterpart of w,(M,) in the symplectic form of the chiral WZNW model with
diagonal monodromy, being closed by itself, is often omitted. This additional term is necessary
in order to reproduce upon quantization the basic exchange relations involving the dynamical
R-matrix of [37, 1, 15, 32].

The expression for @, is simpler—and easier to derive—in the extended (n(n + 1)-
dimensional) phase space MZX spanned by p; and aé, i,j,a=1,...,n, the form a)(‘;x (2.28)
being nontrivial even for n = 2 (yielding, in the undeformed limit, the standard symplectic
structure on C? viewed as a Kihler manifold in that case). A

The Dirac brackets of the physically interesting quantities ag and p;, coincide with their
Poisson brackets since they Poisson commute with one of the constraints and can be, hence,
derived working in the (more symmetric) extended phase space.
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Expression (3.30) for the Poisson bivector in Mg* allows us to directly compute the
Poisson brackets of interest.

The quantum theory of chiral zero modes has been only briefly reviewed in section 4
concluding with the formulation of an open problem related to the concept of a model space
for the quantum universal enveloping algebra U, (s¢,) for g a root of unity.
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Appendix

We begin by reproducing the properties of the polarized Casimir operators C,,,, relevant for
the proof of the CYBE (for both constant and ‘dynamical’, i.e. p-dependent, r*):

[Ci2, C13+ Co3] =0 =[Ci2 + Cy3, Ca3]. (A.1)

For G = SU (n), C, is given, essentially, by the permutation operator (4.9):

1 . P B . .
Cio = Pip =~z or Cliy =8t — ~oui, (808 = 5]8%) (A.2)
and equation (A.1) gives

[Ciz. Ci3+ Co31 +[C13, Co3] = —[Cra, Coz] = (8127 — 811 17). (A.3)

Next we verify that the mixed (7—C) terms in the CYBE (3.38) (or (3.10)) vanish,
[ri2(p), Ci3 + C3] + [r12(p), Co3 — Cp2] + [C12 + Ci3, r23(p)]1 = 0 (A4)

using, e.g., the general identities P,prp. = rqcPap for a, b, c all different, as well as
skewsymmetry of r,, = —rp,. Computing the sum of commutators in (3.38), we find

(Ira(p). 113(p) + 3 (P + 113 (p). rs (D2,

2
4 S L
— . . L. Lo J1J2J3 J1J2J3
- ﬁ((c.ll.lz + C.IZ.I})CJI.IS - c]l]ZC.IZ.IS)(8£2[3EI - 51{34{11{2) (A.5)
where
]T .
Cjo = cotzpj@ = —cyj j#EL cop = 0. (A.6)

On the other hand, (3.39) gives

T Dk s
Alt(dr) = 5-(8j12Cj, +01inGiy + 80 ) (Btatat, — ttres) (A7)
where
/ T 1 / . /
Cip = —o T =y j#FL ¢y = 0. (A.8)

k sin? %pﬂ
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To prove (3.38), it suffices to combine (A.3)—(A.8) with one of the following relations
(depending on whether all three indices j;, j», j3 are different or not):

(cota + cot B)cot(a + B) — cotacot B = —1 (A.9)
5 1
cota — —5— = —1. (A.10)
sin? o
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