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Strange phenomena related to ordering problems
in quantizations

Hideki Omori’, Yoshiaki Maeda’, Naoya Miyazaki®, Akira Yoshioka *

Abstract. In this paper, we introduce an object which looks like an extended
notion of covering spaces. Such an object is requested to understand the “group”
generated by the exponential functions of quadratic forms in the Weyl algebra.
This is in some sense a complexification of the metaplectic group.

1. Introduction

Quantum picture is basically set up by the Weyl algebra. It is derived from
the differential calculus via correspondence principle: Let u be the multiplication
operator x- by the coordinate function x on R acting on the space of all C*
functions on R, and let v be the differential operator ¢h0,. u and v generate
an algebra Wy, called the Weyl algebra. Thus, the Weyl algebra is an associative
algebra generated over C by w,v with the fundamental relation [u,v] = —ih.

However, the correspondence principle, v « z-, v < 1hd,, causes a lot
of mathematical questions. We meet immediately the ordering problem (see §1).
Such ordering problem occurs mainly in Schrodinger quantization procedure which
assigns a differential operator defined on a configuration space to every classical
observable.

Apart from configuration spaces, Heisenberg procedure for quantum me-
chanics is a formalism to set up von Neumann algebras or C* algebras (cf. [Col).
In this formalism, the ordering problem means how to express an element of an
algebra in the unique way. Whenever the expression is fixed, it makes us possible
to put a topology on the algebra and to take the topological completion (cf.§1).
However in this formalism, it is difficult to know how the quantum world relates to
the classical world. It is very heavy to treat everything in the theory of selfadjoint
operators.

In this paper, we first make several topological completions of the Weyl
algebra. Here, we are not restricted within C*-algebras or operator algebras, but
we want only to treat h as a deformation parameter (a positive real parameter) by
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following the notion of deformation quantization initiated by [BFFLS]. Remarking
that many laws in physics are expressed as evolution equations, we will consider
the evolution equation % fi = ihp.(u,v)* f; in Wy. Thus, solving the evolution
equation, we have to know the individual phenomenon.

In the theory where h is treated as a formal parameter, which is called
formal deformation quantization, no problem occurs to solve evolution equations.
In the theory where A is treated as a positive real parameter, the existence of
solutions of evolution equations is not so obvious. However, it is easy to see the
uniqueness of real analytic solution if it exists. To obtain solutions, we have to
make some topological completion of the Weyl algebra, in which one can define
the exponential function e/

Along the direction of Schodinger, which uses configuration spaces, Hor-
mander made the notion of pseudo-differential operators (¥)DO) on any manifold,
and of Fourier integral operators [Ho1] to treat e”*™*) such that p(u,v) is in the
symbol class of order one with respect to v.

Furthermore, Hérmander [H62] proposed the Weyl calculus on R?" by using
extended notion of ¥yDO’s where u and v have the same weight. In these theories,
the essential self-adjointness of p.(u,v) is crucial, because the evolution equations
for (") are treated as partial differential equations.

On the other hand, there is another classical way of treating such evolution
equations. This is indeed the method of Lie theory, which treats such evolution
equations within the system of ordinary differential equations. In order to use
this method, we restrict our attention to the linear hull over C of *x-exponential
functions of polynomials of degree < 2.

However, in this restricted objects, we have met some pathological phenom-
ena: A typical phenomenon is that the area where the product is defined depends
on the way of ordering expressions. (See Lemmal0.) In spite of this, one can ob-
tain some product formula by collecting various ordering expressions all together.
Moreover, it happens that an element has two different inverses. Since this causes
associativity breaking (see §1), we can not treat such a system as an associative
algebra.

Motivated by such pathological phenomena, we should know more precisely
what sort of difficulties will happen in such objects. To extend products, we have
to treat intertwiners between several ordering expressions. It happens however,
that intertwiners are defined only 2-to-2 mappings on the space of exponential
functions of quadratic forms, because of the ambiguity of / in the calculation
(see §6), and such ambiguity can not be eliminated by treating an appropriate
double covering spaces. (See §4.)

Think about the serious meaning of such a pathological phenomenon. This
forces us to treat the notion of manifolds which do not form a point set. We
propose in this paper the idea of two-valued elements.

Besides of such strange phenomena, we have another motivation to treat
h as a genuine parameter. The deformation quantization of [BFFLS] made us
free from operator theory. Especially, if we treat the deformation parameter A
as a formal parameter and consider everything in the category of formal power
series of A (formal deformation), then the quantization problem goes very smooth.
Kontsevich [K] showed every Poisson algebra on a manifold is formally deformation
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quantizable. However it is apparent that formal deformation quantization plays
only a probe for the quantum world with exact physical significance.

After Kontsevich’s result, deformation theory is coming up the next gener-
ation, called the exact deformation theory. We have to pay a lot of effort to make
the deformation theory more close to the theories where C* algebras or von Neu-
mann algebras are explicitly used (cf. Connes [Col). Actually, Rieffel [R] proposed
a notion of such a deformation theory, called strictly deformation quantization,
and pointed out many serious problems.

In this paper we attempt to point out several serious problems are still
involved in the theory of classical ordering problems.

This paper is organized as follows:

In §2, we give several basic facts, several orderings, and product formulas.
We explain also several pathological phenomena, and how such strange phenomena
appear naturally in the exact deformation quantization theory. But no problem
occurs as for exponential functions of linear functions of generators. (See Theorem
3, and the equation (30).)

Thus, in §3, we restrict our attention to the space of exponential functions
of quadratic forms. Infinitesimal action of quadratic forms are computed in Weyl
ordering and normal ordering, and these define involutive distributions on the
space of exponential functions. We easily obtain maximal integral submanifolds.

In §4, we give the explicit formula of *-exponential functions in the Weyl
ordering and in normal ordering. Via these explicit expressions, we find an “el-
ement” ggg, called polar element, having a very strange property that one must
say this is a “two valued” element, although such notion have never appeared in
ordinary mathematics.

In spite of this, g9 is very useful in the computation. We give in §5
several product formulas, and show that *-exponential functions of quadratic forms
generates a group-like object, which looks like a double cover of SL¢(2). In spite of
this, technicality is involved in a standard classical Lie theory. To understand why
such strange element appears, we define in §6 the notion of intertwiners between
several ordering expressions. We see that such strange phenomena is caused by
the ambiguity of L of intertwiners. Because of this ambiguity, intertwiners are

defined only as “2-to-2 diffeomorphisms” on the set of exponential functions of
quadratic forms.

Hence in §7, we will try to understand how the glued object looks like. We
happen to know that a similar phenomena occurred in the magnetic monopole
theory, and to manage this phenomena mathematically, Brylinski [Br| uses gerbes
of Giraud. (See last chapter of [Br].) But we prefer to use the notion of two-valued
element, because this is very simple and intuitive. To make these more clear, we
propose the notion of blurred C,-bundles.

Our conclusion in this paper is that x-exponential functions of quadratic
forms generate a group-like object which is not a point set, but is understood as a
non-trivial double cover of SLc(2). In spite of this, this object contains the non
trivial double covers of SLg(2) and SU(1,1). Hence this object may be understood
as a complexification of metaplectic group Mp(2,R) [GiS]. It is known that there
is no complexification of such groups as genuine Lie groups.



4 OMORI, MAEDA, MIYAZAKI, YOSHIOKA

2. The Weyl algebra and extensions

We consider the Weyl algebra W) generated by u,v over C with the
fundamental relation [u,v] (= uxv —vxu) = —ih where h is a positive constant.
The pair (u,v) of generators is called a canonical conjugate pair.

2.1. Orderings and product formulas.

To express elements of the Weyl algebra Wj, we introduce an ordering.
Namely, we choose the typical orderings in W}; normal ordering, anti-normal
ordering, and Weyl ordering, respectively. The normal ordering (resp. the anti-
normal ordering) is the way of writing elements of the form > a, ,u™*v™ (resp.
> A nv™xu™) by arranging u to the left (resp. right) hand side in each term. The
Weyl ordering is the way of writing elements in the form ) a,, ,u™©v™ defined by
using the symmetric product - given by u-v = %(u*v +vxu). (See [OMY] §1.2).
But we have no need to know about the symmetric product.

Using such orderings, one can identify the Weyl W}, algebra with the space
Clu, v] of all polynomials on C* with the coordinates u,v. Thus, the Weyl algebra
W can be viewed as a non commutative associative product structure defined on
the space Clu,v] for fixing an ordering of Wj. According to the (normal, anti-
normal, Weyl) orderings of W}, we have the noncommutative product on Clu, v],
and denote them by %y, * 5, *a, respectively.

Product formula. Let f(u,v),g(u,v) € Clu,v]. We use these notations
for the ordinary continuous products and denote them by o, e, - to explain the
orderings of W,.

e The normal ordering : the product * of the Weyl algebra is given by the
U DO-product formula as follows: (Noting this coincides with the product
formula of ¥ DO’s,)

«—

F(u,0) % glu,0) = fexp{ih(d,0.)}g. (1)

e The anti-normal ordering : the product * of the Weyl algebra is given by
the WDO-product formula as follows:

«—

F(u,v) 5 glu,v) = fexp{—ih(Dy=0,)}g. (2)

o The Weyl ordering : the product * of the Weyl algebra is given by the
Moyal product formula as follows:

.
f(u,0) % 9(u,v) = fexp {0, A Du}g (3)
Wherea/\z:<8_0~z—<_u'8_;,and
— = — —
f(Oy - Oy — Oy - 0y)g = Opf - Oug — Oug - O f.

Every product formula yields u % v — v * u = —ih, and recovers the Weyl
algebra Wj. We notice that commutative products o, «, - play only supplementary
roles to express elements in the unique way. We distinguish these to indicate what
ordering expression is used.
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On the contrary, in the Weyl algebra Wy, —-ad(v) and —--ad(v) form mu-
tually commutative pair of derivations. These derivations also reproduce commu-
tative products o, e, - from the x-product by reversing formulas (cf.[OMY]). Such
inverse expressions ensure that there is no other relation imported unexpectedly via
such ordering exrpressions.

For elements p.(u,v), ¢.(u,v) € Wy, we have various expressions according
to the orderings. The product is given as follows:

P, 0) % e (u,v) = f(u,v) *pr g.(u,v) = folu,v)*n go(u,v) = fo(u,v)*yge(u,v).

If no confusion is suspected, then we omit the suffix M, N, N in the *-product.

Let Hol(C?) be the space of all entire functions on C? with the compact
open topology. The product formula (1), (2), (3) have the following properties.
Then, obviously we see

Proposition 1. (1) f*g is defined if one of f,g is a polynomial.
(2) For every polynomial p = p(u,v), the left-(resp. right-) multiplication px
(resp. xp ) is a continuous linear mapping of Hol(C?) into itself under the compact
open topology.
We call such a system Hol(C?), Clu,v],*) a (Clu,v]; x)-bimodule.

By the polynomial approximation theorem, the associativity

fr(gxh) = (fxg)xh
holds if two of f, g, h are polynomials. We call this 2-p-associativity.

2.2. Canonical conjugate pairs.
For every A € SL¢(2), we change the generators

() =)

It is obvious that [u/,v'], = —ih, and hence u/,v" may be viewed as generators.

The replacement (pull-back) A* of u,v by u/,v" gives an algebra isomorphism of

Wy. Thus, we may consider the ordering problem by using u’, v’ instead of u,v.
The following is the most useful property of Moyal product formula (3):

Proposition 2.  For every A € SLc(2) and (g) € C2, let ®* be the replacement

(pull-back) of w,v into u',v" by the combination of the linear transformation by
the matriz A and the parallel displacement (g) :

(Z:) - A(Z) + (g), A€ SLe(2), (a,B)eC?

Then, ®* is an isomorphism both on (Clu,v],-) and (Clu,v],*).

Remark that normal, anti-normal orderings do not have such a property. It is
easily seen that

(au+bv)]" = (au+bv)™, but (au+bv)] # (au+bv)] for ab#0.
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For the proof of Proposition 2, we have only to remark the following identity:
— - — — . —
Oy N\ Oy = Oy N Oy

2.3. Evolution equations.
In the (Clu,v],*)-bimodule (Hol(C),Clu,v],*), we consider the evolution
equation

Ch=pw o) s f fo= flun) ()

for every polynomial p,(u,v), whenever we do not mind about the existence of
solutions. However, the real analytic solution in ¢ is unique if it exists. The
solution, if it exists for the initial function f; = 1, will be denoted by e+
If the infinite series > %p(u,v)k converges, then it must be the solution of (4).

(au+6v)

. k . . t
Since Y & (au + Bv)F converges, we use the x-exponential function e to

define the intertwiners between different orderings. (See §6.)

2.4. Extensions of product formula.
Starting from (Clu,v]; %), we extend the s-product to a wider class of
functions. For every positive real number p, we set

&,(C?) = {f € Hol(C*)|[|f|lps = sup |f]e™*"" < 00, Vs >0} ()

where [¢] = (Ju? + [v|?)¥/2. The family of seminorms {|| - ||,.s}s>0 induces a
topology on &,(C?) and (€,(C?),-) is an associative commutative Fréchet algebra,
where the dott - is the ordinary product for functions in &,(C*). The product
- may be replaced by - or « to indicate the ordering. It is easily seen that for
0 < p <y, there is a continuous embedding

£,(C*) C £(C?) (6)

as commutative Fréchet algebras (cf.[GS]), and that &,(C?) is SL¢(2)-invariant.

It is obvious that every polynomial is contained in &,(C?) and Clu,v] is
dense in &,(C?) for any p > 0 in the Fréchet topology defined by the family of
seminorms {|| ||ps}s>0-

We remind that every exponential function e®**7? is contained in &,(C?) for
any p > 1, but not in £ (C?), and functions such as e** t0°+2¢4 are contained in

E,(C?) for any p > 2, but not in £(C?). Functions such as Y : 1); u® is contained
kNP

in £,(C?) for any ¢ > p, but not in &,(C?). Hol(C?) is a complete topological
linear space under the compact open topology.
The following theorem is the main result of [OMMY1]: 2

Theorem 3.  The product formulas (1), (2), (3) extend to give the following:
(i) For 0 < p <2, the space (E,(C?),%) forms a complete topological associative
algebra.

(ii) For p > 2, every product formula gives continuous bi-linear mappings of

Ex(C?) x £y(C%) = &£,(C%),  £y(C) x §,(C?) — £,(C?), (7)

for every p' such that Ilj + % >1.

2In [OMMY1], the proof is given in the case of Weyl ordering, but the same proof works for
other orderings.
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Let 82+(C2) = np>2
natural intersection topology. Note that enl
in (a,b,c) € C3.

By Theorem 3, it is easy to handle (€,(C?),*) for 0 < p < 2. We now focus
to the space &4 (C?). As we mention in §2.5, the extended space &4 (C?) has
several strange phenomena.

E,(C?). Thus, &4 (C?) is a Fréchet space under the

2 2 . . .
au+bvi+2ew) g continuous in Eyy (C?)

2.5. Vacuums, half-inverses and the break down the associativity.
A direct calculation using the Moyal product formula (3) shows that the

coordinate function v has a right inverse and a left inverse v° = 1(1 —e®*”) and

v = %(1 — e—%uv) respectively in £, (C?), i.e,

2i _2i
vxv. =1=0v"%x0v, v xv=1—-2er", vx0v°'=1-—2e %

where uv means wwv in precise. The --sign is occasionally omitted in the expression
of the Weyl ordering.

If the associativity holds in &, (C?), then v° should coincide with v°.
Hence %sin %uv = 0, which is a contradiction (cf. [OMMY1]). Then, we loose
the associativity in &£y, (C?). This is one of the typical phenomena which shows
the lack of the associativity. That is, coordinate functions have both left- and
right-inverses.

By the Moyal product formula (3), we also have

20 2i 2 _ 2
vker™ =0=er"xu, uxe nW=0=e n"xu.

We denote by wgy = 26%“”, oo = 2e~ 7" which are called a vacuum, a bar-

vacuum respectively. Using the Moyal product formula and the 2-p-associativity,

we easily have _ _
(uv—%)*e%“”:u*v*e%u”:o. (8)

it i
In Lemma4 in §4, we show that e/ = Coslhﬁeﬁ(ta“h%)zw in the Weyl
2

ordering. Remark that ffooo L _en(tanh 52wy « o6 in the space &4 (C?). Setting

T
cosh 3

> ans 0 o
(UU)EO = —ih/ el dt,  (uv) i, = zh/ e dt,
0

—0o0
we have uv has two different inverses, since the difference is given as

it

(uv);}o — (w)~"}, = —ih/ e dt. (9)
The r.h.s. of (9) has the expression as follows by using Hansen-Bessel formula:

&0 i—tuy e ]. [3 t 2
/ el dt:/ —eﬁ(ta“hi)%”dt:gJo(ﬁuv)a

¢
~ cosh 5

where Jy is the Bessel function. This is obviously # 0. This causes another break

down of the associativity. Thus, it is impossible to treat (uv);j, and (uv)”}, in

the same associative algebra.
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Since the r.h.s. of (9) can be viewed as the *-Fourier transform of the
constant function 1, it may be regarded as the x-delta function —id,(uv) (cf.
[OMMY1]). This is actually expressed as the difference of two holomorphic func-
tions and several nice relation to Sato’s hyper functions are observed [O],[OMMY1].
(See also [M].)

Hence, the *-delta function d,(uv) is expressed as an entire function in
terms of the Weyl ordering. We are much interested in such phenomena, since
these may be useful in nano-technology.

3. Quadratic forms

These strange phenomena as in §2 are deeply related to *-exponential

functions, such as e, defined by the evolution equation (4) of quadratic forms.
It is easy to see that the set of all quadratic forms in W is closed under
1

the commutator bracket [a,b] = axb—b*a. Set X = Wqu, Y = ﬁzﬂ, H = ﬁuv,

where uv = u * v + %i Then, they form a basis of the Lie algebra sl¢(2): We see
[H,X|=-X, [HY]=Y, [X,Y]=-H,

and {X,Y, H} generate an associative algebra in the space C[u,v], which is an
enveloping algebra of sl¢(2). Setting ad (W)V = [W, V], we see

ad(%(au2+bv2—|—20uv)) m _ [_ac _Cb] m | (10)

Thus, ad (55 (au? + bv? + 2cuv)) generates the complex Lie group SL¢(2), which
is a useful fact to fix the product formula involving x-exponential functions of
quadratic forms (see(30)). In a (Clu,v];*)-bimodule (Hol(C?),Clu,v],*) with
an ordering expression as in §2, we consider the evolution equation (4) for every
polynomial p(u,v) with the initial function f. If p(u,v) = u®+(4v)?, the equation
corresponds to that of standard harmonic oscillator. For a complex parameter
t, the evolution equation (4) may not be necessarily solved for arbitrary initial
function. However a real analytic solution for (4) in ¢ is unique if it exists. If the

real analytic solution of (4) exists, then we denote it by e?™" x f (u,v), where
") is the solution with initial condition 1. Thus, following standard method

of Lie theory, we change a partial differential equation to a system of ordinary
differential equations.

3.1. Singular distributions in Weyl ordering.
In what follows, we identify (a,b,c;s) € C3xC, with

Lau? 2 . 1002 2
Seh(au +bv*+-2cuv) c 52+((CZ), ie. (a7b, ¢ S) - Seﬁ(au +bv +2cuv)’

if no confusion is suspected. s and %(au2 + bv? + 2cuv) are called the amplitude

au?4-bv+2cuv)

and the phase respectively. The function enl is called the phase part.

For every point (a, b, ¢; s) in C*, we consider a curve s(t)en (@(u*+b(t)v*+2e(t)u)

au+bv2+2cuv

starting at sernl ). The tangent vector of this curve at t = 0 is given as

1
(ﬁ(a/UZ + bv? + 2duw)s + 8/)6%(‘”2“’”2*2““).
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On the other hand, consider the #-product e (@u*+Vv*+2cuv) y go g (au+bv*+2euv) g
now compute the derivative of this quantity at ¢t = 0. By using the Moyal product
formula, we have

i e%(a’u2+b’vz+20’uv)

dt lt=0

= %(a/uz + b/U2 + QCIUU) * Se%(au2+bv2+2cuv)

- %(G'if +b0? + QC’uv)Se%(““ub”Z“C’w)

% se % (au?+bv?+2cuv)

(11)

9
+ %{(b/v—i—c/u) (au—}-cv) — <GIU+C,U)(bv+cu)}3@%(‘1“2‘*‘17’024'28’&1))
1
_ ﬁ{b’(ﬁa + 2(au+cv)?) — 2 (hc + 2(au+cv) (bv+cu))
+ al(hb + 2(bU—|—C'Ll,)2)}56%(a“2+b112+2cuv).

Then, (11) is written as

% e%(a'u2+b’v2+2c’uv) % Se%(au2+b1}2+2cuv)
t=0
2
u
1 1ol v? L (aqu24-bv242cuv) (12)
:ﬁ(a,b,c)M(a,b,c;s) o | 5€" ,
h
where
—(c+1)?, —0?, —b(c+1); -2
M(a7b7 (6% S) = —(12, _(C_ i>27 —CL(C— Z), _% (13)

2a(c+1), 2b(c—1), 1+ab+c? ¢

We denote by M(a,b, c) the submatrix of first three columns of M(a, b, c;s).
Remark that
detM(a,b,c) = (c*—ab+1)°. (14)

It is seen that every radial direction is the eigen vector of M (a,b,c):
(a,b,c)M(ta,7b,7c) = (1 + (*—ab)7?)(a, b, c). (15)
If ¢2—ab+1 =0, then we write as
au® + bv® + 2cuv = 2i(au + Bv)(yu + dv), ab — By = 1.

Clearly, [au+ (v, yu+dv] = —ih. By setting v’ = au+fv, v/ = yu+ov, (v, v') is
a canonical conjugate pair. Applying (3) for (u/,v’), we easily see that

(yu + 6v) % e (@uHBIOuH) — 0 for  f — By = 1. (16)
It follows by 2-p-associativity that

(,Yu + 51})3 « e%(au2+bv2+2cuv) =0,

s (17)
(o 4 Bv) * (yu + dv) * o (au?+bv? +2cuv) _ ()
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The second identity of (17) yields (a,b,c)M(a,b,c) =0, if ¢ —ab+ 1 =0, which
corresponds to (15), and the first identity of (17) yields
(7%, 0%, v8) M (a, b, c) = 0, A —ab+1=0.

Hence M (a,b,c) has rank 1 at the point ¢2—ab+1 = 0, but the rank of M(a, b, c; s)
is 2 at there. Setting v’ = au + fv, v = yu + dv, we call 26%“'”/ the vacuum
w.r.t. («,v'). Thus, one can allow to call the bar-vacuum 2~ %" the vacuum
wrt. (= u).

We consider a holomorphic singular distribution D,, on C* x C, given by
D,(a,b,c;s) = {(a,V,c)M(a,b,c;s)| (d',V, ) € C*}.
Let 7 : C3 x C, — C3 be the natural projection. Set
V., = {(a,b,c);c*—ab+1 =0} (phase part of vacuums). (18)

Then, 2w (au*+bv*+2cuv) (a,b,¢) € V, is a vacuum. Though D, is singular on the
submanifold V, x C,, this gives an ordinary involutive distribution on (C*~V,,)xC,.
Hence, there is the 3-dimensional maximal integral holomorphic submanifold M3
of D, through the origin (0,0,0;1). Since

L [emin -2 —be—d)
Mo =l e i —aleti) |
(1+¢?—ab) 2a(c — 1), 2b(c+1i), A+ab+1

the distribution D,, on (C*-V,) x C, is given by

1, 0, 0; £9,log(1l+ ¢* — ab)
0, 1, 0; 29ylog(l+ c* — ab)
0, 0, 1; %86 log(1 + ¢® — ab)

Hence M3 is given by
(a,b,c; V1+c?2—ab) <= V1+c?—ab e (o tbo2eu0), (a,b,c) € C*~V,. (19)

Since va is two-valued function, M? is in fact a non-trivial double cover of C3-V,.
(See also Proposition 5 below.)

3.2. Singular distributions in the normal ordering.
Since uv = uov + %L, we have au? + 2cuv + bv? = au?® + 2cuov + bv? + hei.

. . L (qu2+bv?42cuv o L(au+bv242cuov
In this subsection, we compute ef( ) = e”tef( ) by WDO-

product formula (1). Setting

(&

L (qu2+bv?+2cuv La(t)u? v2+2¢(t)uov
Flat b2 )75@)62((15) +b(t)v?+2¢(t) )7 (20)

as in the similar computations in §3.1, we have (20) as follows:

% 6%(a’u2+b’v2+2c’uv) % Se%(au2+bv2+20uv)
t=0
1 ) 9 /9 , th L (au?+bv?+2cuov)
:?_L(a u” + b'v* + 2¢ (uev + 5)) * sel
. . 21)
1 K (
:{ﬁ(a'lf + bv? 4+ 2 (uov + Z5)) - %(Zblv + 2du)o(2au + 2cv)
—11 l(au2—1-17112—5—2cu0v)

+ 75(2b’)((2au + 2cv)? + 2ah) }osel
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This is written as

U2
. 1 T, . v? %(au2+bv2+20u0v)
= 7—i(a 0, )N(a, b, c; s) ouow | °5€° , (22)
h
where
1, 0, 0; 0
N(a,b,c;s) = | —4a?, (14 2ci)?, 2ai(l+ 2ci); —2a (23)
4ai, 0, 1 + 2ci; i
We denote by N(a,b,c) the submatrix of first three columns of N(a,b,c;s). The
L(qu24-bv2+iuov ..
determinant of N(a,b,c) is (1+ 2ci)®, i.e. =0 occurs at e Y s g

in fact a phase part of a vacuum computed in the normal ordering w.r.t. a certain
canonical conjugate pair. (See Proposition 22 below.) Let D, be the the singular
distribution given by N(a,b,c;s). Let

V, ={(a,b,c); 1+ 2ci =0} (phase part of vacuums). (24)
Since

1 (1+2ci)?, 0, 0,
N(CL, b, C)il = m —40,2, ]_, —2al y
(260" | _yai(1 +20d), 0, 1+ 2ci

D, is an ordinary involutive distribution on (C* —V,) x C, given by

..
D,(a,b,c) = {(d',V,; I —iZQCi); (a',b, ) e C}.

The maximal integral holomorphic submanifold N3 of D, through the origin
(0,0,0;1) is given by

lauZ 'U2 Cu°v
(a,b,c; VI + 2¢i) <= 1+ 2¢i el @ TR, (25)

Since ./ is a two valued function, N3 is the non-trivial double cover of C3 —V/,.

4. x-exponential functions and vacuums

We now consider the evolution equation (4) for every quadratic form as
integral curves of the distributions mentioned in §3. To define the *x-exponential

function ei(auerb”QHc“v), we set @ HbviH2ew) F(t,u,v), and consider the evo-
lution equation

0

aF(t,u,v) = (au*+bv*+2cuv)* F(t,u,v), F(0,u,v) =1 (26)

First, we compute the r.h.s. of (26) by the Moyal product formula (3). Minding a
real analytic solution of (26) in ¢ is unique, if it exists, we assume that F'(¢,u, v) has
the form s(t)e*®w+bOv*+2e(Bu)  Then we solve the system of ordinary differential
equations:

(a'(1), (1), (); 5'(t) /5(t)) = (a, b, )M (af(t), b(t), c(t); 5(t)),

(a(0), b(0), c(0);s(0)) = (0,0,0;1). (27)
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Lemma 4.  (Cf.[B], [MS]) The solution of (26) is given by

1 x 5
fi(z) = cosh(Av/al 1) exp P {tanh(h\/ ab—c t)} :

where x = au® + bv® + 2cuw.

Thus, Lemma 4 holds for the case ab—c?> = 0. We may set

1
PN tanh(hvab—c? t) = t.

via Taylor expansion.
By Lemma4, we have

ef(au2+bv2+2cuv) _ 1 e%(au2+bv2+20uv)( TLCQ tanh(m t))
cosh(vab—c? t) (28)
_ 1 e%(au2+bvz+20uv) ( \/c2177ab tan(v/c2—ab t))
cos(vc2—ab t)
The ambiguity of +v/ab — ¢ makes no difference for the result.
z (au?+bv?+2cuv)
By (28), we have in particular, if ¢® # ab, then e/ c?-ab =1,
= (au?+bv2+2cuv)
but eV diverges in the Weyl ordering. Let II,, be the subset of

L (qu?+bv?+2cuw)

C? where el is singular in the Weyl ordering:

M, = {(a,b,¢) € C5 V@ —ab = (7 + %)}.

The *-exponential mapping exp, is a holomorphic mapping of C* —II,, into M?.

Using (19) and Lemma 4, we have

Proposition 5. M3 is a non-trivial double cover of C* —V,, and

M? = {£Vc2—ab+1 e (o tboPt2eu0). (2 gy o 0}.

1 2 2
+(au®+bv*+2cuv
{ef( )} covers the open dense subset

M3 - {_e%(au2+b02+20uv); 02 —ab= 07 (CL, b, C) # <07 O, 0)}

of M3.
Proof. Suppose Q € M3. Set 7Q = (a,b,c). Then, ¢*—ab+1 # 0. Since the

exceptional values of tanz are =i, there is # such that tanf = +/¢> —ab. By
(28), we have

9 (au?+bv2+2cuv)

1 (2t b2 2_
/Cg_ab+1eh(au +bv?+2cuv) _ ef\/c ab

tanf __

Remind limg_. 3 1. For ¢ —ab=0, ﬁ@ should be read as 1.
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Remark that ef® T 2cu) ¢ pr 3 whenever this is defined. The difference

of the periodicity of cosine and tangent gives that if ¢ — ab # 0, then

1 au2+bv2+20uv)‘ %(au2+bv2+20uv) .

el (a,b,c) € T} = {el (a,b,c) 1L}, (29)

However, we have to set v/1 = 1 in the case ¢ — ab = 0 to get the initial value
1 . . .
1 at t = 0. Thus we can not get —en (@’ +0*+2cuv) by the exponential function, if

(a,b,c) # (0,0,0). This proves the last assertion.

QJUU . .
Remark that e,) = —1 € M3 means the integral submanifold through
(0,0,0; —1) isin M?. These arguments together with (19) give the first and second
assertions. a

In what follows we denote by M3 the set of elements of M? expressed in
the form of x-exponential functions:

1

M3 o {ieﬁ(au2+bv2+c(u*v+v*u))
* — *

. it’s Weyl ordering € M?>}.
Similarly, we denote for each canonical conjugate pair (u,v),

L (au24+bv? +c(urvtvsu
N = {el ( )

h ; it’s normal ordering € N*}.

By the uniqueness of analytic solution of the evolution equation (4), the
exponential law €% x eit? = ¢/T)% for o quadratic function in  holds where both

sides are defined. Using this, we have

ST
*

Lemma 6.  For s,0 € C such that 1+ so(ab— ¢*) # 0, we have

s o st+o 2 2
6ﬁ(au2—i—bv?-|—20uv) % eg(au2+b1}2+2cuv) — 1 6h(l+30(ab_cz))(au +bv?+2cuv)
1+ so(ab—c?)
In particular, we have an idempotent element
1 2 b 2 2 1 2 b 2 2 1 2 b 2 2
267%/@(&” +bv?+2cuv) . 26hm(au +bv?+2cuv) _ 26h\/m(am +bv*+ cuv).
—— (au2+bv?+2cuv) | .
Recall 2¢nvab—c? is a vacuum defined in §2.
Corollary 7. Vacuums are obtained as the limit point of *-exponential func-
tions; i.e.
1 2 249 L (au?+bv2+2cuv)
26h\/m(au +bv4-2cuv) — lLm etef,/ab,g
t—o0

is a vacuum for every (a,b,c) such that ¢* —ab # 0.

This shows that vacuums may be regarded as certain equilibrium states (cf. [BL]).
Remarks. Let Ad(g)h = gxhxg~'. Using (10) and the uniqueness of the solution,
we see that

Ad(j:e%(auZ—i-bv?—ﬁ—Zcuv)) |;}L:| _ (expt |:—aC —b:| > |:u:| . (30)

C v
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2’% (au?+bv?+2cuv)

Remark that Ad(ie*%’( has no singularity in ¢, and e
makes no difference. Hence, the “group” generated by the x-exponential functions
of quadratic forms looks like a “double covering group” of SL¢(2), which is known
to be simply connected.

Moreover, (30) is useful to make the product formula involving elements
f,g of £,(C?), p < 2. We compute as follows:

(F 5 €280) (g 1 e20) = (f 1 (000D ) (20 2000
p(u,v)

This is welldefined whenever ¢?™*) x 2 is welldefined. Hence, we have only to

care about the product formula e2*”) x 2"

au?4-bv+2cuv) )

The following lemma is useful to make transcendental formula, and is proved
by that both quantities satisfy the same partial differential equation with the same
initial condition, but intuitively this is given by the trivial identity v * (u % v)™ =
(v u)™ % v, which explain the name of the next lemma:

Lemma 8.  (Bumping lemma)

ituxv itvku ituxv itvku

vkxe, " =el"xv, el xu=uxe"".

4.1. x-exponential functions by the normal ordering.

Although ef%w diverge in the Weyl ordering, we prove in this subsection
that such elements make sense in the normal ordering. We now consider the
evolution equation (26) in the normal ordering. Assuming that

%

e  (au?+bo?+2cuxv) w(t)e‘fl(t)“2+¢2(t)”2+2¢3(t)u°”,

*

we solve the system of ordinary differential equations:

[ 0)(t) :%a +dicgy () — 4hbo (t)*

/ 1 . 2

By(t) =0+ 2icc(t) + 2ibo (1) — 4hbo (1))
[ V'(t) = — 2hbdr (1)1 ()
with the initial condition ¢;(0) =0 and ¥(0) = 1.

Proposition 9. There ezists a unique analytic solution of (31) given by the
following form.:

4 ¢ (t) B i sin(Q\/Et)
BT on VD cos(2v/Dt) —icsin(2v/Dt)’
b sin(2v/Dt)
~ 2h /D cos(2hV/Dt) — icsin(2v/Dt)’
i vD
9s(t) = ﬁ(l B \/Ecos(%/ﬁt) — z'csin(Q\/Et))7
__—cit \/E 1/2
X vt =e <\/Ecos(2\/5t) - icsin(Q\/Et)>

Pa(t)

(32)
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where D = ¢ —ab. This works also for the case D = 0 by setting \/LE sin(2\/5t) =

ot via Taylor expansion. The + ambiguity of /D makes no difference for the
result, but the = ambiguity of ( )'/? remains in the expression of (t).

Remark that taking the complex conjugate of (32), we obtain the formula
of x-exponential function for the anti-normal ordering. By this observation, we
have the following:

1 2 2
. . . +au“+bv +2cuv
Lemma 10. [In every ordering, the x-exponential function e} has

singularities in (a,b,c) € C3>. However, there is no common singularity of the
normal ordering and of the Weyl ordering.

Remarking 2uv = www+wvu = 2uxw+1ih = 2u-v+ih, we can use Lemma 9 to

. * (qu2+bv2 +c(wo+va (au?+bv2+2cuv) .
obtain the formula of ef( ( )). Remark that ef’( ) is a curve

contained in N3, that is, \/1 + 2ih¢s(t) = e“4)(t) should hold by (25). This is
checked by direct calculation. For the special case ab = 0, we have

£ (au+bv2+2cuov) L (e*eit—1)(au?+bv?)+ 535 (2 —1)2uo0v
*

= el , ab=0. (33)
This is because by setting v/c2 = ¢, (33) gives the real analytic solution of (31)
with initial data 1. Remark (33) has no singularity in ¢ € C. Using (33), we have

£ (au?+bv?+c(uww+va) cit 7o (€2 —1)(au+bv?)+ 5k (2 —1)2uov
*

=e"esd ah , ab=0. (34)

By remarking uxv + vu = 2uxv +th again, Proposition 9 gives the formula

(au?4+-bv? +c(ww-+viu

of eﬁ D for ¢ — ab = 1, and we have a very strange formula:

T (qu24+-bv2+c
Lemma 11.  In the normal ordering w.r.t. (u,v), gz (o e(untow))

2ig 0y
c2—ab =1 is given identically as \/—1el .

with

4.2. Polar element.
Here a new question arises whether the £+ ambiguity of v/—1 of Lemma
11 can be eliminated for all a,b,c € C. Our conclusion in this section is that the

ambiguity can not be eliminated.
I (au+bv? 4-c(uwt+va

Remark first that e?"
?—ab=1.

By Lemma 11, eflﬁ (@ +be? (o)) is independent of a, b, c whenever ¢ —
ab = 1. Thus, it must be viewed as a single element. We call it the polar element
and denote by £9g. We have in particular that

2 diverges in the Weyl ordering for

€00 * Ego = —1, Ad(goo) = -] (35)

but ggp has several strange features.

4.3. It looks like a contradiction.

It is clear that 7(gg0) = (0,0,4). Moreover ggpkegg = —1 by the exponential
law. But this does not imply that ego = v/—1, because the following holds by the
bumping Lemma 8:
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Proposition 12. U*Egg+ oo *uU =10, v*xegg+ 9o *xv = 0. In particular, g

t 2 2
. . + (au®+bv*+2cuv
commutes with every £(au® 4+ bv* 4 2cuv), and hence with ef( )

Moreover, since (a,b,c) = (0,0,1) and (0,0, —1) are arcwise connected in
the set ¢®>—ab =1, Lemma 11 gives

s 24 uy
= (ww+ovke) Zlyop — = (wwtva)
ol =+v—lel =e, " .

. . . . . %(wu—i—vm)
Considering the exponential law of the x-exponential function e;? for t €

C — {singular set }, we must set by (34)

o5 (wwtow) Zigoy —op (wotva) %uov
*

el e = —iel

If one wants to fix + ambiguity, the exponential law gives

T
h

T

1= (wo-+vir) 7 (wotvm) e%(w«;+m) . 6;%(W+W) 1

* N
Q)
*
* 0

Remark that (—v,u) is a canonical conjugate pair and the set of all canonical

2o
conjugate pairs is arcwise connected. Then, it seems rigorous to set gop = iel " = =
2i(_4)o
el ) “ but it causes the same trouble. Therefore, we must conclude that the +
ambiguity in Proposition 9 cannot be eliminated. One has to set egg = v/—1el "

with 4+ ambiguity. It is better to understood ¢y as a “two-valued” element. But
since such notion does not exist in the set theory, it seems to be impossible to
define €y as a point of a point set. Because of this anomalous character of £5q we
had spent a lot of time to check our calculation, and remark a conclusion that the
polar element o9 should be understood as a “two-valued” element. Remark that if
one considers m-tensor power of our system, we have an element [[;", 5(()20) which
should be treated as a 2" -valued element. In §5, we claim this anomalous element
is still useful in the calculation of *-product.

Olver [Ol] gave some examples of local Lie groups which does not form a
group, because the associativity breaks down globally. Though these are exam-
ples within point sets, the situation seems similar and helpful to understand the
appearance of the ambiguity. We have to study such phenomena more closely, in
order to understand the difficulties we must manage in treating exact deformation
quantizations. (Cf. also [R].)

To understand ey rigorously within the set theory, we give several notions

in §7.

5. Product formulas, restriction to real forms

We now study the “group” generated by e®+tX+<Y Ly using the Weyl
ordering and the polar element €yy. We see that the x-product

! / /
eaH—i-bX—‘rcY*ei, H+bV X+cY

*

is defined in general with an ambiguity of +-sign of /-, and the ambiguity can
only be eliminated locally.

5.1. Product formula with + ambiguity and singularity.
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We first want to establish the product formula with £+ ambiguity. If we
use the Weyl ordering, Proposition 2 gives that the general product formula for
quadratic exponential functions can be obtained from the two cases as follows:

2 2 2 2 2
etu * U +bv +2cuv, eTUY y O +bv +20uv‘

Solving (27) with the general initial condition

(a(0),6(0),¢(0); 5(0)) = (a, b, c; 1), (36)

we see that the first one is written as

t,2
U 1 2 2
el % eﬁ(au +bv?+2cuv)

emaa—l—(ab—c2 —2ci+1)t)u?+bv2+2(c—ibt)uv} (37)
v1+bt

where the ambiguity of 4++/1+ bt can not be eliminated for all ¢,b. Remark
also that the discriminant of (a + (ab — ¢® — 2ci + 1)t)u? + bv* + 2(c — ibt)uv is
(2—ab+1)(1+bt)— (1+bt)2. Thus, et x\/—ab+ 1 er (@’ +0v*+2ew) ig contained
in M3. (Compute the discriminant +1 of the phase function.)

. L2 t
Remarking e = en"

2, we have the following:

Lemma 13.  For e¢i*’ and Q € M? such that ©(Q) = er(@w+bv+2ew) g
bt + —1, Q is written in the form /G2—ab+1en(@w*+v*+2ew) = qand the product
er’ x Q is an element of M3 .

Similar to (37), we have in the Weyl ordering that

v? N e%(au2+bv2+2cuv) _ 1 6m{au2+(b+(ab7c2+20i+1)t)v2+2(c+iat)uv}

V1+at ’

and hence we have the similar result as Lemma 13.

(38)

(&

Remark e/”" = v/I+ s2ei2® where s = tant. Solving (27) with the
initial condition (36), we have in the Weyl ordering that

e%Zuv * e%(au2+bv2+2cuv) _

1

\/1—2cs+(c2—ab)s?

6m (a(1+is)?u+b(1—is)?v?4(c—(c? —ab—1)s—cs?)2uv)

(39)

where the ambiguity of +4/1—2cs+(c2—ab)s? can not be eliminated.

Note the following identity for the computation of discriminant of the phase
function of (39):

(1—208—}—(02—@6)82)2—1—(0—(02—ab—1)s — 082)2 — ab(1+is)?*(1—is)?

=(*—ab+1)(1 4 s*)((*—ab)s® — 2cs + 1). (40)

Using (39) and (40) for the computation of 1+discriminant, we see :
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Lemma 14.  If Q,Qy € M? such that 7(Q,) = 7™, 7(Qy) = e (@u®+bv*+2cuv)

then
Q= V1 + s2en?w, Qs = £V —ab+1 e (@u?+bv?+2cuv)

with 1+ s*#0, > —ab+1# 0. Furthermore, if 1 — 2cs + (¢* — ab)s® # 0, then
the x-product Q1 * Q4 is defined as an element of M3 .

Though every product formula in Weyl ordering has some singularity, this
does not mean that the x-product can not be defined at such points. Recall that
every quadratic form Q(u,v) is written in the form (au + Bv)? if ab—c¢* =0, or
the form A(au + fv)(yu + dv) with ad — Gy = 1 otherwise. Solving the evolution
equation by using the ¥ DO-product formula (1) under the standard procedure of
Lie theory, we have the following product formula in the normal ordering:

e 2 (au?+bv?+2cuv) _eﬁ((a+t)u2+b1)2+26uv)
=e! ,
(41)

(au?+-bv? +2cuv)

1
h
o
1
uv 5
o

t 1
n ,
o

% ;1(a(1+it)2u2+bvz+(c+(cz’+%)t)qu)

o .

— CGo

e

This shows that every product can be computed without ambiguity by a canonical
conjugate pair which is suitably chosen depending by elements to be calculated.
However, since we have to use various canonical conjugate pair to write elements
in the above standard form, this does not necessarily imply that x-products are
defined without ambiguity.

Here, we remark on the associativity as follows: Though all formulas that
we have given are written by using elements written in the form e%(““2+bv2+2w”),
but we can replace (a, b, c) by (ha, kb, hc). After this replacement, whole formulas
(except the formula involving such an element as e%“”, where one can not eliminate
h in the expression) are changed into those which is real analytic in & and these
are meaningful at A = 0.

Now if A is viewed as a formal parameter and everything is treated in formal
power series in h, we see that the associativity holds well, and + ambiguities
disappear in the product formula. Using the Taylor expansion in A, we have:

Proposition 15. The associativity

(eau2+bv2+20uv a/u2+b’112+20’uv> a'"u? 40" v2 2 uv

* € * e

=€

2 2 1,2 /0,2 /
au“+bv°+2cuv % (eau +b've+2cuv % e

a”u2+b”v2+20"uv>

holds if both sides are defined.

5.2. Product formulas involving polar element.

Even though gyy is viewed as a two-valued element, we make product
formulas. We first remark the following lemma, which shows the mapping a —
€00 * a is better to be understood as a 2-to-2-mapping:

Lemma 16. If D =c*> —ab # 0, then

E00 * e%(au2+bv2+2cuv) — 1 e h(c21—ab) (au?+bv>+2cuv)

c2—ab
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L uv s
Proof. Set s =tant. Then we have efﬁQ = /14 s2er?" and we remark that
s — +o0 as t — . Multiplying v/1+ s? to (39) and taking the limit s*> — oo,
we have Lemma. O

Since the ambiguity of v/c¢2—ab depends on the choice of paths for s? — oo,
it is better to understand the equality of Lemma 16 as

00 * ie%(au2+bv2+2cuv) — +1 e*mwu%bv%%uv).
c2—ab
. 1 2 2
Remark that g9 commutes with every en (@ t0v°+2cuv) a5q £002 = —1. Then, g%
00 005 , €00

gives a 2-to-2-diffeomorphism of M?® — Mg onto itself, where
1 au2 '1)2 Ccuv
MG = {el ™M 2 — b = 0},

For a point P of Mg, the computation of qo * P is represented by the case
P = ™ Since we see for ¢ # +75 that

6521“) * e%au? — me%(a(lﬂs)%%ﬂsw)a tant = s, (42)

this is written in the form of *-exponential function and is a member of M?3. As

t — £7, then the r.h.s of (42) diverges. Hence, we see that e % eh 9 can not
be a member of M?. Thus, we see M Negox Mg = O.
In the normal ordering w.r.t. (u,v), we see by (41)

1.2 1,2 L (2 b2 Ll an2bu (i
+au +au + (au?4bv?+2cuv) = (au+bv?4(i—c)2uv)
ook eh =+/—=lel |, egoxel =+ —1lek )

Since €2, = —1, we see that N3 = g9 x N2 for every canonical conjugate pair.
In other words, we see that

N2 € M? U (ego*M?) for every canonical conjugate pair. (43)
%t(au-ﬁ-,@v)Q 3 . . .
Note that e} € N; by the normal ordering w.r.t. a certain canonical

conjugate pair v’ = au+ fv, v’ = yu+ v, and £9ox N2 = N2. Then, we have that
every element of g% M is contained in N2 w.r.t. a certain canonical conjugate
pair. Combined these arguments with (43), we see that

MU (V) = MU (e 02) (44)
(u,v)

where the union takes for all canonical conjugate pair mutually related linearly.
By (44), we have only to consider the “set” obtained by “gluing” M3 and
goo* M3 by the “2-to-2-diffeomorphism” ego* given by Lemma 16.

5.3. General product formula.
By the argument in §5.1, we have two cases that Q1% ()5 are not defined
in the Weyl ordering:

e%u2 « /_c2—ab+1 6%(au2+bv2+20uv)’ for 14+ bt = 0,
and
VI $2en?® s \/2—abt1en(@+b’+2ew) gor | _ 905 4 (> —ab)s* = 0.

By Lemmal6 and (37) we obtain the following:
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Corollary 17. If 14+ bt =0, then
e%UQ*(goo*me%(au2+bv2+2cuv)) — em((aJF(abJF(C'L'*1)2)t)U2+bU2+2(C*ibt)U0)

and the r.h.s. is written in the form en(@v+0)? ¢ M.

If 1 —2cs + (¢ — ab)s® = 0, then remarking (40) again, we have

(200% V1 + 82 en ) % V2 —ab+ 1 e (au?+bv+2cu)

:em(a(1+is)2u2+b(1fis)2v2+(cf(02fabfl)sfc32)2uv) .

This is written in the form en(outBv)® , since the discriminant of the r.h.s. vanishes.

As a consequence, we have the following:

Theorem 18. M3 U(ggo* M3) is closed under the *-product. Moreover the set
{edH0XH+eY q b c € C} generate M2 U (g9 % M2).

For the proof, it is enough to remark the following: For Q.,Q, € M3, if
()1 * Q2 is not defined in the Weyl ordering, then Q% (ggo% Q2) or (Q1% £q0)* Q2

is defined in the Weyl ordering as an element of M3 and

Q1% (500* Q2) = (Ql* 500)* Q2

holds, whenever both sides are defined. If Q1%Q2, Q1*(cgpxQ2), and (ggo*xQ1)* Qo
are defined, then we have Q1% (gopxQ2) = (g00*Q1)* Q2 = £0o*(Q1%Q2). Moreover,
(€00 * Q1) * (£00* Q2) is defined as —Q1 * Q1.

M3 U (00 * M2) is “locally” isomorphic to SLc(2). As is remarked at (30),
M3 U ey * M3 may be viewed as a non-trivial double cover of SL¢(2), although
such it can not be treated as a point set.

Looking product formulas (37), (38), (39) and Lemmal6 more carefully, we
see the following:

Theorem 19.  Restrict the coefficients a,b,c in the real number and consider

(ia,ib,ic) € C*, or (a,b,ic) € C3, then all product formula are closed in these
. . %(au2+bv2+2cuv) %(au2+bv2+2ciuv)

spaces respectively. That is, {el } and {el } generate

Lie subgroup-like objects under the *-product whose Lie algebra is slg(2), su(1,1)

respectively.

Since the first homotopy group m of SLg(2),SU(1,1) are both Z, we see
that the + ambiguity can be treated as genuine double coverings in such subgroup-
like objects. Hence, we see that M3U(ggo* M2) contains the double covering group
of SLg(2) = Sp(2;R), which can be regarded as the metaplectic group Mp(2;R).
Thus, M3 U (g9 * M3) may be viewed as the complexification of Mp(2;R). Tt is
obvious that there is no such Lie group in the genuine group theory. Similarly,
M3 U (gg0 * M2) contains the double covering group of SU(1,1).
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6. Intertwiners and extensions

Remark that eq9 is defined by using several orderings. To understand
the anomalous element ¢y, and anomalous phenomena related to x-exponential
functions of quadratic forms, we fix the notion of intertwiners.

We mentioned that, as in §4, €qg is viewed as a two-valued element, by using
a canonical conjugate pair (u,v). If we take another canonical conjugate pair u' =
au+bv, v = cu+ dv with ad — bc = 1, then eﬁ(uwww) must equal \/—_16%“/07/
where o indicate this element is expressed in the normal ordering w.r.t. (u/,v’).
We view go9 as the collection of expressions by the various normal orderings.
Thus, it is not clear whether one may identify \/—_16%1”” with \/—_16%1/01)/. (See
Proposition 23 for our conclusion.)

To consider this problem, we have to fix the notion of intertwiners between
several orderings. In this section, we consider intertwiners between these ordering
expressions. In particular, we consider the intertwiner between normal ordering
and the Weyl ordering w.r.t (u,v).

6.1. Intertwiners or coordinate transformations.
The principle of making intertwiners is based on that the x-exponential
function e2“*# is given as follows by solving the evolution equation (4):

*

au+pv au+pv
€ )

* M =e.

(in Weyl ordering)

ih
au+pv —e2 aﬂeroszrﬁv’

e (in normal ordering)
_ih : : :
e‘j‘;JrB v —¢= 202 AY (i antinormal ordering)

We define the intertwiner from the Weyl ordering to the normal ordering w.r.t.
(u,v) by a densely defined linear operator

I° = 20, (45)

In particular, we remark that 1°(f xp g) = (I°f) *n (I°g) holds if both sides are
defined, where x;;, *y denote the Moyal-product and W DO-product respectively.
This is because that both sides are the expressions of f * g by different ordering.

Suppose (u,v) and (u',v") are related by

W =au+bv, vV=cu+dv, ad—bc=1 u=du —b', v=—cu +av.

The #-exponential function is given by e +#v" = e2F Y w1 t. a canoni-
cal conjugate pair (u/,v"), where o indicates the normal ordering expression w.r.t.
(v/,v"). Thus, we must identify e 2Bt with €2 2" Hence, we have
to define the intertwiner /. from the normal ordering w.r.t. (u,v) to that w.r.t.

(u',v") as follows: . v
[:f — e%aulav,—%auavf. (46)

Precisely, we must consider the exponential of the operator
OOy — 0,0, = —bd0? + (ad + bc — 1)0,0, — acod?

If

go (U, U) — e%(—bd@g—&—(ad—&—bc—l)auav—ac@%)fo (U, U),
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then g, (u,v) is regarded as the normal ordering w.r.t. (u',v’). By the following
decomposition

e—bdag—i-(ad—i-bc— 1)84 0y —acd?

s e—bdaie(aal-l—bc—l)au&,e—acag7

we may treat these intertwiners separately. Remark here that these intertwiners
are welldefined if A is a formal parameter. For real parameter h, intertwiners are
first defined on the space Clu,v], and extended as follows:

Theorem 20.  For every 0 < p < 2, I] extends to continuous linear isomor-
phisms of E,(C?) onto itself, and I: is also an algebra isomorphism of (£,(C?).; *)
onto (E,(C?)o;%).

Proof. We first remark that by [OMMY1] Proposition 6.1, the system of semi-
norms (5) can be replaced by the following system of norms: Set 7 = 713, and for
f=> amau™v"™ we define

||fH7—,s - Z |am7n|(m + n)ﬂ'(m—l—n)sﬂ'(m—i-n), s> 0.

m,n

This system defines the same Fréchet space as &,(C?) for every p > 0.
We show 2@ ¢f% and 1% extend to continuous linear isomorphisms
of £,(C?) onto itself for every 0 < p < 2. For every f = > a,, ,u™v", we see that

N af (m+ k) (n+ k)! I
2 f = Zﬁ( ol A o >am+k,n+ku v

m,n,k

Hence,

« ak m' n' T(m—+n— T(m+n—
e auafoT78:Z Z ol k)|’am,n’(m+n_2k>( +n—2k) g7(m+n—2k)

m,n 0<k<mAn (m_k)' (n_

k
(67
< Z Z y(mn)(l—r)ksfr(m-i-n)|am7n|(m+n)r(m+n)‘

m,n 0<k<mAn

If 1 <7, then we have (mn)'"” < K(m + n). Thus, we have

€90 Ly < el et (K07

—a0y, Oy a0y

Since e gives the inverse of e®®% we have that for every p < 2, e®%% ig a

linear isomorphism of &£,(C?) onto itself. By the similar proof, we obtain the same
result for €% and €% .

We now choose «, (3,7 appropriately so that e €% defines an in-
tertwiner I7. Since it is clear that I is an algebra isomorphism of Clu,v] onto
itself, the continuity of I gives the second half of the theorem. O

B, 0y 002

It is remarkable that the composition of intertwiners gives another inter-
twiner, symbolically as 1212 (f) = IS (f) for f € £(C?), but this holds also for
f = emw v +2euv if hoth sides are defined. This is because these are real analytic
w.r.t. h and the formula holds on the formal level w.r.t. A.
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6.2. Strange characters of extended intertwiners.

However, the intertwiner does not extend to the space £, (C?). In such
spaces, intertwiners are calculated only for exponential functions of quadratic forms
f= e’ TP +2euw T ig not clear to what extent intertwiners are defined.

Normal orderings have less symmetries than Weyl ordering. Thus, it seems
to be natural to define as follows:

Definition 21. Let A and B be elements of &,, defined by normal ordering
expressions w.r.t. some canonical conjugate pairs. We denote by A., B, normal
ordering expressions of A, B w.r.t. (u,v;e), (u,v';+) respectively. We define
the notion of equal A = B, if and only if 1J(A.) = B, through the intertwiner
between normal ordering expressions w.r.t. these canonical conjugate pairs.

However, it occurs that intertwiners are defined only as 2-to-2 mappings
because of the ambiguity of NE This shows that Definition 21 does not work in
the genuine sense. We have to understand intertwiners under 2-to-2 mappings in
the following. Consider the differential equation

0

ot o/, (47)
A real analytic solution in ¢ is unique, if it exists. The solution with the initial
function etMH-bv is given by eifwbteau-i-bv_

To obtain the solution with initial function e (@@ +8v*+27u0) o ot as
follows by following the standard techniques in the classical Lie theory:

f = s(t)er @O +e(ty+o3(6)2u0)

Then, (47) is rewritten as a system of ordinary differential equations:

(91 (t),05(t), ¢5(t); 8'(t))
=(4ip1(t)ps(t), 4icpa(t)ps(t), 2i(Pr(t)pa(t) + Ps(t)?); 2is(t)es(t))-

First we see that

(48)

o (t) — qet I ¢3(T)d7" gbg(t) _ ﬁeélz‘ IS ¢3(r)dr
Setting 2( fo o3(7)dT, we have
2" (t) = 2iafe®™® + 22/ ()%, x(0) =0, 2/(0) = ~.

We regard z as an independent variable and set ¢3(t) = p(z(t)). Then since
¢3 = 2', we have 2(t) = pj—i. It follows

1 dp? .
5% — 2ip? = 2iafBed, p(0) =,

and we have p?(z) = (v* — af)e*™ + afe®®. Thus, we obtain
ehti(?uave%(au2+ﬁv2+27uv)

1 o TamiTa@ § (WA H(-2i(y —aB)t)2uv) (49)
\/1 4iryt —4(y2 —af)t2 :
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where the ambiguity of the sign of /1 — 4ivt + 4(a8 — 72)t2 will be discussed in
§6.3.

Set t = % Then, we have the intertwiner /° from the Weyl ordering to the
normal ordering;:

1

(a’,b’,c’;s’) = I (a b C; S) m

(a,b,c —iD; sV 1—2ic—D), (50)

where D = ¢? — ab.

I° (6% (au?+bv?+2cu-v) )

Proposition 22. is singular if and only if (1—ci)*+ab = 0.

' _ (N2 _ D : :
It is easy to see that D' = (¢')* — a'b' = 1—-—5, and the inverse mapping
I, = (I°)~! is given by setting t = —

1
14 2icd =D’
To confirm the result, we check that applying the intertwiner 1° given by (50)

through (49) to the Lh.s. of (28) gives the normal ordering expression given in
Proposition 9.

6.3. The case ¢ ",
Remark first that the intertwiner from the normal ordering w.r.t. (u,v) to
ih 52

that w.r.t. (v/,v") = (u+v,v) is given by e”2%.
Consider now the operator 7 4 -f = ihO%f, and set

%. Indeed, we have

I(dV,d;s) = (', b, +iD';s'V1+ 2id — D").

F = s(1)er @1t +oa(rv 4205 (ryu), (51)

Thus, we have

(&4(7), 05(7), 05(7); 8'(7)) = (41 (7)?, 4ich3(7)*, 4i (7)d3(7); 20 (7)(T)).
The solution (51) with the initial data (¢1(0), ¢2(0), ¢3(0);s(0)) = (a,b,c;s) is

obtained as follows:

(01(1), 92(1), ¢3(1); 5(t)) = (

a b+ 41Dt c

1 —4diat’ 1 — diat’ 1—4zat V1 — 4diat

where D = ¢ — ab. Setting t = —5, we have the intertwiner

) (52)

(a" V' " 8"y =1;(a,b,c,s)= (a, b—2iD, ¢; sV 1+2ia). (53)

1+ 2ia

It is easy to see D" = (¢")* — a"b" =
by setting t = %

: +2m The reversed relation of (53) is given

a// b/l _"_Q/LDII C// S//

oia 1—2ia" " 1=2ia" 157"

(a,b,c;5) = (

By a similar calculation, we have e/ : Consider the operator % f=1ihd?f,
and set f asin (51). The solution with the initial data (¢1(0), $2(0), ¢3(0); s(0 ))
(a,b,c; s) is given by:

(d1(t), 2(t), d3(t); s(t)) = (

a+ 41Dt b c s
1—4ibt "1 —4ibt’ 1 — 4zbt v/ 1 — 4ibt

) (34
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Then, we have the intertwiner from the normal ordering w.r.t. (u,v) to
that w.r.t. (u,u+ v) is given by

1
I:(a,b,c;s) = T— 2ib<a+ 2D, b, c; sV 1 — 2ib).

We now combine the above results. The general intertwiner is obtained

by composing (50), (52), (54). For instance, the intertwiner I° from the Weyl

ordering to the normal ordering w.r.t. \/Lg(u —v,u + v) is given by

1
I° 1S) = —1D D, c;\/1+i(b—a)—D).
“(a,b,c;8) 1+z’(b—a)—D(a iD,b+iD, c;\/1+i(b—a)—D)

It is remarkable that intertwiners between exponential functions of quadratic forms
contain always + ambiguity on the amplitude.

The following shows that polar element is defined globally only as a two-
valued element:

Proposition 23.  For a canonical conjugate pair v' = au + bv,v' = cu + dv
with ad — bc = 1, then
2

il pd52 _ —acH? Zigop Ly o0
62( bdd3+(ad+bc—1)0y0p—acd;;) /—1€§' — /—165’

where o means the normal ordering w.r.t. (u',v').

7. Gluing via intertwiners

In this section we first want to glue C* x C, and C3 x C, together by the
intertwiner 1°, where [° is the intertwiner from the Weyl ordering to the normal
ordering w.r.t. (u,v). Let I, be the inverse of I°. Let P°, P, be the phase part
of the intertwiners I°, I, ;

) 1 , . 1 .
P (a,b, C) = m(@,b,C-ZD), PO (a',b’,c’) = m(a',b',c’ +ZDI>.
Recall that 5
I-O 7b7 ) = <PO )ba ; —>
(a,b,¢:5) (@b b

By Proposition22, it is not hard to see that P°((V,—{c = —i}) C V, and
P;(V,—{4a'b) = —1}) C V,,. Then, the space of vacuums is preserved by the
intertwiner.

To understand such gluing, we define ¥ = {(x,y,2) € C*| 22—y = 0}.
Make a copy C* — Y/ of C? — X, and consider a holomorphic diffeomorphism

1

22 —xy

TO 2@3—E—>Cg—2,7 To(x,yaz) = - (CL’,y,Z),

Gluing two C3 by T,, we have a complex 3-dimensional manifold B®. On the
other hand, consider

A:C*—C, Alx,yz)=2"—uay. (55)
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Reminding the identity ATy(x,y,z) = m, we extends A naturally to the

mapping of B? onto the riemann sphere S? = CU {oo}. We denote this mapping
by the same notation A : B3 — S2.
We now consider the functions given by intertwiners:

fula,b,c) =1—2ic—D, f,(a',b,¢)=1+2id — D', (56)
where D = ¢ —ab, and D' = (¢/)?—a'l/ . Take new coordinate functions as follows:
(r,y,2) = (a,b,—(c+1)), («',y,2)= (¥, —1).

We see easily that A(z,y,2) = —fu(a,b,c), A2y, 2") = —f,(a',V, ). Hence,
the manifold B? glued by Ty is obtained also via the gluing diffeomorphism
Tuy:(cg—{fu:()}ﬁ@?’—{fl,:()}l

1
(a', b/, C,) = TW(a, b, C) = m(a, b, (e ZD) (57)
p\®s Yy
Indeed (57) is equivalent to
"y A 1 b .
(a, ,C—Z)——m<a7 ,—(C+Z)).

Considering the path replacing ¢ by 7i;7 € [0,1], we see the mapping f, U f, :
B3 — S?% is homotopic to A. Therefore, we must consider the gluing of C3xC,
and C*xC, by T),,, where

Tw(a,b,c;s) = ( L1 i(c— iD); %s)

LR

As we look for the group-like object generated by exponential functions of
quadratic forms, we want to glue C*—V,, and C*—V,, by P°(a,b,c). We denote the
glued manifold by B* = B3*—{vacuums}, where B® is simply connected. Through
the adjoint mapping Ad(g), B® is diffeomorphic to SL¢(2). Hence, we must glue
(C* —V,)xC, and (C*> —V,)xC, by T, given in (58). However, the gluing is
impossible as a manifold. Otherwise, we must obtain a nontrivial double over of
SL¢(2).

Thus, we need a little wider notion, which seems similar to an object of a
gerbe of Giraud, or it may be better to say a flat unitary Diximier-Douady sheaf
of groupoids (cf. [Br]). Since these mathematical lingo does not fit directly to
our situation, we prefer to use other languages. These will be given in the next
subsection.

7.1. Blurred C,-bundles.

We introduce a notion of blurred C,-bundles on S? as follows: For a
simple open covering U = {U,}aecr of S?, we give a system of holomorphic
transition functions t.5 : Uy N Uz — C, such that t,n = 1, tap = t/gi, but
toplpytya € (" k € Z} on Uy NUsN U, # 0. tus is viewed as the gluing
diffeomorphism

(58)

Ta,@: UﬁXC*_)UaX(C»q Taﬂ(p7z>:(p7t01ﬁ(p)z>
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Set tas(p) = e2™Aas(p) Aas(p) € C, where Ao = —Aga, Aaa = 0.
For U, NUg N U, # O, we set lopy = (0A)apy 50 that taslslye = €™ 0.
Then, ¢ = {lu3,} is a Cech 2-cocycle over =Z. Two such systems {U,{tas}},

{U, {t.5}} are said to be equivalent, if {£op,} and {fn3,} defines the same coho-
mology class in H?(S? +Z). We call this equivalence class a blurred C, -bundle

1
over S? and denote this by ./\/1(5,@). This notion seems a simple example of gerbe
of Giraud (cf. [Br] §4 and §7).

Proposition 24.  If {U,{tus}}, {U,{tap}} are equivalent, then {t7;} and
{tm.} define the same C,-bundle.

Proof. Suppose there is a 1-cochain {{,3} C +Z such that

eaﬁw aﬁv gaﬁ + gﬁw + gva

Setting Aas—Aas—Eas = Map 50 that {_jtage 2" = 2miMas e see that { Mg}
is a Cech 1-cocycle over holomorphic functions O. Note that H'(S? O) = {0}.
Thus, we set Mag = 1o — 1, Where 1q, 75 are holomorphic functions on Uy, Ug
respectively. The replacing t.z by €2™t,5e =275 is a gauge transformation. Since

)\aﬁ - gaﬂ = No + 5\(1[3 — g,
and e*™ées = 1, {#7} and {t7;} define the same C,-bundle over S2. O

Thus, if H*(N; =7Z) = {0}, then the restriction /\/lNE on a subset N of S?

1 1
gives a genuine C,-bundle over N. We see that restrictions ./\/lg";) ‘(c and ./\/l(s?)
are trivial C,-bundles. We denote also by M 312 the C,-bundle defined by using

{ths} as transition functlons The projections 7 : /\/l52) — S?, 7 Mgg) — 52

C/

are well defined. /\/l 52 is naturally viewed as a m-covering space of /\/lgz). We

1
call M(Sg”) the blurred m-covering space of ./\/1(512)

Now, we define the blurred C,-bundle M(Q such that MY g2 is the tauto-
logical C, bundle of C* — {0}, and con81der the desu"ed glued object as the pull

back of ./\/l . Consider the pull-back A M 22 of ./\/l ) via the map A : B3 — §2
given by (55) We remark that blurred bundles over B3 are always considered
as pull-back bundles. That is, we use only coverings of B* obtained by the pull
back A"'¢f by A’ which is homotopically equivalent with A. Hence, this will be

denoted by A*M(%) )

7.2. Involutive dlstrlbutlons

Let A* ./\/l " be a blurred C,-bundle over a manifold B3. Though this
forms neither a mamfold nor has an underlying point set, several notions defined
on manifolds work under the condition that these are invariant under the 2-to-2
local coordinate transformations.

The projection A*./\/l(sg) — B3 is welldefined. The notion of distributions

1
is also welldefined on A*M(S%), and a notion of involutive distribution can be
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given. An involutive distribution is understood as a horizontal distribution of a
flat connection on an object of gerbe.
If an involutive distribution is restricted on an open subset N where

1
A*./\/l(sg”)| n 1s a genuine C,-bundle, then we can take an integral submanifold
as a point set. By viewing S? as the riemann sphere CUC’ glued by z « 2/ = i,
1 1
restricted bundles A*M(’;) A*M(m)

S s } A-1r? form genuine C*-bundles re-
spectively.

|A*1(C’

Distributions D,, and D, are glued together by T w, and gives a distribution

on A*M(S%). If one understands this distribution as a horizontal distribution of a
connection, then the curvature of this connection is identically 0. In spite of this,
integral submanifolds M? and N? given in §3.1, §3.2 can not be glued together as
a manifold. How the union M2UN3 should be considered ? Apparently we have no
way to explain such object directly in the set theoretical term. The only possible
way is to give the whole collection of usage, or axioms of total applications. The
notion of gerbes is the one of this direction.

JFrom this point of view, we prefer the following explanation, because this
is simple and intuitive: M2 U N3 is the maximal “blurred integral submanifold”
of D, UD,, glued together by a 2-to-2 local diffeomorphism. This looks like a
non-trivial double cover of SL¢(2).

7.3. x-exponential mapping.

In §4, we showed in that the x-exponential mapping exp, is a holomorphic

mapping of C* —II, into M? C (C* —V,)xC,. Let II, be the subset where

1 2 2
+(au?4+bvi+2cuv) . . . .
’ is singular in the normal ordering w.r.t. (u,v). Then, exp, :

C3-11I, — (C* —V,) xC, is a holomorphic mapping, and exp,(C*—1I,) C N3.
Since II,NII, = @, the *-exponential mapping is defined from C? into the “space”

)
AME.

8. Concluding remarks

We saw that D, UD, is viewed as a horizontal distribution of a connection

defined on A*/\/lg%). Since this is involutive, the curvature of this connection
vanishes identically on B3. However, it is natural for physicists to say that the
curvature tensor is supported only on equilibrium states (cf. Corollary 7).

The maximal integral submanifold M2 U (o * M2) contains the double
covering group of SLg(2) = Sp(2;R), which may be regarded as the metaplectic
group Mp(2;R). Thus, M3 U (ggo* M3) may be viewed as a complexification
of Mp(2;R). It is obvious that there is no such Lie group in the genuine group
theory. Moreover, M2 U (ggo* M2) contains the double covering group of SU(1,1)
as another real form than Mp(2;R).

As a matter of cause, M3 U (g9ox M?) can not be recognized as a genuine
object of mathematics based on the point set theory, since it is not a point set. In
spite of this, we want to claim that such objects should be involved appropriately
in the rigorous mathematics after relaxing the definition of manifolds.

Strange elements such as egg are not recognized as members of the set
theory. However, for physicists such elements are easily acceptable, because they
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are computable. Physicists may have already used such elements heuristically in
the calculus of Feynmann diagram. We might think that the connection between
mathematics and physics is not so straight within the set theoretical mathematics.

[BFFLS]

[BL]

(GiS]

[H61]

[Ho2]

References

F.Bayen, Star exponentials of the elements of the homogeneous sym-
plectic Lie algebra, Lett. Math. Phys., 6 (1982), 491-497.

F.Bayen, M.Flato, C.Fronsdal, A.Lichnerowicz, D.Sternheimer  Defor-
mation theory and quantization I, Ann. Phs. 111, 1978, 61-110.

H. Basart, A. Lichnerowicz, Conformal symplectic geometry, deforma-
tions, rigidity and geometrical KMS conditions, Lett. Math. Phys.,
10 (1985), 167-177.

J.L. Brylinski, “Loop spaces, Characteristic classes and Geometric
quantization”, Progress in Mathematics, Birkhauser, 1992.

A. CONNES, “Non commutative Geometry.” Academic Press, 1994.

P. Etingof, O. Schiffman, “Lectures on Quantum Groups”, Interna-
tional Press, 1998.

[.M.Gel’fand, G.E.Shilov, “Generalized Functions, 2”7 Academic Press,
1968.

V. Guillemin, S.Sternbeg “Symplectic techniques in Physics”. Cam-
bridge Univ. Press, 1984.

L. Hormander, Fourier integral operators I, Acta Math. 127, 1971, 79-
183.

L. Hormander, Weyl calculus of pseudo- differential operators, Comn.
Pure Appl. Math. 32, 1979, 359-443.

M. Kontsevich, Deformation quantization of Poisson manifolds, I,
Preprint. qalg/9709040

M.Morimoto, “An introduction to Sato’s Hyperfunctions”, AMS Trans.
Mono.129, 1993.

C.Moreno, A.P.da Silva, Star products, spectral analysis and hyperfunc-
tions, Math. Phys. Studies. 22 (2000), 211-214.

P.J.Olver, Non-associative local Lie groups, J. Lie Theory 6 1996, 23-59

H.Omori, “Infinite Dimensional Lie groups”, AMS Trans.Mono.,158,
1997.

H.Omori, One must break symmetry in order to keep associativity ,
Banach Center Publ. 55, 2002, 153-163.



30 OMORI, MAEDA, MIYAZAKI, YOSHIOKA

H.Omori, Y.Maeda, A.Yoshioka, Weyl manifolds and deformation quan-
tization Adv. Math. 85, No 2 (1991), 224-255.

[OMY]

[OMMY1] H.Omori, Y.Maeda, N,Miyazaki, A.Yoshioka, Deformation quantiza-
tion of Fréchet-Poisson algebras —Convergence of the Moyal product-,
Math. Phys. Studies. 22 (2000), 233-246.

[OMMY?2] H.Omori, Y.Maeda, N. Miyazaki, A.Yoshioka, Deformation quantiza-
tions of the Poisson algebra of Laurent polynomials, Lett. Math. Phys.
46 (1998), 171-180.

[OMMY3] H.Omori, Y.Maeda, N. Miyazaki, A.Yoshioka, Deformation quantiza-
tions of Fréchet-Poisson algebras associated with Heisenberg Lie alge-
bra , Contemp. Math. 288 (2001), 391-395.

[OMMY4] H.Omori, Y.Maeda, N. Miyazaki, A.Yoshioka, Singular systems of expo-
nential functions, Math. Phys. Studies 23 (2001), 169-187.

[OMMY5] H.Omori, Y.Maeda, N. Miyazaki, A.Yoshioka, Star exponential func-
tions for quadratic forms and polar elements, Contemp. Math. 289
(2002), to appear.

R] M. Rieffel, “Deformation quantization for actions of R"”, Memoir.
A.M.S. 106, 1993.

H.Omori

Department of Mathematics, Tokyo
University of Science,

Noda, Chiba, 278-8510, Japan.

omori@ma.noda.tus.ac.jp

Y .Maeda

Department of Mathematics, Faculty
of Science and Technology,

Keio University, Hiyoshi,

Yokohama, 223-8522, Japan.

maeda@math.keio.ac.jp

Received

and in final form

N.Miyazaki

Department of Mathematics, Faculty
of Economics,

Keio University, Hiyoshi, Yokohama,
223-8521, Japan.
miyazaki@math.hc.keio.ac.jp

A.Yoshioka

Department of Mathematics, Tokyo
University of Science, Kagurazaka,
Tokyo, 102-8601, Japan.
yoshioka@rs.kagu.sut.ac.jp



	R02001.pdf
	 
	Hideaki Omori, Yoshiaki Maeda, 


