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Preface

Hideki Omori is widely recognized as one of the world’s most creative and original
mathematicians. This volume is dedicated to Hideki Omori on the occasion of his
retirement from Tokyo University of Science. His retirement was also celebrated in
April 2004 with an influential conference at the Morito Hall of Tokyo University of
Science.

Hideki Omori was born in Nishionmiya, Hyogo prefecture, in 1938 and was an
undergraduate and graduate student at Tokyo University, where he was awarded his
Ph.D degree in 1966 on the study of transformation groups on manifolds [3], which
became one of his major research interests. He started his first research position at
Tokyo Metropolitan University. In 1980, he moved to Okayama University, and then
became a professor of Tokyo University of Science in 1982, where he continues to
work today.

Hideki Omori was invited to many of the top international research institutions,
including the Institute for Advanced Studies at Princeton in 1967, the Mathematics
Institute at the University of Warwick in 1970, and Bonn University in 1972. Omori
received the Geometry Prize of the Mathematical Society of Japan in 1996 for his
outstanding contributions to the theory of infinite-dimensional Lie groups.

Professor Omori’s contributions are deep and cover a wide range of topics as illus-
trated by the numerous papers and books in his list of publications. His major research
interests cover three topics: Riemannian geometry, the theory of infinite-dimensional
Lie groups, and quantization problems. He worked on isometric immersions of Rie-
mannian manifolds, where he developed a maximum principle for nonlinear PDEs [4].
This maximum principle has been widely applied to various problems in geometry as
indicated in Chen—Xin [1]. Hideki Omori’s lasting contribution to mathematics was the
creation of the theory of infinite-dimensional Lie groups. His approach to this theory
was founded in the investigation of concrete examples of groups of diffeomorphisms
with added geometric data such as differential structures, symplectic structures, con-
tact structures, etc. Through this concrete investigation, Omori produced a theory of
infinite-dimensional Lie groups going beyond the categories of Hilbert and Banach
spaces to the category of inductive limits of Hilbert and Banach spaces. In particular,
the notion and naming of ILH (or ILB) Lie groups is due to Omori [O2]. Furthermore,
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he extended his theory of infinite-dimensional Lie groups to the category of Fréchet
spaces in order to analyze the group of invertible zeroth order Fourier integral opera-
tors on a closed manifold. In this joint work with Kobayashi, Maeda, and Yoshioka,
the notion of a regular Fréchet Lie group was formulated. Omori developed and unified
these ideas in his book [6] on generalized Lie groups.

Beginning in 1999, Omori focused on the problem of deformation quantization,
which he continues to study to this day. He organized a project team, called OMMY
after the initials of the project members: Omori, Maeda, Miyazaki and Yoshioka. Their
first work showed the existence of deformation quantization for any symplectic man-
ifold. This result was produced more or less simultaneously by three different ap-
proaches, due to Lecomte—-DeWilde, Fedosov and Omori—-Maeda—Yoshioka. The ap-
proach of the Omori team was to realize deformation quantization as the algebra of a
“noncommutative manifold.” After this initial success, the OMMY team has continued
to develop their research beyond formal deformation quantization to the convergence
problem for deformation quantization, which may lead to new geometric problems and
insights.

Hideki Omori is not only an excellent researcher, but also a dedicated educator
who has nurtured several excellent mathematicians. Omori has a very charming sense
of humor that even makes its way into his papers from time to time. He has a friendly
personality and likes to talk mathematics even with non-specialists. His mathematical
ideas have directly influenced several researchers. In particular, he offered original
ideas appearing in the work of Shiohama and Sugimoto [2], his colleague and student,
respectively, on pinching problems. During Omori’s visit to the University of Warwick,
he developed a great interest in the work of K. D. Elworthy on stochastic analysis, and
they enjoyed many discussions on this topic. It is fair to say that Omori was the first
person to introduce Elworthy’s work on stochastic analysis in Japan. Throughout their
careers, Elworthy has remained one of Omori’s best research friends.

In conclusion, Hideki Omori is a pioneer in Japan in the field of global analysis fo-
cusing on mathematical physics. Omori is well known not only for his brilliant papers
and books, but also for his general philosophy of physics. He always remembers the
long history of fruitful interactions between physics and mathematics, going back to
Newton’s classical dynamics and differentiation, and Einstein’s general relativity and
Riemannian geometry. From this point of view, Omori thinks the next fruitful interac-
tion will be a geometrical description of quantum mechanics. He will no doubt be an
active participant in the development of his idea of “quantum geometry.”

The intended audience for this volume includes active researchers in the broad
areas of differential geometry, global analysis, and quantization problems, as well as
aspiring graduate students, and mathematicians who wish to learn both current topics
in these areas and directions for future research.

We finally wish to thank Ann Kostant for expert editorial guidance throughout the
publication of this volume. We also thank all the authors for their contributions as well
as their helpful guidance and advice. The referees are also thanked for their valuable
comments and suggestions.
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Global Analysis and Infinite-Dimensional Lie Groups



Aspects of Stochastic Global Analysis

K.D. Elworthy

Mathematics Institute, Warwick University, Coventry CV4 7AL, England
kde@maths.warwick.ac.uk

Dedicated to Hideki Omori

Summary. This is a survey of some topics where global and stochastic analysis play a role.
An introduction to analysis on Banach spaces with Gaussian measure leads to an analysis of
the geometry of stochastic differential equations, stochastic flows, and their associated connec-
tions, with reference to some related topological vanishing theorems. Following that, there is
a description of the construction of Sobolev calculi over path and loop spaces with diffusion
measures, and also of a possible L de Rham and Hodge-Kodaira theory on path spaces. Dif-
feomorphism groups and diffusion measures on their path spaces are central to much of the
discussion. Knowledge of stochastic analysis is not assumed.

AMS Subject Classification: Primary 58B20; 58J65; Secondary 53C17; 53C05; 53C21; 58D20;
58D05; 58A14; 60HO7; 60H10; 53C17; 58B15.

Key words: Path space, diffeomorphism group, Hodge—Kodaira theory, infinite dimensions,
universal connection, stochastic differential equations, Malliavin calculus, Gaussian measures,
differential forms, Weitzenbock formula, sub-Riemannian.

1 Introduction

Stochastic and global analysis come together in several distinct ways. One is from the
fact that the basic objects of finite dimensional stochastic analysis naturally live on
manifolds and often induce Riemannian or sub-Riemannian structures on those mani-
folds, so they have their own intrinsic geometry. Another is that stochastic analysis is
expected to be a major tool in infinite dimensional analysis because of the singularity
of the operators which arise there; a fairly prevalent assumption has been that in this
situation stochastic methods are more likely to be successful than direct attempts to
extend PDE techniques to infinite dimensional situations. (Ironically that situation has
been reversed in recent work on the stochastic 3D Navier—Stokes equation, [DPD03].)
Stimulated particularly by the approach of Bismut to index theorems, [Bis84], and by
other ideas from topology, representation theory, and theoretical physics, this has been
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extended to attempts to use stochastic analysis in the construction of infinite dimen-
sional geometric structures, for example on loop spaces of Riemannian manifolds. As
examples see [AMTO04], and [Léa05]. In any case global analysis was firmly embed-
ded in stochastic analysis with the advent of Malliavin calculus, a theory of Sobolev
spaces and calculus on the space of continuous paths on R”, as described briefly be-
low, and especially its relationships with diffusion operators and processes on finite
dimensional manifolds.

In this introductory selection of topics, both of these aspects of the intersection are
touched on. After a brief introduction to analysis on spaces with Gaussian measure
there is a discussion of the geometry of stochastic differential equations, stochastic
flows, and their associated connections, with reference to some related topological van-
ishing theorems. Following that, there is a discussion of the construction of Sobolev
calculi over path and loop groups with diffusion measures, and also of de Rham and
Hodge—Kodaira theory on path spaces. The first part can be considered as an updating
of [Elw92], though that was written for stochastic analysts. A more detailed introduc-
tory survey on geometric stochastic analysis 1950-2000 is in [EIw00]. The section here
on analysis on path spaces is very brief, with a more detailed introduction to appear in
[ELb], and a survey for specialists in [Aid00]. Many important topics which have been
developed since 2000 have not been mentioned. These include, in particular, the ex-
tensions of Nevanlinna theory by Atsuji, [Ats02], stochastic analysis on metric spaces
[Stu02] and geometry of mass transport and couplings [VRS05], geometric analysis on
configuration spaces, [Dal04], and on infinite products of compact groups, [ADKO00],
and Brownian motion on Jordan curves and representations of the Virasoro algebra
[AMTO04].

In this exposition the diffeomorphism group takes its central role: I was introduced
to it by Hideki Omori in 1967 and I am most grateful for that and for the continuing
enjoyment of our subsequent mathematical and social contacts.

2 Convolution semi-groups and Brownian motions

Consider a Polish group G. Our principle examples will be G = R™ or more generally
a separable real Banach space, and G = Diff(M) the group of smooth diffeomor-
phisms of a smooth connected finite dimensional manifold M with the C°°-compact
open topology, and group structure given by composition; see [Bax84]. By a convo-
lution semigroup of probability measures on G we mean a family of Borel measures
{tt1}r>0 on G such that:

@ u(G)=1
(i) pr * phs = thste

where x denotes convolution, i.e., the image of the product measure p; @ us on G x G
by the multiplication G x G — G.

The standard example on R™ is given by the standard Gaussian family {y;"}; whose
values on a Borel set A are given by:
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y"M(A) = (271;)—'"/2[ e WP 2 g
A
More generally when G is a finite dimensional Lie group with right invariant metric
we could set u; = p;(id, x)dx, the fundamental solution of the heat equation on G
from the identity element. In these examples we also have symmetry and continuity,
ie.,

(iii) w/(A™") = p;(A) for all Borel sets A where A~ = {g~! : g € A}.
@Giv) (1/t)u:(G — U) — 0 ast — O for all neighbourhoods U of the identity element.

Given a convolution semigroup satisfying (i), (ii), and (iv) there is an associated
Markov process on G; that is, a family of measurable maps

z:Q—> G, 1 20,

defined on some probability space {€2, F, P} such that:

(a) zo(w) =idforall w € Q
(b) t — z;(w) is continuous for all w € Q
(c) foreach Borel set Ain G and times 0 < s <1 < o0

Plo € Q: 2 (w)zs(@) "' € A} = s (A).

In particular we can take €2 to be the space of continuous maps of the positive reals
into G which start at the identity element, and then take z;(w) = w(¢). This is the
canonical process. In any case the process satisfies:

(A) (independent increments on the left ) If 0 < s <t < u < v, then z,zs_l and zuzu_l

are independent.
(B) (time homogeneity) For0 < s < ¢ and a Borel set A, we have P{w:z; (w)zs(w) ' €
A} depends only on ¢ — s.

For proofs in this generality see [Bax84]. Baxendale calls such processes Brownian
motions on G, though such terminology may be restricted to the case where the sym-
metry condition (iii) holds with the general case referred to as Brownian motions with
a drift. In the symmetric case we will call the measure P on the path space of G the
Wiener measure. However it will often be more convenient to restrict our processes to
run for only a finite time,T, say. Our canonical probability space will then be the space
Cia([0, T]; G) of continuous paths in G starting at the identity and running for time
T. In the example above where G = R™ we obtain the standard, classical Brownian
motion and classical Wiener measure on Co ([0, T']; R™).

There are also corresponding semi-groups. For this we refer to the following lemma
of Baxendale:

Lemma 2.1 ([Bax84]) Let B be a Banach space and G x B — B a continuous action
of G by linear maps on B. Set Pib = f(gb)dpcl (8). This integral exists and {P};>0
forms a strongly continuous semi-group of bounded linear operators on B satisfying
| P/l < ce for some constants ¢ and d.



6 K. D. Elworthy

In our example with G = R™ we can take B to be the space of bounded continuous
real-valued functions on R", or those vanishing at infinity, or L? functions etc., with
the action given by (x, f) — f(- 4+ x). The resulting semi-group is then just the usual
heat semi-group with generator — % A where we use the sign convention that Laplacians
are non-negative. From convolution semi-groups on Diff M we will similarly obtain
semi-groups acting on differential forms and other tensors on M as well as the semi-
group {P;}; acting on functions on Diff(M): see below. Note that if our convolution
semi-group satisfies (i), (ii), and (iv) so does the family {1}, >0 for each r > 0. We
therefore get a family of probability measures {IP; }, >0 on C;4 ([0, T']; G) with P = [Py,
which will also form a convolution semi-group.

2.1 Gaussian measures on Banach spaces

Take G to be a separable (real) Banach space E. If E is finite dimensional, a prob-
ability measure y on E is said to be (centred) Gaussian if its Fourier transform
y() = fE ey (x) = exp(—%B(l, 0)) for all  in E*, the dual space of E, for some
positive semi-definite bilinear form B on E*. General Gaussians are just translates of
these. When F is infinite dimensional y is said to be Gaussian if its push forward /.y
is Gaussian on R for each [ € E*. The Levy—Khinchin representation gives a decom-
position of any convolution semigroup on E, e.g., see [Lin86], from this, (even just the
one-dimensional version), we see that each measure p, of a convolution family on E
satisfying (iv) is Gaussian.

Gaussian measures have a rich structure. If y is a centred Gaussian measure on E,
by a result given in a general form in [DFLC71] but going back to Kuelbs, Sato, and
Stefan, there is a separable Hilbert space H, (, ) z and an injective bounded linear map
i : H— E suchthat y(l) = exp(—%||j(l)||%1) forall l € E* where j : E* - H
is the adjoint of i. If y is strictly positive (i.e., the measure of any non-empty open
subset of E is positive) it is said to be non-degenerate and then i has dense image. Any
triple {i, H, E'} which arises this way is called an abstract Wiener space following L.
Gross, e.g., in [Gro67]. If y = 1 for a convolution semi-group, then u; = y; for each
t where y; has Fourier transform y; (I) = exp(—%t||j(l)||2H) forl € E*.

Among the important properties of abstract Wiener spaces and their measures are:

the image i[ H] in E has y-measure zero,
translation by an element v of E preserves sets of measure zero if and only if v lies
in the image of H,

e if T : E — K is acontinuous linear map into a Hilbert space K then the compo-
sition T o i is Hilbert—Schmidt,

e if s # 1, then y, and y; are orthogonal, in the sense that there is a set which has full
measure for one and measure zero for the other.

Gross showed that to do analysis, and in particular potential theory, using these mea-
sures, it was natural to differentiate only in the H-directions, and to consider the H-
derivative of a suitable function f : E — K of E into a separable Hilbert space K,
e.g., a Fréchet differentiable function, as a map of E into the space of Hilbert—Schmidt
maps of H into K:
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dyf : E— Lo(H; K).

He generalised an integration by parts theorem, for classical Wiener space, of
Cameron and Martin to this context. Malliavin calculus took this much further; going
to the closure dpy of the H-derivative as an operator between L” spaces of functions on
E and showing that a wide class of functions defined only up to sets of measure zero on
classical Wiener space (for example as solutions of stochastic differential equations)
actually lie in the domain of the closure of the H-derivative, and so can be considered
to have H-derivatives lying in L?. The closability of the H-derivative can be deduced
from the integration by parts theorem.

In its simplest form the integration by parts formula is as follows: Let f : E — R
be Fréchet differentiable with bounded derivative and let » € H. Then

/E(dﬁf)x(h)dV(X) = —Lf(X)div(h)(x)dy(X)

where div(h) : E — Ris —W(h) where W(h) = lim;2 [, for {/,}, a sequence in E*
such that j(l,) - hin H.

If E is finite dimensional, W(h)(x) is just (k, x). For classical Wiener space it is
often written f0T<;ITIz1v dx) and known as the Paley—Wiener integral. Unless ‘fi—}; is of
bounded variation, or has some similar smoothness property, it will have no classical
meaning since almost all paths x will not have bounded variation. It is the simplest ex-
ample of a ‘stochastic integral’. In general it is not continuous in x € Co([0, T]; R™).
However it is in the domain of dy with dg OV (h)), (k) = (h, k) for all x € E and
ke H.

More generally we have a divergence operator acting on a class of H-vector fields,
ie,maps V : E — H. Let DP! be the domain of dy acting from L?(E; R) to

LP(E; H*) with its graph norm. Then
[ @ v endym == [ s dvwdyeo

for f € D*>! if V is in the domain of div in L. In the classical Wiener space case
an H-vector field is a map V : Co([0, T]; R™) — L>!([0, T] : R™) and so we have
% € LZ([O, T1; R™),foro € Co([0, T]; R™). This can be considered as a stochas-
tic process in R™ with probability space the classical Wiener space with its Wiener
measure. If this process is adapted or non-anticipating, (which essentially means that
foreacht € [0, T], % depends only on the path o up to time ¢), and is square inte-
grable with respect to the Wiener measure, then V is in the domain of the divergence

and its divergence turns out to be minus the Ito integral, written

T
div(V) = —/ V@) o).
0 at

This is the stochastic integral which is the basic object of stochastic calculus (and so,
of course to its applications, for example to finance). It has the important isometry
property that
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T 3V (o)
/0 r do (1)

2 T
L? /Co([O,T];R”’) /(;

In the non-adapted case it is, now by definition, the Skorohod integral, or Ramer—
Skorohod integral, although it may involve differentiation as is standard in finite di-
mensions.

Corresponding to dp there is the gradient operator, acting on L? as V : D> —
L*(E; H). The relevant version of the Laplacian is the ‘Ornstein—Uhlenbeck’ opera-
tor £ given by £ = dydy = — div V. With its natural domain this is self-adjoint. Its
spectrum in L? consists of eigenvalues of infinite multiplicity, apart from the ground
state. The eigenspace decomposition it induces is Wiener’s homogeneous chaos de-
composition, at least in the classical Wiener space case, or in field theoretic language
the Fock space decomposition with £ the number operator. When E = H = R” the
operator L is given by

2

VO iy (o).

ot

LX) = A)@X) + (V) x), x)

for A the usual Laplacian on R" (with the sign convention that it is a positive operator).

The H-derivative also gives closed operators dy : Dom(dy) C LP(E;G) —
LP(E; L7(H; G)) for 1 < p < oo where the Hilbert space of Hilbert—Schmidt oper-
ators, £o(H; G), is sometimes identified with the completed tensor product G ), H.
This leads to the definitions of higher derivatives and Sobolev spaces. An L?>~de Rham
theory of differential forms was described by Shigekawa, [Shi86], in this context. It
was based on H-forms, i.e., maps ¢ : E — /\k H* for k-forms, where /\k H* refers
to the Hilbert space completion of the k-th exterior power of H* with itself. He defined
an L?-Hodge—Kodaira Laplacian, gave a Hodge decomposition and proved vanishing
of L? harmonic forms with consequent triviality of the de Rham cohomology. In finite
dimensions these Laplacians could be considered as Bismut—Witten Laplacians for the
Gaussian measure in question.

2.2 Brownian motions on diffeomorphism groups

For convolution semi-groups on a finite dimensional Lie group G there is an analogous
Levy—Khinchin description to that described above. It is due to Hunt [Hun56]. In par-
ticular given the continuity condition (iv) above, the semi-group {P;};>0 induced on
functions on G has generator a second-order right-invariant semi-elliptic differential
operator with no zero-order term (a right invariant diffusion operator) on the group.

For diffeomorphism groups of compact manifolds Baxendale gave an analogue of
this result of Hunt. Given a convolution semi-group of probability measures, satisfying
(iii) and (iv), on Diff(M) for M compact, he showed that there is a Gaussian measure,
y say, on the tangent space T;4Diff(M) at the identity, i.e., the space of smooth vec-
tor fields on M, with an induced convolution semi-group of Gaussian measures and
Brownian motion {W,}; on T;4Diff(M) such that the Brownian motion on Diff(M)
can be taken to be the solution, starting at the identity, of the right invariant stochastic
differential equation
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d& = TR, odW,

where R, denotes right translation by the group element g and T Ry its derivative act-
ing on tangent vectors. Such a (Stratonovich) stochastic differential equation gives the
solution{&;}; as a non-anticipating function of {W;}; (taking W_ to be the canonical
Brownian motion). The solution can be obtained by taking piecewise linear approxi-
mations { W'}, to each path W_, solving the ordinary differential equations

d n dWI’l
5 =T Rgn !
dt todt

with &y = id to obtain measurable maps
£ : Co([0, T; TiaDiff(M)) — Ciq([0, T1; Diff(M)),

n=1,2,....These will converge in measure, (and so a subsequence almost surely),
to the required solution of the stochastic differential equation. The point of this proce-
dure being that typical Brownian paths are too irregular for our stochastic differential
equation to have classical meaning. The solution will be measurable but not continu-
ous in W_. However one of the main points of the Malliavin calculus is that for such
equations, at each time ¢, it is possible to define the H-derivative of the solution.

As in the case of finite dimensional Lie groups the situation is also determined by
a diffusion operator B, say, acting on functions f : Diff(M) — R. This is given by the
sum of Lie derivatives

B(f)=1/2) LgLg
j

where {X J }j is an orthonormal base for the Hilbert space H, of vector fields deter-
mined by the Gaussian measure y and X/ denotes the corresponding right invariant
vector field on Diff(M): for 6 € Diff(M) we have XJ/(®) : M — TM given by
X7 (0)(y) = X/ (0(y))-

If we fix a point xg € M, there is the one-point motion {§;(xg) : 0 < t < T}. This
almost-surely defined function of W_ € Cy([0, T']; T;4Diff(M)) solves the stochastic
differential equation on M:

dx; = evy, odW;

where ev,, denotes evaluation at x;, which could equally be written as

dx; = Z X/ (x) 0 dle
i

where W,/ now is the jth component of the Brownian motion W_ ( or to be more
precise it is W(s — (s A t)X/), for W the Paley—Wiener map described above),
which is a Brownian motion on R.

In case the symmetry condition (iii) on the convolution semi-group does not hold,
the only difference is the appearance of a vector field A, say, on M, whose right trans-
late A needs to be added to our expression for 5 as a first-order operator, and which
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has to be added on to the stochastic differential equations. The stochastic differential
equation for the one-point motion is then:

dx; = evy, o dW, + A(x;)dt (1

which has the same interpretation via approximations as that described for the first
equation on Diff (M), or can be interpreted in terms of stochastic integrals as described
below. In any case the Brownian motion {§; : 0 < ¢ < T} is the solution flow of the
S.D.E. for the one-point motion.

The semi-group {P;}; of operators on functions on M that {u,}; determines has
generator the diffusion operator A for

A=1/23 " LyiLy;+La. 2)
7

Thus for bounded measurable f : M — R if we set f; = P(f) = f f o0&, then

/i solves the equation %—’:’ = A(f;) at least if f is smooth, or more generally if A is

elliptic. In fact the standard definition of a solution to 1 is that for any C? function
f + M — R we have for all relevant ¢:

t t
FG) = fxo) + /0 (df ). dWy(xs) + /0 ACF)(x)ds

where the first integral is an Ito stochastic integral, described above as minus the diver-
gence of W +— fo' (df)xs(W_)ds considered as an H-vector field E — L(z)’ ! ([0, T]; Hy),
where E is the closure of H,, in the space Co([0, T']; T;¢Diff M), i.e., the support of
y . In summary the main result of [Bax84] can be expressed as:

Theorem 2.2 (Baxendale) Every Brownian motion on the diffeomorphism group of
a compact manifold is the solution flow of a stochastic differential equation driven
by, possibly infinitely many, Brownian motions on R. The flow is determined by the
expression of the generator A in Hormander form, or more precisely by the Hilbert
space H of vector fields which has the vector fields X/ as orthonormal basis, together
with the “drift” A.

It is important to appreciate that there are in general many ways to write a diffusion
generator such as .4 in Hormander form, even using only finitely many vector fields.
These different ways correspond to flows which may have very different behaviour,
[CCES86]. We shall look below a bit more deeply at the extra structure a Hormander
form decomposition involves. When M is Riemannian and A = —1/2A, we can ob-
tain a Hormander form decomposition via Nash’s isometric embedding theorem. For
this take such an embedding « : M — R™ say, write « in components (al, a™
and set X/ = grad(a/). The corresponding S.D.E. equation 1, with A = 0, has solu-
tions which have —1/2A as generator in the sense described above. This means they
are Brownian motions on M by definition of a Brownian motion on a Riemannian man-
ifold. Such an S.D.E. is called a gradient Brownian S.D.E. For a compact Riemannian
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symmetric space the symmetric space structure can be used to give a Hormander form
decomposition or equivalently an SDE for its Brownian motion, e.g., see [ELL99]. The
flow will then consist almost surely of isometries and, equivalently, the measures j;
will be supported on the subgroup of Diff(M) consisting of isometries.

A Hormander form decomposition of a diffusion operator .4 on M also determines
operators on differential forms and general tensor fields (in fact on sections of arbitrary
natural vector bundles) using the standard interpretation of the Lie derivative of such
sections. It turns out that this operator is the generator of the semi-group of operators
on sections induced by the corresponding convolution semi-group {u;}; of measures
on Diff(M), see [ELJL] with special cases in [ELL99], [ER96], and [EIw92]. Conse-
quently, for example on differential forms, a solution to the equation

d
% =1/2) LyiLxiti + Lats 3)
J
is given by
¢ = / & (90)dP(&) )
Cia([0,T]; Diff(M))

for a suitably smooth initial differential form ¢g.

In [ELL99] it is observed that for A = 0 these operators on forms also can be
written as 1/2(dd + dd) where d is the usual exterior derivative and 8 = > Ly tx/
for ¢y, the interior product.

Note, for example by the path integral formula, equation (4), that under these non-
standard heat flows of forms, if an initial form ¢ is closed, then so is ¢; and the de
Rham cohomology class is preserved, [ELL99]. Thus decay properties of the semi-
groups on forms will be reflected in vanishing of the relevant de Rham cohomology.
Such decay is implied by suitable decay of the norm of the derivative T'&; of the flow.
This relates to stability of the flow in the sense of having negative Lyapunov exponents,
but it is the stronger moment exponents, e.g.,

/ | A7 Tk | PdP(E)
xeM JCiy([0,T];Diff(M))

M?Vl(p) := lim sup l log sup
—0o0

which are needed, and stability in this sense leads to vanishing of homotopy and/ or
integral homology of our compact manifold M by considering the action of the flow
on integral currents representing homology classes [ER96]. When applied to the gra-
dient Brownian flow of a compact submanifold in Euclidean space these yield such
topological vanishing results given positivity of an expression in the sectional and
mean curvatures of the manifold, regaining results in [LS73]. However the approach
via stochastic flows in [ER96] does not require the strict positivity needed in [LS73].
The property that Brownian motion instantly explores every part of the manifold al-
lows the use of forms of “spectral positivity” or “stochastic positivity”, see below and
[ELR93], can be used. The following vanishing result for the fundamental group of
certain non-compact submanifolds of R” is due to Xue-Mei Li. Analogous results for
higher homotopy, or integral homology, groups for non-compact manifolds seem to be
lacking.
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Theorem 2.3 ([Li95]) Let M be a complete Riemannian manifold isometrically im-
mersed in a Euclidean space with second fundamental form « satisfying |a||> <
const.(1 + log[1 + d(x)]), x € M where d is the Riemannian distance from a fixed
point of M. Denote its mean curvature by H and let Ric(x) be the smallest eigenvalue
of the Ricci curvature at the point x. Suppose Ric — ||loc||?/2 + %|H|2 is positive, or
more generally spectrally positive. Then m1 (M) = 0.

3 Reproducing kernel Hilbert spaces, connections, and stochastic
flows

3.1 Reproducing kernels and semi-connections on the diffeomorphism bundle

We have seen how a stochastic flow on M or equivalently a convolution semi-group of
probability measures on Diff(M) determines a Gaussian measure y with Hilbert space
H, of smooth vector fields on M.
From now on we assume that the principal symbol of the generator A of the one-
point motion on M,
opg:T"M - TM

has constant rank and so has image in a sub-bundle E, say of T M. The symbol then
induces an inner product on each fibre E,, giving E a Riemannian metric.

Then our Hilbert space H,, consists of sections of E and is ample for E in the sense
that at any point x of M its evaluations span E. It determines, and is determined by, a
smooth reproducing kernel k, (x, y) : E¥ — E, [Bax76] defined by

ky(x,—) = (evy)* : Ey — H,

where ev, denotes evaluation at x. Using the metric to identify E with E, we obtain
kf, (x,y) : Ex — Ey. The defining properties of such a reproducing kernel are that

(i) K (x,y) = K (y, 0)*;
(i) k*(x, x) = identity : Ex — Ey;
(iii) for any finite set x1, ... , x, of elements of M we have

q
(k* (xi, xj)ui, uj) >0

i,j=1

for all {uj}gzl withuj € Ey;.

Let v : Diff(M) — M be the evaluation map at the point xo of M. We will consider
it as a principal bundle with group the subgroup Diff, (M) consisting of those diffeo-
morphisms which fix xo. We are being indecisive about the precise differentiability
class of these diffeomorphisms and related vector fields, and the differential structure
we are using on these infinite dimensional spaces: see [Mic91] for a direct approach
for C* diffeomorphisms, via the Frdlicher—Kriegl calculus, otherwise we can work
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with Hilbert manifolds of mappings in sufficiently high Sobolev classes as [EM70],
[Elw82]. The latter approach has the advantage that stochastic differential equations
on Hilbert manifolds are well behaved, but it is necessary to be aware of the drops in
regularity of compositions. More details will be found in [Elw]. In any case the tangent
space Ty Diff(M) to Diff(M) at a diffeomorphism 6 can be identified with the relevant
space of maps V : M — T M lying over 6.

A reproducing kernel k on sections of E as above determines a horizontal lift map

he : Ex, — ToDiff(M)
for each 6 € Diff(M). This is the linear map given by

ho () (x) = k(6 (x0), 6.(x))u

for u € Eg(xy) and x € M. Set Hyp equal to the image of hg, the horizontal subspace
at 0. This is equivariant under the action of Diff ,,(M) and would correspond to a
connection if E = T'M,i.e., when A is elliptic. In general we call it a semi-connection
over E. It gives a horizontal lift & : [0, T] — Diff(M) for any piecewise C! curve
o : [0,T] — M with derivative 6(t) € E,(¢t) for all + € [0, T]. For example,
[ELJLO4], [ELJL], if 0 (0) = xq the lift & starting at the identity diffeomorphism is
just the solution flow of the dynamical system on M given by

(1) = k¥ (o (1), z(1)6 (1).

‘Semi-connections’ are also known as ‘partial connections’ or ‘ E-connections’, [Ge92].
[Gro96].

Given a metric on E the map, & say, from reproducing kernels satisfying (i), (ii),
(iii) above, to semi-connections on Diff(M) is easily seen to be injective [ELJL]. In
theory therefore all the properties of the flow, e.g., its stability properties, should be
obtainable from this semi-connection.

Our bundle 7 : Diff(M) — M can be considered as a universal natural bundle
over M and a semi-connection on it induces one on each natural bundle over M. For
example for the tangent bundle T M, given our curve o above, the parallel translation
/7 ¢ P TyyM — T5(yM along o is simply given by the derivative of the horizontal lift
o,ie., /7 . = Tx,0(t). The corresponding covariant derivative operator (in this case
differentiating a vector field in the direction of an element of E to obtain a tangent
vector) will be denoted by ’75, or V7 if it comes initially from our Gaussian measure y
and we wish to emphasise that fact.

3.2 The adjoint connection

The kernel k* also determines a connection on E which is given by its covariant deriva-
tive V defined by: 5
VU = dfk(—, x)(U(=)}(v)

for v € Ty M and U a differentiable section of E. In other words it is the projection
on E of the trivial connection on the trivial H- bundle over M by the evaluation map
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at xo. This is a metric connection and all metric connections on E can be obtained
by a suitable Hilbert space H of sections of E, in fact by a finite dimensional H, see
[ELL99]. The latter fact is a consequence of Narasimhan and Ramanan’s construction
of universal connections, [NR61]; see [Qui88] for a direct proof. This connection was
discussed in detail in [ELL99] together with its relationships to stochastic flows, and
called the LW-connection for the flow. It had appeared in a very different form in the
elliptic case in [LW84], see also [AMV96].

There is a correspondence, I' <> I'" between connections on E and certain semi-
connections on 7'M over E, [Dri92], [ELL99], given in terms of the co-variant deriva-
tives by :

VIV =V,U +[U, V](x).

We say V and V' are adjoints. (When E = T M this relationship is shown to be one of
the complete list of natural automorphisms of the space of connections given in section
25 of [KMS93].) It is shown in [ELJLO04], [ELJL], that V¥ and V? are adjoints.

3.3 The space of Hormander form decompositions of .A

Now fix an infinite dimensional separable Hilbert space H. For our fixed diffusion
operator .4 on M with constant rank symbol and associated Riemannian sub-bundle E£
of TM,let SDE(E) denote the space of all smooth vector bundle maps

X:MxH—E

which are surjective and induce the given metric on E. Let g be the dimension of
the fibres of E and let G be its gauge group i.e., the space of all metric preserving
vector bundle automorphisms of E over the identity of M. For a fixed orthonormal
basis ey, ez, ... of H there is a bijection between SD E(E) and the set of Hormander
form representations as in equation (2) obtained by taking X' = X (—)(ei) and then
choosing the vector field A so that the equation (2) is satisfied. There is an obvious
right action of G on SD E (E) leading to a principal G-bundle

w1 : SDE(E) — SDE(E)/G.
Local sections can be obtained on noting the injection
Ko : SDE(E)/G — Map[M; G(q, H)]

into the space of maps of M into the Grassmannian of g-dimensional subspaces in H,
where k¢ sends X to the map x — [ker X 1.

Let V (g, H) denote the space of orthonormal g-frames in H and p : V(q, H) —
G(q, H) the projection, a universal O (q)-bundle. Let Map;[M; G(q, H)] be the sub-
space of Map[M; G(q, H)] consisting of maps which classify E,i.e., those maps f for
which f*(p) is equivalent to O (E), the orthonormal frame bundle of E. This is the im-
age of «o. Indeed if Mapo(q)[O(E ); V(gq, H)] denotes the space of O(q)-equivariant
maps f : O(E) — V(q, H), the left action of G on O(FE) induces a right action on
Map,)[O(E); V(q. H)] leading to a principle G-bundle
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72 : Map ) [O(E); V(q. H)] — Mapg[M; G(q. H)]
and this is equivalent to the bundle 7r; by the map
® : SDE(E) — Mapo ) [O(E); V(q, H)]

given by ®(X)(u) = (Yyu(e1), ..., Yxu(ey)) for u an orthonormal frame at a point x
of M, withey, ..., e, the standard base of R? and Yy : E, — H the adjoint of X (x),
c.f. Chapter 6 of [ELL99]. According to [AB83] the bundle 5 is a universal bundle
for G, and so therefore must be ;.

From our earlier discussions we have some related spaces and maps. One is
the space SCg(Diff M) the space of semi-connections over E on our bundle p :
Diff(M) — M, considered as the space of Diff (M )-equivariant horizontal lift maps
h : p*(E) — TDiff(M). Another is the space of reproducing kernels of Hilbert spaces
of sections of E satisfying (i), (ii) and (iii) of Section 3.1. This can also be considered
as the space of stochastic flows which have A as one-point generator and will be de-
noted by Flow 4. This has a right-action of G given in terms of reproducing kernels
by (k*.¢)(x,y) = g(») 'k¥(x, y)g(x). There is also the usual space Cg of metric
connections on E with its right G-action.

We can summarise the situation by the following diagram, [Elw]:

cD—l
Map,)[O(E); V (g, H)] SDE(E) Flow 4
NR o
C__ Adjoint . SCE(TM) SC g (Diff M).

Here the vertical maps are G-equivariant; the map N R refers to the pull-back
of Narasimhan and Ramanan’s universal connection and so is surjective and G-
equivariant. The diagram shows how the use of Narasimhan and Ramanan’s construc-
tion to give a connection on a metric sub-bundle of a tangent bundle M gives a
semi-connection on the diffeomorphism bundle and so on all natural bundles over M.

4 Heat semi-groups on differential forms

4.1 Spectral and stochastic positivity

As mentioned above there are various weakenings of the the notion of positivity as
applied, in particular, to the sort of curvature terms which arise in Bochner type van-
ishing results. For a measurable function p : M — R and a diffusion operator A, as
before, we say:

1) The function p is A-stochastically positive if
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. 1 1t N
hmsup—log/c ([Ooo).M)e 2f0p(0(3))d“)du;ﬁ(o):0

—0o0 0

for each xo € M, where the measure Mf‘ is the diffusion measure corresponding
to A and could be obtained as a push-forward measure by the evaluation map at
xo of our measure PP on paths (now defined for all time) on Diff(M), or by solving
an SDE such as equation (1). We are not assuming M compact in this section but
for simplicity we will assume that the solutions to equation (1) exist for all time
or equivalently that the semi-group on functions on M, with generator A, satisfies
P;(1) =1forallt > 0.

2) For M Riemannian, the function p is spectrally positive if there exists ¢ > 0
such that fM(A(f)(x) +pX)f(x) f(x)dx > c||f||%2 for all smooth compactly
supported functions f on M.

When M is Riemannian and A = —%A we just refer to ‘stochastic positivity’ and
if also M is compact this is equivalent to spectral positivity. Also .A-stochastic posi-
tivity of p implies the corresponding property for its lifts to any covering of M, see
[ER91], [ELR93], [Li95], [ELR98] and also [Li02] for a similar condition. The fact
that stochastic positivity lifts to covers made it an especially effective condition to ap-
ply and led to results beyond the scope of the usual Bochner methods, as pointed out
in Ruberman’s Appendix in [ER91].

4.2 Refined path integrals for the semi-groups on forms and generalised
Weitzenbock curvatures

As remarked, for the compact case, near the end of Section 2.2, a convolution semi-
group on Diff M determines semi-groups{P,k : ¢ > 0} on spaces of differential forms
via the natural action of diffeomorphisms on forms, and these semi-groups map closed
forms to closed forms in the same de Rham cohomology class. There are analogous
results in many non-compact situations, especially covering spaces, but some care is
required: see [Li94], [ELL99] and we will only discuss the compact case here.

The path integral giving Ptk¢ is given by equation (4). However it can be simplified
by integrating first over the fibres of the map

Cia([0, T]; Diff(M)) — Cy, ([0, T]; M),

in probabilistic terms “conditioning on the one-point motion”, or “filtering out the re-
dundant noise”, [EY93], [ELL99]. We are then left with the more intrinsic path integral
representation
Plo (Vo) = / Po(Vi(0)dp (o)
Cyy([0.TT; M)
where, for almost all paths o we have defined the vector field {V;(c) : 0 < t < T}
along o, by the covariant differential equation:

o~

D 1. .
EV, = —ER"(V,) +d A (VA Y, (5)
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where the hat and breve refer respectively to the semi-connection over E determined
by our flow, and its adjoint connection on E, with the linear operator RE AT M —
AKT M a generalised Weitzenbock curvature obtained from the curvature of the con-
nection on E by the same use of annihilation and creation operators as in the classical
Levi-Civita case. For example for k = 1 it is just the Ricci-curvature

Ricci® . TM — E

given by
RiZciﬁ(v) = traceElé(v, —)—

forve E.
If the drift A does not take values in E this differential equation needs special
interpretation, [ELL99].

4.3 Generalised Bochner type theorems

For the case of Riemannian manifolds with A = —%A, so E = T M, and if our flow is
chosen to give the Levi-Civita connection, for example by using a gradient Brownian
SDE, then the semi-groups on forms are seen to be the standard heat semi-groups,
cf. [Kus88], [Elw92] and Bochner type vanishing theorems result from the refined
path integral formula as discussed in [ER91] for example, but going back to the work
of Malliavin and his co-workers, as examples: [Mal74], [Mér79]. The extension of
these to more general connections and operators is not at present among the usual
preoccupations of geometers and we will state only one simple result. However clearly
many of the usual theorems will have more versions in this sort of generality:

Theorem 4.1 Suppose M is compact and k € 1,2, ... ,dim(M) — 1. If T M admits
a metric with a metric connection V such that its adjomt connection V is adapted to
some metric, {, ) say, on T M, and its generalised Weitzenbock curvature, Rk, in par-
ticular its Ricci curvature if k = 1, is such that 1nf{(Rk(V), VY :Ve /\kTM, V| =
1} is positive, then the cohomology group H* (M R) vanishes.

Positivity can be replaced by .A-stochastic positivity where Af = %traceE V_(df).
For a proof, and a version with M non-compact, see the proof of Proposition 3.3.13 in
[ELL99].

5 Analysis on path spaces

5.1 Bismut tangent spaces and associated Sobolev calculus

Consider the path space Cy, = Cy, ([0, T]; M) furnished with a diffusion measure
Mxo’ for example with Brownian motion measure [Ly,, taking A = %A. As with
Gaussian measures on Banach spaces, to do analysis in this situation it seems that
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differentiation should be restricted to a special set of directions, giving an analogue of
H -differentiation. To do this for Brownian motion measure, the standard procedure,
going back at least to [JL91], is to use the Levy-Civita connection (of the Riemannian
structure determined by the Laplace—Beltrami operator A) and define Hilbert spaces
Ho for almost all paths o, by

Ho =1{v € TCyy: [t = (/[0 v(@)] € Ly ([0, TT; Ty, M) (6)

where //; refers to parallel translation along o . Since almost all o are non-differentiable
the parallel translation is made using stochastic differential equations, hence the fact
that it is defined only for almost all o. Following the integration by parts formula in
[Dri92] the Sobolev calculus was defined, as described in Section 2.1, giving closed
operators dy and Vg from their domains D?:! in LP(M,R) to L sections of the
“Bismut tangent bundle” H = | J, Ho and its dual bundle H* respectively. Again we
have a “Laplacian”, (cf H)*c? H, acting on functions. However in general little is known
about it apart from the important result of S. Fang that it has a spectral gap and the
refinements of that to logarithmic Sobolev and related inequalities; see [ELL99] for
versions valid for more general diffusion measures.

In [Dri92], Driver showed Bismut tangent spaces using more general, but ‘torsion
skew-symmetric’, metric connections could be used. This was extended by Elworthy,
LeJan, and Li to cover a wide class of diffusion measures, with operator .4 possibly
degenerate but having symbol of constant rank, and so having an associated sub-bundle
E of T M with induced metric as in Section 3.1. In this situation a metric connection
V on E is chosen. The space H, of admissible directions at the path o is defined
by a modification of equation ( 6). Essentially it consists of those tangent vectors v
at o to TCy, for which the covariant derivative along o, 3 > using the adjomt semi-

connection, exists for almost all ¢ € [0, T'], takes values in E, and has fo |D” 2dr <
00, see [ELL99].

By the Narasimhan and Ramanan construction we can find a finite dimensional
SDE

dxl = X(xt) 9] dB[ + A(x,)dt (7)

where X : M x R"™ — TM is a smooth vector bundle map, with image E, which
induces the connection V (and so has flow inducing V) Here A is a smooth vector field
chosen so that the equation corre sponds to a Hormander form decomposition of A or
equivalently so that the solutions of the equation form an A-diffusion. The Brownian
motion {B; : 0 < ¢t < T} will be taken to be the canonical process B, (w) = w(t)
defined on classical Wiener space Co ([0, T']; R™). The solution map

Z:Co([0, TI; R™) = Cxy = Cxo (10, T1; M)

given by Z(w)(t) = x:(w) for {x; : 0 < t < T} the solution to equation (7)
starting at the point xg, is called the Ito map of the SDE. It sends the Wiener
measure on Co([0, T']; R™) to the measure /,Lx Moreover it has an H-derivative
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T,7Z : L(z)’l([O, T] : R"™) — Ty (0)Cx ([0, T]; M) which is continuous, linear and
defined for almost all w. It is given by Bismut’s formula:

t
TZ(h)(1) = Térfo TET' X (xs) (h(s))ds ®)

for h € L(z)’l([O, T1; R™) and where {& : 0 < ¢t < T} is the solution flow of our SDE.
(In fact the integration by parts formula, and log-Sobolev formula in this context can
be derived from “mother” formulae for paths on the diffeomorphism group, [ELL99].)

It can be shown that with such a careful choice of SDE, composition with the Ito
map pulls back functions in the L? domains of the H-derivative operator on the path
space of M to elements in DP-!, at least when the semi-connection vV is compatible
with some metric on T M . For this see [EL05] where some fundamental, but still open,
problems in this direction are discussed. A key point is that although 7,7 does not map
he Lg’l ([0, T]; R™) to H,. we can ‘filter out the redundant noise’ by conditioning as
at the beginning of Section 4.2. The result is a map TZ, : L(Z)’l([O, T;R™) — H,
given by:

t
TZ,(h), =W, /0 (WH™'X (0 (5)) (hs)ds )

where forr = 1,2,...,n,the map W/ : AN"T\yM — A T, M is the evolution
determined by equation (5). This map, TZ, , maps onto the Bismut tangent space and
it is convenient to use the inner product it induces on those spaces, [ELL99]. It is
also convenient to use the connection it induces on the ‘Bismut tangent bundle’ by
projection, to define higher order derivatives, [ELOS5]. This connection is conjugate, by
the operator d_Dt Vi + %’f{l Vi) — 6(,) A) V4, to the pointwise metric connection, [Eli67],
induced on the bundle of L2-paths in E which lie over C vo - It appeared in the work of
Cruzeiro and Fang, e.g., in [CF95] (in the Brownian motion measure situation) called
the damped Markovian connection following an ‘undamped version’ described earlier
by Cruzeiro and Malliavin.

5.2 L2-de Rham and Hodge—Kodaira theory

From the discussion above and the results of Shigekawa in the flat case, [Shi86], it
would be natural to look for a differential form theory of “H-forms” these being sec-
tions of the dual ‘bundle’ to the completed exterior powers of the Bismut tangent bun-
dle. However in the presence of curvature this fails at the definition of the exterior
derivative of an H-one-form ¢. The standard definition would give

dp(VI AV =d@(V)(VH —d@V V) -V, V) (10)

for H-vector fields (i.e., sections of the Bismut tangent bundle), v1 V2. However in
general the Lie bracket of H-vector fields is not an H-vector field so the final term in
(10) does not make sense (at least not classically). One approach, by Léandre, was
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to interpret this last term as a stochastic integral. This leads to rather complicated
analysis but he was able to develop a de Rham theory, [Léa96]. Much earlier there had
been an approach by Jones and Léandre using stochastic Chen forms, [JL91]. However
Hodge—Kodaira theory, and a more standard form of L?-cohomology did not appear
in this work.

A different approach, by Elworthy and Li, was to modify the space of H-forms.
This was done by using the conditional expectation

NTZo : LY ([0, T1: R™) — AT, Cy,

of A"TZ, ‘filtering out the redundant noise’ or ‘integrating over the fibres of 7,
[ELOO]. Weitzenbock curvature terms come in rather as the first term, the Ricci cur-
vature, did in equation (9), through (5). This led to a closed exterior derivative on H-
one-forms and H-two-forms, and an L? Hodge—Kodaira decomposition in these cases
[ELOO], [ELa]. The situation for higher forms is unclear, and the algebra involved ap-
pears complicated, but there is some positive evidence in [EL0O3]. Even in dimensions
1 and 2 it is not known if the corresponding L? cohomology is trivial. The question
of whether any reasonable L2-cohomology for such a contractible space should be
expected to be trivial, or if defined on loop spaces whether it should agree with the
standard de Rham cohomology, stimulated work on L? de Rham cohomology for fi-
nite dimensional Riemannian manifolds with measures which have a smooth density
decaying at infinity, (or growing rapidly), see [Bue99], [BP02], [GWO04].

5.3 Geometric analysis on loops

The case of based loops is rather easier to deal with than free loops. There is a natural
measure on the space of based on a Riemannian manifold M, the so called Brownian
bridge measure. This corresponds to Brownian motion conditioned to return at time
T, say, to its starting point. The conditioning is achieved by adding a time dependent
vector field which is singular at time 7', to the SDE, or equivalently to the generator
A, [Dri97]. This is obtained from the gradient of the heat kernel of M, and estimates
on that play a vital role in the consequent analysis. For free loops an averaged version
of this is used [Lea97]. There is also a heat kernel measure which is used, especially
for loops on Lie groups, [Dri97], [ADOO].

A beautiful and important result by Eberle, [Ebe02], showed that the spectrum of
the natural Laplacian on these spaces does not have a gap at O if there is a closed
geodesic on the underlying compact manifold M with a suitable neighbourhood of
constant negative curvature.

For based loops and free loops on a compact Lie group with bi-invariant metric
the (right invariant say) flat connection can be used to define Bismut tangent spaces
and the absence of curvature allows the construction of a full L? de Rham and Hodge—
Kodaira theory [FF97]. The work of Léandre and of Jones and Léandre referred to
above included loop spaces, giving the topological real cohomology groups. More
recently Léandre has been advocating the use of diffeologies, with a stochastic version
for loop spaces, again leading to the usual cohomology groups, [Léa01].
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Another approach to analysing based loop spaces has been to consider them as
submanifolds of the space of paths on the the tangent space to M at the base point by
means of the stochastic development map

D : Co([0, T1; TuyM) — Cy,y ([0, T1; M).

Since this map is obtained by stochastic differential equations, [Elw82], [TIW89],
[Elw00], it is defined only up to sets of measure zero and is not continuous, although
it is smooth in the sense of Malliavin calculus. Quasi-sure analysis, [Mal97] has to be
invoked to choose a nice version for which the inverse image of the based loops has
at least the rudiments of the structure of a submanifold of Co([0, T']; Ty, M). Even so
as a space it is only defined up to ‘slim’ sets and there has not been a proof that its
homotopy type is well determined and equal to that of the loop space itself. For a de
Rham theory in this context see [Kus91].
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1 Introduction

The concept of Lie group has a long history. It originated from Sophus Lie who ini-
tiated the systematic investigation of group germs of continuous transformations. As
can be seen in the introduction of the monograph by H. Omori [32], S. Lie seemed to
be motivated by the following:

e To construct a theory for differential equations similar to Galois theory.
e To investigate groups such as continuous transformations that leave various geo-
metrical structures invariant.

It is well known that the theory of Lie groups has expanded in two directions:

(A) The theory of finite dimensional Lie groups and Lie algebras.
(B) The theory expanded to include Banach—Lie groups and transformations that leave
various geometrical structures invariant.

*Partially supported by Grant-in-Aid for Scientific Research (#17540093, #18540093), Min-
istry of Education, Culture, Sports, Science and Technology, Japan and partially supported by
Keio Gijuku Academic Funds.
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There are a large number of works from the standpoint of (A). With respect to (B),
there are also numerous works which are concerned with Banach-Lie groups and their
geometrical and topological properties (cf. [42]). However, it was already known in
[31] that a Banach-Lie group acting effectively on a finite dimensional smooth mani-
fold is necessarily finite dimensional. So there is no way to model the diffeomorphism
group on a Banach space as a manifold. Under the situation above, at the end of the
1960s, Omori initiated the theory of infinite-dimensional Lie groups, called “ILB-Lie
groups”’, beyond Banach-Lie groups, taking ILB-chains as model spaces in order to
treat the diffeomorphism group on a manifold (see [32] for the precise definition).
Shortly after these foundations were laid, Omori et al. [39] introduced the definition of
Lie group modeled on a Fréchet space equipped with a certain property called “regu-
rality” by relaxing the conditions of an ILB-Lie group. Roughly speaking, regularity
means that the smooth curves in the Lie algebra integrate to smooth curves in the Lie
group in a smooth way (see also [26], [32] and [40]). Using this notion, they studied
subgroups of a diffeomorphism group, and the group of invertible Fourier integral op-
erators with suitable amplitude functions on a manifold. For technical reasons, they
assumed that the base manifold is compact (cf. [25], [39], [1], [2] and [3]). Beyond a
compact base manifold, in order to treat the diffeomorphism group on a noncompact
manifold, we need a more general category of Lie groups, i.e., infinite-dimensional
Lie groups modeled on locally convex spaces which are Mackey complete (see §2. See
also [10] and [19]).

In this article, we are concerned with the group 1 Aut(M, x) of all modified contact
Weyl diffeomorphisms on a contact Weyl manifold over a symplectic manifold (M, ),
where a contact Weyl manifold is a geometric realization of the star product introduced
by A. Yoshioka in [50]. In this context, a modified contact Weyl diffeomorphism is
regarded as an automorphism on a contact Weyl manifold. As to the group Aut(M, *),
we have the following.

Theorem 1.1 /) Set
Aut(M, x) = {® € Aut(M, x) | ® induces the base identity map.}.

Then Aut(M, x) is a Lie group modeled on a Mackey complete locally convex
space.

2) Any element V¥ € Aut(M, %) induces a symplectic diffeomorphism on the base
manifold and there exists a group homomorphism p from Aut(M, x) into Diff(M, w),
where Diff(M, w) is the regular Lie group of all symplectic diffeomorphisms on
the symplectic manifold (M, w).

3) Assume that there exists a map (not necessarily a Lie group homomorphism) j
from Diff (M, w) into Aut(M, %) satisfying p o j = identity. Then Aut(M, %) is a
Lie group modeled on a Mackey complete locally convex space .

ISee Definition 5.1 for the precise definition.
21f the base manifold is compact, the model spaces of Aut(M, x) and Aut(M, x) are Fréchet
spaces.
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4) Under the same assumption above,
1 - Aut(M, x) - Aut(M, x) — Diff(M, w) — 1

is a short exact sequence of Lie groups. Moreover Aut(M, x) and Aut(M, ) are
regular Lie groups.

Remark that from the point of view of differential geometry, a contact Weyl manifold
might be seen as a “prequantum bundle” over a symplectic manifold (M, ) where the
symplectic structure w is not necessarily integral, and a modified contact diffeomor-
phism can be regarded as a quantum symplectic diffeomorphism over a “prequantum
bundle”.

As is well known, the theory of infinite-dimensional Lie algebras including Kac—
Moody algebras has made rapid and remarkable progress for the past two decades
involving completely integrable systems (Sato’s theory), loop groups, conformal field
theory and quantum groups. However, it would be difficult for me to review this entire
fruitful field. A definitive treatment of the infinite-dimensional Lie algebras is found
in Kac [17], Tanisaki [45] and Wakimoto [46].

Since the purpose of this article is to give an exhibitory review of relations between
contact Weyl manifolds and deformation quantization, and automorphisms on a contact
Weyl manifold, please consult [29], [11], [37], [38] and [50] for the detailed proofs
omitted in the present article.

2 Infinite-dimensional Lie groups

In this section we give a survey of regular Lie groups. For this purpose, we first recall
Mackey completeness; see the excellent monographs [16], [19] for details.

Definition 2.1 A locally convex space E is called Mackey complete (MC for short) if
one of the following equivalent conditions is satisfied:

1) For any smooth curve c in E there is a smooth curve C in E with C’ = c.

2) If c : R — E is a curve such that/ o ¢ : R — R is smooth for all £ € E*, then ¢
is smooth.

3) Local completeness: that is, for every absolutely convex closed bounded® subset
B, Ep is complete, where Ep is a normed space linearly generated by B with a
norm pp(v) = inf{:A > O|v € AB}.

4) Mackey completeness: that is, any Mackey—Cauchy net converges in E.

5) Sequential Mackey completeness: that is, any Mackey—Cauchy sequence con-
verges in E.

A net {x,},er is called Mackey—Cauchy if there exists a bounded set B and a net
{ty,y'}(y,ynerxr in R converging to 0, such that x, — x,» € wuy, B = {1y, 7 - x |
X € B}.

3 A subset B is called bounded if it is absorbed by every 0-neighborhood in E, i.e., for every
0-neighborhood U/, there exists a positive number p such that [0, p] - B C U.
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Next we recall the fundamentals relating to infinite-dimensional differential geom-

etry.

1y

2)

3)

Infinite-dimensional manifolds are defined on Mackey complete locally con-
vex spaces in much the same way as ordinary manifolds are defined on finite-
dimensional spaces. In this article, a manifold equipped with a smooth group
operation is referred to as a Lie group. Remark that in the category of infinite-
dimensional Lie groups, the existence of exponential maps is not ensured in gen-
eral, and even if an exponential map exists, the local surjectivity of it does not hold
(cf. Definition 2.2).

A kinematic tangent vector (a tangent vector for short) with a foot point x of an
infinite-dimensional manifold X modeled on a Mackey complete locally convex
space F is a pair (x, X) with X € F.Let T, F = F be the space of all tangent
vectors with foot point x. It consists of all derivatives ¢’(0) at 0 of a smooth curve
¢ : R — F with ¢(0) = x. Remark that operational tangent vectors viewed as
derivations and kinematic tangent vectors via curves differ in general. A kinematic
vector field is a smooth section of a kinematic vector bundle TM — M.

We set QK(M) = C®(Lgkew(TM X --- x TM, M x R)) and call it the space of
kinematic differential forms, where “skew” denotes “skew-symmetric”’. Remark
that the space of kinematic differential forms turns out to be the right ones for
calculus on manifolds; especially for them the theorem of de Rham is proved.

Next we recall the precise definition of regularity (cf. [26], [32], [39] and [40]):

Definition 2.2 A Lie group G modeled on a Mackey complete locally convex space &
is called a regular Lie group if one of the following equivalent conditions is satisfied:

1y

2)

For each X € C*(R, &), there exists g € C*°(R, G) satisfying

0
8(0) =e, Eg(t) = Rg( (X (1)), ey

For each X € C*(R, &), there exists g € C*°(R, G) satisfying

0
gy =e  =28(t) = Len(X (1)), @)

where R(X) (resp. L(X)) is the right (resp. left) invariant vector field defined by the
right (resp. left)-translation of a tangent vector X at e.

The following lemma is useful (cf. [19], [26], [39] and [40]):

Lemma 2.3 Assume that

Il N—>G—>H-—>1 3)

is a short exact sequence of Lie groups with a local smooth section® j from a neigh-
borhood U C H of 1y into G, and N and H are regular. Then G is also regular.

4Remark that this does not give global splitting of the short exact sequence.
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To end this section, we remark that the fundamental properties of a principal regular
Lie group bundle (P, G) over M are (these are the usual properties for principal finite-
dimensional Lie group bundles):

1) The parallel transformation is well defined.
2) The horizontal distribution H of a flat connection is integrable, i.e., there exists an
integral submanifold for H at each point.

3 Deformation quantization

The concept of quantization has a long history. Mathematically it originated from H.
Weyl [47], who introduced a map from classical observables (functions on the phase
space) to quantum observables (operators on Hilbert space). The inverse map was con-
structed by E. Wigner by interpreting functions (classical observables) as symbols of
operators. It is known that the exponent of the bidifferential operator (Poisson bivector)
coincides with the product formula of (Weyl type) symbol calculus developed by L.
Hormander who established the theory of pseudo-differential operators and used them
to study partial differential equations (cf. [20] and [30]).

In the 1970s, supported by the mathematical developments above, Bayen, Flato,
Fronsdal, Lichnerowicz and Sternheimer [6] considered quantization as a deforma-
tion of the usual commutative product of classical observables into a noncommutative
associative product which is parametrized by the Planck constant # and satisfies the
correspondence principle. Nowadays deformation quantization, or more precisely, the
star product becomes an important notion. In fact, it plays an important role to give
passes from Poisson algebras of classical observables to noncommutative associative
algebras of quantum observables. In the approach above, the space of quantum observ-
ables and star product is defined in the following way(cf. [6]):

Definition 3.1 A star product of Poisson manifold (M, ) is a product * on the space
C°°(M)[[]] of formal power series of parameter /i with coefficients in C*°(M), de-
fined by

fng=fg+hm(f,g)+ - +h"m(f,g)+---, Vf geCOMI[h]]

satisfying
(a) * is associative,
_ 1
(b)nl(f’g) - 2ﬁ{f’g}’
(c) each , (n > 1) is a C[[A]]-bilinear and bidifferential operator,
where {, } is the Poisson bracket defined by the Poisson structure 7.

A deformed algebra (resp. a deformed algebra structure) is called a star algebra
(resp. a star product). Note that on a symplectic vector space R*", there exists the
“canonical” deformation quantization, the so-called Moyal product:

v o« —
f*ngexp[zax/\ay}g,
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where f, g are smooth functions of a Darboux coordinate (x, y) on R and v = iA.

The existence and classification problems of star products have been solved by
succesive steps from special classes of symplectic manifolds to general Poisson man-
ifolds. Because of its physical origin and motivation, the problems of deformation
quantization was first considered for symplectic manifolds, however, the problem of
deformation quantization is naturally formulated for the Poisson manifolds as well.
For example, Etingof and Kazhdan proved every Poisson—Lie group can be quantized
in the sense above, and investigated quantum groups as deformation quantization of
Poisson—Lie groups. After their works, for a while, there were no specific develop-
ments for existence problems of deformation quantization on any Poisson manifold.
The situation drastically changed when M. Kontsevich [10] proved his celebrated for-
mality theorem. As a collorary, he showed that deformation quantization exists on any
Poisson manifold. (cf. [8], [12], [10], [11], [37], [44] and [50]).

4 Contact Weyl manifold over a symplectic manifold

As mentioned in the introduction, for a symplectic manifold, the notion of a Weyl
manifold was introduced in [37]. Later, Yoshioka [50] proposed the notion of a con-
tact Weyl manifold as a bridge joining the theory of Weyl manifold (Omori-Maeda—
Yoshioka quantization) and Fedosov quantization. In order to recall the construction of
a contact Weyl manifold, we have to give precise definitions of fundamental algebras.

Definition 4.1 1) An associative algebra W is called a Weyl algebra if W is formally
generated by v, Z Vo, zn, zrtl oz satisfying the following commuta-
tion relations:

[Z',Z/]=vAY, [v,Z']1=0, )

0 —1p

where A = [ L, 0 ], and the product of this algebra is denoted by . This algebra

has the canonical involution~such that
axb=bxa, v=-v, Zi=7 5)

We also define the degree d by d(w'z®) =21 + |a|.
2) A Lie algebra C is called a contact Weyl algebra if C = 1C& W with an additional
generator t satisfying the following relations:

[t,v] =22, [r,Z]=vZ, (©6)
and’is naturally extended by T = 7.

Remark that the relation (4) is nothing but the commutation relation of the Moyal
product, and called the canonical commutation relation.

Definition 4.2 1) A C[[v]]-linear isomorphism & from W onto W is called a v-
automorphism of Weyl algebra W if
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(@) ®(v) = v,
(b) P(axb) = D(a) x (),
(c) P(a) = D(a).
2) A C[[v]]-linear isomorphism W from C onto C is called a v-automorphism of
contact Weyl algebra C if
(a) V¥ is an algebra isomorphism,
(b) W|w is a v-automorphism of Weyl algebra.

In order to explain the construction of contact Weyl manifolds, it is useful to re-
call how to construct the prequantum line bundle, which plays a crucial role in the
theory of Souriau—Kostant (geometric) quantization[49]. This bundle is constructed in
the following way: Let w be an integral symplectic structure, then we have d(9,) =
Bw)a, d(fup) = (80)ap, capy = (86f)apy Where fug (resp. 6y) is a local function
(resp. a local 1-form) defined on an open set Uy, N Up (resp. Uy), U = {U,} is a
good covering of a symplectic manifold (M, ), d is the deRham exterior differential
operator, and § is the Cech coboundary operator. Setting hog = exp[2mifag], we see
that

1
00, — 9/3 = Ed log haﬁ. (7)

This equation ensures the exsistence of a line bundle defined by

haﬁ .
L= ]_[(Ua X C)/ ~, VS(¢a1a) = (%’% + 27”901(5)¢a)1a- (8)

This gives the desired bundle with a connection whose curvature equals .

Inspired by the idea above, Yoshioka proposed the notion of contact Weyl mani-
folds and obtained the fundamental results (cf. [50]). To state the precise definition of
contact Weyl manifolds and theorems related to them, we first recall the definitions of
Weyl continuation and locally modified contact Weyl diffeomorphism:

Definition 4.3 Set (X!, ... X", Y, ..., Y"):=(Z', ..., zZ", Z"t ..., Z%)(see
Definition 4.1). Consider the trivial contact Weyl algebra bundle Cy := U x C over a
local Darboux chart (U; (x, y)). A section

1
ff=fa+Xy+1=> :_a'ﬁ'agaﬁf(x,y)xayﬁ eI (Cy)
o alp!

determined by a local smooth function f € C*(U) is called a Weyl function, and
#: f > f*is referred to as Weyl continuation. We denote by Fy/ the set of all Weyl
functions on U .

A bundle map & : Cy — Cy is referred to as a locally modified contact Weyl
diffeomorphism if it is a fiberwise v-automorphism of the contact Weyl algebra and its
pull-back preserves the set of all Weyl functions Fy.

Definition 44 Let 7 : Cyy — M be a locally trivial bundle with a fiber being iso-
morphic to the contact Weyl algebra over a symplectic manifold M. Take an atlas
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{(Va, o) }aca of M such that ¢, : Vo — U, C R2" gives a local Darboux co-
ordinate for every o € A. Denote by ¥, : Cy, — Cy, a local trivialization and
by Wy = \I—fﬁlll(;l : Cuyy — Cuyg, the glueing map, where Cy, = n’l(Ua),
Usg == 0a (Ve N Vg), Upy := (Ve N Vp), Cuyp = \I/a(CVu|Vamvﬁ),etc. Under the
notation above,

(m:Cu = M, {®q : Cy, > Cy,laca) )

is called a contact Weyl manifold if the glueing maps Wqg are modified contact Weyl
diffeomorphisms.

Theorem 4.5 Let (M, w) be an arbitrary (not necessarily integral) symplectic mani-
fold. For any closed form QM(UZ) =w+ v +o+ -, wherev = /—1h is
a formal parameter, there exists a contact Weyl manifold Cy; with a connection V2
whose curvature equals Q2 (v%), and the restriction of V€ to Wy is flat, where Wy
is the Weyl algebra bundle associated to M equipped with the canonical fiber-wise
product %.

This bundle C)y is called a contact Weyl manifold equipped with a quantum connection
V€. Yoshioka [50] also proved that the connection V| w,, 1s essentially the same as the
Fedosov connection [12]. It is known (cf. [50] and [11]) that

Theorem 4.6 There is a bijection between the space of the isomorphism classes of a
contact Weyl manifold and [w] + vszR (M)[[v*1], which assigns a class QD] =
[@ + w2V + - - -] to a contact Weyl manifold (Cyy — M, {Wy)}).

The flatness of VQ|WM ensures the existence of a linear isomorphism # between
C®°(M)[[v]] and Fs the space of all parallel sections with respect to the quantum
connection restricted to Wjs. An element of F)y is called a Weyl function. Using this
map #, we can recapture a star product in the following way:

frg=#"1#H). (10)

Furthermore, the following theorem is known (cf. [11]):

Theorem 4.7 There is a bijection between the space of the equivalence classes of star
products and [w] + v2H§R(M)[[v2]].

5 A Lie group structure of Aut(M, %)

With the preliminaries in the previous section, we give a precise definition of Aut(M, *):

Definition 5.1

Aut(M, %) = {¥ : Cyy — Cyy | fiber-wise v-automorphism, W*(Fy) = Fu} (11)
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Aut(M, x) = {¥ € Aut(M, %) | ¥ induces the base identity map}. (12)

An element of Aut(M, x) is called a modified contact Weyl diffeomorphism (an
MCWD for short).

To illustrate automorphisms of a contact Weyl manifold, we consider the automor-
phisms of a contact Weyl algebra. For any real symplectic matrix A € Sp(n,R),
set a v-automorphism of C by AZ' = Za} Z/ and Av = v. Then we easily have
A([a, b)) = [Aa, Ab]. Conversely, combining the Baker—Campbell-Hausdorff for-
mula with the Poincaré lemma, we have the following.

Proposition 5.2 ([50]) If V is a v-automorphism of contact Weyl algebra, there exists
uniquely

A € Sp(n, R),

Feila= Z avtze Y,
20+|a|=3,a|>0

c(w?) =Y v e RIDYI,

i=0
such that ® = A o e“d(%(c("2)+F)), where AZ! = Za;Zj and Av = v.

This v-automorphism can be seen as a “linear” example appearing in the simplest
model of contact Weyl manifolds.

Next we study the basic properties of a modified contact Weyl diffeomorphism. Set
Ty=14+), zia),-j ZJ where U C R*" is an open subset and a)ijdz" A dz/ stands for
the symplectic structure. Then for any modified contact Weyl diffeomorphism, we may
set \Illéu (ty) = aty + F,where a € C*®(U), F € I'(Wy), where Wy is a trivial
bundle Wy = U x W. Furthermore the following proposition is known (cf. Lemma
221 in [50]).

Proposition 5.3 Let U be an open set in R*", W a modified contact Weyl diffeomor-
phism and ¢ the induced map on the base manifold. Then the pull-back of Tyy by W
can be written as

Y iyw) =T + ff a0, (13)
for some Weyl functions f* = #(f) € Fy with f_# = " and a(v*) € C*U)[[v?]].

Definition 5.4 A modified contact Weyl diffeomorphism W is called a contact Weyl
diffeomorphism (CWD, for short) if

Uy =7y + f7. (14)

For a contact Weyl diffeomorphism, we obtain the following (see Corollary 2.5 in [11]
and Proposition 2.24 in [50]).
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Proposition 5.5 1) Suppose that ¥ : Cy — Cy is a contact Weyl diffeomorphism
which induces the identity map on the base space. Then, there exists uniquely a
Weyl function f*(v?) of the form

= fo+ v fH0?  (foeR, (005 € C®WHIVAD, (15)

such that W = ¢ o+ fL07),
2) If W induces the identity map on Wy, then there exists a unique element c(v?) €
R[[v2]] with c(12) = c(v2), such that > W = ¢*3e0)

Combining Propositions 5.3 and 5.5, we have the following.

Proposition 5.6 For any modified contact Weyl diffeomorphism ¥ : Cy — Cy which
induces the identity map on the base space, there exists a Weyl function *(v?) of the
form

AP = fo+ v fH0%)  (fo e R, (VD) € CXW)HIVA, (16)
and smooth function g(v?) € C®(U)[[v2]] such that ¥ = @ GEOD+F D),

Remark Please compare this result with Proposition 5.2.
Furthermore, we have

Proposition 5.7 Let Wy, (resp. Vy,) be a modified contact Weyl diffeomorphism on
Cuy, (resp. Cy,) inducing the identity map on the base manifold. Suppose that

\IIUQ |CU(¥/3 = \IJU/S |CU/3a P

where Uaﬁ = (Vo N Vﬁ), Uﬁa = goﬁ(Va N Vﬁ), CUaﬂ = ‘I’a(CVa|VamVﬂ) etc?
Then

Wy (e () + 02 £ 0 yy) = (88007 + V2 FF ()1 (17)

Thus, patching {gu + v2f;;} together we can make a global function g + v f* e
C®(M)[[v2]] 4+ v2C®(M)*[[v?]]. Hence there is a bijection between Aut(M, x) and
C® MV + v2C® (M) [[v2]].

The propositions mentioned above imply that the space
Ce(M) = CEMDIV?]] + v CE M [v]]

is a candidate for the model space of Aut(M, x). In fact, the Baker—Campbell—
Hausdorff formula shows the smoothness of group operations. Therefore we have the
following:

SNote that this does not induce the identity on the whole of Cy; . In [50], a notion of modified
contact Weyl diffeomorphism is introduced to make {Cy,, Wyp} a contact Weyl algebra bundle
by adapting the glueing maps to satisfy the cocycle condition and patching them together.

6See also Definition 4.4.



A Lie Group Structure for Automorphisms of a Contact Weyl Manifold 35
Theorem 5.8 Aut(M, ) is a Lie group modeled on €.(M).

‘We can now state

Lemma 5.9 Suppose that » is a quasi-multiplicative,’ associative product on a Mackey
complete locally convex space® (E, {|| - || 0)p); that is, there exists a positive number
C, such that

I1f *gllp = Coll fllp - 11811p- (18)

Then, Y o2, f* f converges. Set e] =Y, f* *f . Then we have

el 1], <> 22 S ”f” (19)

We also have
Lemma 5.10 The space

. . 00 2 2 oo # 2
Ccn =ind lim (CEODITI+?CRM 2)

is Mackey complete and quasi-multiplicative, where C (M) is the space equipped
with the standard locally convex topology.

Proof. The first assertion is followed by [19]. Since the proof of second assertion is
bit long and a messy one, we does not give it here. See [29] or [27].

Combining Lemma 5.10 with Lemma 5.9, we can show the exsistence of solution
for the equation (1) when G = Aut(M, *) in Definition 2.2 (cf. [27] and [29]). Then
we see that smooth curves in the Lie algebra integrate to smooth curves in the Lie
group in a smooth way. Thus we have

Theorem 5.11 Aut(M, %) is a regular Lie group modeled on €.(M).

As will be seen in the next proposition, general modified contact Weyl diffeomor-
phims are closely related to symplectic diffeomorphisms.

Proposition 5.12 For any modified contact Weyl diffeomorphism V, it induces a sym-
plectic diffeomorphism on the base symplectic manifold. Moreover, there exists a group
homomorphism p from Aut(M, %) into Diff(M, w).

TThe assumption (18) can be replaced by || f x gllp < Cpllfllp - ||g\|,5.
8Here {|| - || o}p denotes a family of seminorms which gives a locally convex topology.
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Conversely, we consider the following problem:

Problem For any globally defined symplectic diffeomorphism ¢ : M — M, does
there exist a globally defined modified contact Weyl diffeomorphism (referred to as a
MCW-lift) ¢ which induces ¢?

Although the author does not know the proof, he believes that the problem has an
affirmative answer. Instead of the problem above, we consider the existence of a local
CWD-lift of a locally symplectic diffeomorphism. Although the following argument
seems well known for specialists, we review it for readers’ convenience.

Assume that

U.z=G ). (e =@ 2™)
are star-shaped Darboux charts. Then ¢ |y is expressed as

2 =0 @), ™)

and satisfies
(o' ¢y =o', ¢/t =0, (¢, ¢" T} =87 (1<i,j=<n),

because ¢ is a symplectic diffeomorphism defined on U. The Weyl continuations
¢ (i =1,...,2n) only satisfy

i # ji# 3 i, j# 2041 j#
o', ¢/"] = vag) 4 §2§+1)+-~-

j# +ji# 3 in+j# 241, i,n+j#
[¢z 7(pn J ] —1)5”4-1) a(S) 4+ .. 4 (ZZ—H) + -, (20)
- j +i,nt ji#t 2 +int jit
[¢" 4, "] = Va2 T

However the Jacobi identity holds:
[6*1¢™, "] +cp. =0, @n

where “c.p.” means “cyclic permutation”. This gives
(% aly} +ep.={¢".al +ep.=0 (I <s.tu<2n). (22)

Set

1
— 3)
W' (7)) = 3 2 : [ Ay fins (7 )dx ' Adx'

1<i,j<n

~2a})

i @dx AdyT +aayT Ady T @ eu). @3)

A direct computation shows that (22) is equivalent to do’ = 0. As in the proof of
Lemma 3.4 in [38], the closedness of @’ above ensures the existence of elements b;. €

C®(@WNI[V]], (j = 1,...,2n) such that replacing ¢** by
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o o
o) = {W(Z) ey o] I<j<m, @4

I (@) = v (P (R), s =j+n

shows that v*-components of (20) vanish. Repeating the argument above for the v°-,

v’- components gives

1 2
¢(oo) = (¢(oo)» cee ¢(:o)),

where
By =0 @+ D 18 (2) (25)
p>1
such that
1 # j# ii .o
[Bike) $cy] = Lo, g1 =0, [9ik,) o)1 = —ve'l, G j=1,....m).

Thus, by Lemma 3.2 in [37], there exists a local Weyl diffeomorphism ®y which
induces the base map ¢y . We next extend @ to a local contact Weyl diffeomorphism
Yy . Set

V(@) = {%(“)’ (@< 7w, (26)

Ty + H, (a="Tyw))

where H = ), v h* is an unknown term. Wy is a contact Weyl diffeomorphism if
it satisfies the following equation w.r.t. H,

(W (B, Wi (2] = Wi [Epwy, 2 1. @7

As to the equation, we easily have
RHS. of 27) = W} (v ") Y (g + B* (1)), (28)

where B(v) = le 1 v2 g;. On the other hand, we also obtain

LHS. of 27) (2‘18)2”50]\;(2 92 ) [vahm(z o¢)+zv21’gp]

+(2v28VB+v(EB)> (29)
where E = v Zz 1 Z 81 As in the proof of Theorem 3.6 in [37], comparing the
components w.r.t. vl- vz- ,v3-.... of both sides splits the equation w.r.t. H above into
infinitely many equations. Since the component of v is

tho.2 ol =("0p) =) 2 g’ (30)
9 8Zl b

we can find the solution A for this equation, and then we can solve the infinitely many
equations recursively.” Summing up the above, we have

9Thanks to star-shapeness of U, we can fix b}, and H canonically.
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Proposition 5.13 Take a star-shaped Darboux chart U . For any symplectic diffeomor-
phism ¢ : U — ¢(U), there canonically exists a contact Weyl diffeomorphism (CW-
lift) ¢ which induces ¢.

Then we have

Corollary 5.14 Assume that a symplectic manifold M is covered by a star-shaped
Darboux chart. Then for any symplectic diffeomorphism ¢ : M — M, there canoni-
cally exists a contact Weyl diffeomorphism (CW-liff) ¢ which induces ¢.

We also have

Proposition 5.15 Assume that there exists amap '° j from Diff(M, w) into Aut(M, )
satisfying p o j = identity. Then we have a bijection:

Aut(M, %) = Diff(M, ») x Aut(M, ¥). 31)

Proof. As mentioned in Proposition 5.12, any element ¥ € Aut(M, %) induces a
symplectic diffeomorphism ¢ = p(V) on the base manifold. Set qg = j(¢) and
®=¢low. By the assumption, ® induces the base identity map. According to
Proposition 5.6, we see ® = explad (X (g(v?) +v2 fF (W)

As seen in the proposition above, in order to determine the model space of
Aut(M, %), we have to determine the model space of Diff(M, w). Take a diffeomor-
phism (prys, o) from an open neighborhood Uy of the zero section in T*M onto an
open neighborhood U, of the diagonal set of M x M, such that o (0-section|,) = x.
Let wq be the canonical symplectic structure of T*M, and w; := (pry, o) (0w ®w ™),
where the reversed symplectic structure of w is denoted by w ™. Since wp and w; vanish
when restricted to the zero section, by virtue of Moser’s technique (cf. [5]), there exists
a diffeomorphism ¢ : Uy — U between two open neighborhoods Uy and Uj of the
zero section in 7* M which is the identity on the zero section and satisfies ¢*w; = wy.
Thus we obtain that

0= (pran.o) o (Up, wo) <> (WU w1) “2 Uy 0 @0™).  (32)

UcT'M U cT'M U oM x M

10The map j is not a Lie group homomorphism in general.
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We also see that

{n7'(x, f(x)) | x € M} is a closed form (€ QL(T*M))
< {77_1 (x, f(x)) | x € M} is a Lagrangian submanifold of (T*M, wy)
& the graph is a Lagrangian submanifold of (M x M, v @ w™)
& 0= du, ) (pri(w) — pry (@) = ldyo — f*o
& f e Diff. (M, w).

Let U be an open neighborhood of Idy; consisting of all f € Diff(M) with compact
support satisfying (Idy, f)(M) C U and pry : 7' ({(x, f(x))|x € M}) — M is
still a diffeomorphism. For f € U, the map (Iduy, f) : M — graph(f) C M x M is
the natural diffeomorphism onto the graph of f. According to (32), we can define the
smooth chart of Diff(M) which is centered at the identity in the following way:

Diff.(M) > U < W) c QLM), W(f) =n""Udy. f); M — T*M.

Since Qé(T*M ) is Mackey complete (cf. [19]), U N Diff(M, w) gives a submanifold
chart for Diff(M, w) at Idy;. Moreover, conditions of Definition 2.2 can be shown by
the standard argument for an ordinary differential equation under a certain identifica-
tion of T*M with T M. Therefore, we have the following.

Theorem 5.16 ([19], [32]) Let (M, w) be a finite-dimensional symplectic manifold.
Then the group Diff(M, w) of symplectic diffeomorphisms is a regular Lie group and a
closed submanifold of the regular Lie group Diff(M) of diffeomorphisms. The Lie alge-
bra of Diff(M, w) is a Mackey complete locally convex space X.(M, w) of symplectic
vector fields with compact supports.

Combining the Baker—Campbell-Hausdorff formula with Theorem 5.11 and Propo-
sition 5.15, we have the following:

Lemma 5.17 The following maps are smooth:

() Diff(M, ) x Aut(M, %) — Aut(M, *); (¢, ¥) > ¢ L o W o @,

(ii) Diff(M, ) x Diff(M, ©) = Aut(M, %); (¢, ¥) > Gov) odoi,
(iii) Diff(M, ) — Aut(M, %); ¢ — ¢ o p~ 1.

According to Theorem 5.11 and Proposition 5.15, X, (M, w) x €.(M) is a model

space, which is a Mackey complete locally convex space. Let W; = 1/7,~ o e“d(%Hi(”z)),

where H;(v?) = gi(v?) + vzfi#(v2) (i = 1,2). Then the multiplication is written in
the following way:

W) 0 Wy = 1 0 eGHIOD) o o pad G H(0)

= Y100 {(Vfl/o\lﬁz)_l oo IﬂAz}
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hl o pad GHI0) ad(X Hy(v?))
o{wz 0 @l Hi olpz}oe L H0%) (33)
According to (i) and (ii) of Lemma 5.17, (33) is written as

(w/o\%) 0 MG H W Y2, Hy (03), Ky (v)))

and we see the smoothness of

W1, Y2, HH(V?), Ho (V%)) b H (Y1, Y2, Hi(v?), Hy(v?)).

In a similar way, we can verify the smoothness of the inverse operation. Summing up
the above, we have

Theorem 5.18 Under the assumption of Proposition 5.15, Aut(M, x) is a Lie group
modeled on a Mackey complete locally convex space X.(M, w) x €.(M).

Furthermore, combining Definition 5.1 of Aut(x) with Proposition 5.12 gives a
short exact sequence

1 — Aut(M, x) - Aut(M, x) — Diff(M, w) — 1.

As mentioned in Theorem 5.16, the group of all symplectic diffeomorphisms Diff(M, w)
is a regular Lie group modeled on a Mackey complete locally convex space X.(M, ).
Therefore, combining Theorem 5.11 with Lemma 2.3, that Aut(M, %) is regular. Thus,
we obtain the following.

Theorem 5.19 Suppose the assumption of Proposition 5.15.

1) 1 - Aut(M, x) — Aut(M, x) — DIiff(M, ) — 1 is a short exact sequence of
Lie groups.
2) Aut(M, x) and Aut(M, x) are regular Lie groups.

This completes the proof of Theorem 1.1.

6 Concluding remarks

In the previous section, we proved that Aut(M, %) has a regular Lie group structure
under suitable assumptions. In this section, we note the advantages of the smooth
structure of Aut(M, x). It is known that, in order to analyse properties of the group
Aut(M, %), there are several tools such as Floer theory and the residue trace of Wodz-
icki [48] and Guillemin [13] (see also [7]). In the present section, we focus on the
former one and then our goal is to suggest a problem with respect to the relation be-
tween Aut(M, x) and symplectic Floer and quantum homology.

First we give a brief review of the fundamentals for the Floer theory. There exist
analytical difficulties to be overcome and certain conditions to be assumed in order to
give the definition. However, we will not mention them again. Roughly speaking, Floer
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homology theory can be seen as Morse homology theory for a certain functional with
a suitable index. In fact, we use the symplectic action!! az on a loop space with the
dimps — pConley—Zhender instead of the Morse function f with the Morse index ftMorse
used in the finite-dimensional Morse theory.

On the other hand, quantum homology Q H, (M, ) := ®r®i+ j=k Hi (M, Z2)Q A ;
under suitable assumptions, where A = @A is called the Novikov ring of (M, w),
see [43] for details.

Next we explain the advantages of the smooth structure of Aut(M, ) and Diff(M, »).
According to the argument developed in [28], with certain assumptions, we can find a
secondary characteristic 1-form p which gives the nontrivial cohomology class!'?

[u] € Hjp(Aut(M, %)),

and then we can explicitly find nontrivial elements in 771 (Aut(M, *)) under a suitable
condition of the base manifold!® M.

As to Floer theory, it is known that there exists a map & (called the Seidel map [43])
from 1 (Diff(M, w)) into the Floer homology group H F.(M, ®). Thus composing &
with

WFs - 1 (Aut(M, %)) — 71 (Diff(M, w)),

we obtain a map
S o WG, : w1 (Aut(M, %)) - HF, (M, w).

Furthermore Piunikhin—Salamon—Schwarz [41] showed the existence of an iso-
morphism between symplectic Floer homology H F,(M, ) and quantum homology
QH,.(M, ). Hence under the above situation, it is natural to ask that

Problem Do the images of nontrivial cycles of Aut(x) by G o W, give invertible
elements in a quantum homology ring QH.(M, w)?

Remark that invertible elements in quantum homology seem to play a crucial role
in particle physics (cf. [41] and [43]). We will be concerned with this problem in a
forthcoming paper.

UHere, the symplectic action integral is defined by ay : LM — R/Z defined by

1
ag(x) =—/ u*a)—/ H;(x(¢))dt
{zeC:|z|<1} 0

for x € LM with a suitable periodic hamiltonian function H and a suitable smooth map u : {z €
C:|z| < 1} — M such that u (™) = x(¢).

12For construction of differential forms, we need the Lie group structure.

B3For example, when M = Dp4(C), i.e., bounded symmetric domain, we can find closed
paths &, of Aut(M,x), where A = (Aq,... sADs Ap gl sAp+q)» Ai € Z such that

+
(o @) =g X M = p X s
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Summary. In this paper we will show that a Mobius structure or a conformal structure of a
manifold induces a projective structure of a regular curve on the manifold, and that for a regular
curve on the sphere, the curve has no self-intersection if the projective developing map of the
curve is injective.
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1 Introduction

In the paper [1], the author and M. Wada introduced two kinds of Schwarzian derivative
of aregular curve x: I — (M, g) in a Riemannian n-manifold. One is defined as

Rg -2

[ PPty S T S
Sgx = (Vg Vix)x 2((Vxx)x ) 2n(n — 1)x

El

where multiplications are understood to be the Clifford multiplications with respect to
the metric g, and Ry is the scalar curvature of the metric g. The other is defined as

§ex = (Vi Vii)i~! — %((vxx)x—lﬁ - ¥(Lg - %),

n—2

where
L, =Ri Re
=Ric, - ———¢g,
S R TR L
and Ric, is the Ricci curvature. We call sgx and §gx the Schwarzian and the conformal
Schwarzian of the curve respectively. These two Schwarzian derivatives coincide if g
is an Einstein metric.
In this paper we will show that the Mobius (resp. conformal) structure of (M, g)
induces a projective structure of the curve x through s,x (resp. s,x), and we rephrase
Theorem 1.3 of [1] as follows:
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Theorem Let I be an interval and x : I — (S", go) be a regular curve of the Euclidean
sphere. If the projective developing map

devy,: I — RP!

is injective, then x: I — S" is injective.

2 Projective structures of a curve

We recall some basic properties of the Schwarzian derivatives of a regular curve ([1]).
First we note that our Schwarzians sgx and s,x have decompositions into their O-parts
and 2-parts:

sgx(t) = sgx(o)(t) + sgx(z) (1) eR AZTX(,)M,

§ex(1) = 5ox V(1) + 5,52 (1) e RO A’ Ty (y M.

Lemma 2.1 ([1]) For a regular curve x = x(t) on a Riemannian manifold (M, g), we
have

(e
-7 1 R
() sox©@ =21 | 2 4~ (2+—2—) |,
Vx| 4 nn—1)

1
SRicg (&, ),

(ii) ng(o) = sgx(o) —

where - = d/dt, d/ds = (1/|x|)d/dt is the derivation with respect to an arclength
parameter s, k is the geodesic curvature of the curve x, and Ricz, = Ricg — (Rg/n)g.
Lemma 2.2 ([1]) Suppose § = e*?g. Then,
(i) 55x@ = 50x@ 4 Py (x, 1),
(i1) §£,x(0) = ng(o),
where Py, = —e?V2e ¢ + %e‘p(Ae_‘”)g.

Thus if g and § are Mobius equivalent, then s3x© = s5,x©@ (cf. [1], [2], [3]), and
if g and § are conformal and n = dim M > 3, then 53x @ = §,x©.

We are interested in parametrization of the curve x: I — M.Let U C I be an
open set and u: U — R be a new local parameter. We assume u#t = du/dt > 0, and

put
[ dt
f - E»

thatis,u = [dt/f?. PutX := x ou~!, thatis, £(u(t)) = x(¢). Then we have
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Lemma 2.3

(i) 52 @ =2f3(f + 3(sgx ) ).
(i) 2@ = 2/3(f + 1 Gex ) ).

Proof. By a straightforward calculation, we have

d? d. 3
77 =3+ ( v 1x[) f.
s
This, together with Lemma 2.1, yields the desired equalities. O

From the above lemma we see that for any point ¢ € I, there is a neighborhood U C I
of t where we have a local parameter u: U — R such that either

sgxou H® =0 2.1

or
Se(xou™H® =0 (2.2)

holds.

Proposition 24 Let u: U — R and v: V — R be local parameters of the curve
x: I — M such that either

sg(x o u_l)(o) =sg(x 0 v_l)(o) =0

or
Se(xou™H O =5, (x 0 v™H@ = .
Then,
av+b
Ccvdd
for some a, b, c,d € R.
Proof. Since the argument is local, we may assume ¢t = v. Then it follows from

Lemma 2.3 that f = 0, i.e., ((du/dv)~'/?) = 0, which implies

W 3 (i)’
——=|=) =0
u 2 \u
Hence u is a linear fractional function in ¢t = v. O

In this way we have an open covering {U,} of I and maps u, : U, — R which satisfy
either (2.1) or (2.2), and then Proposition 2.4 says that the coordinate transforma-
tions u; o u7;! are 1-dimensional projective transformations. Namely, two projective
structures are defined on the interval /. It follows from Lemma 2.2 that the projective
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structure defined through sex with (2.1) (resp. sox with (2.2)) depends only on the
Mbbius (resp. conformal) structure of (M, g). These two projective structures through
sgx and Syx may be essentially different. For example, let (M, g) = R x gl (D),
and x: R - M;x() = (¢, po) for some py € $"~1(1). Then it is easy to see that
the projective structures on R through s, x and S, x are different because the projective
developing map, dev, : R — RP! = R U {00} for the former one, is not injective but
the one for the latter is injective.

It is natural to consider a projective developing map dev,: I — RP! in order to
see the projective structure of /. Here a projective developing map means simply a
projective map. Once a projective structure is defined on the interval 7, a developing
map dev, : I — RP! is defined, since [ is simply connected. Moreover the developing
map is uniquely determined up to a projective transformation of RP!. The following
propositions give some conditions on the injectivity of the projective developing maps.

Proposition 2.5 The following are equivalent:

(1) Thereis a global parameter u: I — R, such that sq(x o uH=o0.
(ii) There is a global parameter v: I — R, such that s¢(x o v <o.
(ili) The developing map dev,: I — RP' with respect to the projective structure de-
fined through sq,x with (2.1) is injective.

Proposition 2.5’ The following are equivalent:

(1) Thereis a global parameter u: I — R, such that $g(x o u " =0.
(ii) There is a global parameter v: 1 — R, such that 54 (x o v <o.
(iii) The developing map dev,: I — RP' with respect to the projective structure de-
fined through s,x with (2.2) is injective.

Proof. The proofs of Propositions 2.5 and 2.5" are completely similar. and we will
prove Proposition 2.5. It is obvious that the conditions (i) and (iii) are equivalent, and
it is trivial that (i) implies (ii). So we have only to show that (ii) implies (i).

We may assume sgx(o) (t) < 0 forany t € I. Consider an ordinary differential
equation

f+ %(sgx“”) f=0. (2.3)

Since this is a linear ordinary differential equation, we have a solution f: I — R
which satisfies (2.3) with initial conditions f(#) = 1 and f (t9) = 0 for some fixed
to € I.Then f > 0 whenever f > 0 since sgx(o) < 0. Hence we have f > lon I.
Thus u = fdt/f2: I — R is a parameter of x for which s¢(x o u~ 1@ =0 because
of Lemma 2.3 (i). ]

The Theorem in our Introduction is readily proved from Propositions 2.5 and The-
orem 1.3 of [1]. The theorem in [1] asserts that a regular curve x of the Euclidean
n-sphere satisfying sgx(o) < 0 is injective.
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Summary. We study Mobius applicable surfaces, i.e., conformally immersed surfaces in Mobius
3-space which admit deformations preserving the Mobius metric. We show new characteriza-
tions of Willmore surfaces, Bonnet surfaces and harmonic inverse mean curvature surfaces in
terms of Mdbius or similarity invariants.
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Introduction

In [11], Burstall, Pedit and Pinkall gave a fundamental theorem of surface theory in
Mbbius 3-space in modern formulation. Surfaces in Mobius 3-space are determined
by conformal Hopf differential and Schwarzian derivative up to conformal transfor-
mations. Isothermic surfaces are characterized as surfaces in Mobius 3-space which
admit deformations preserving the conformal Hopf differential.

On every surface in Mobius 3-space, a (possibly singular) conformally invariant
Riemannian metric is introduced. This metric is called the Mobius metric of the sur-
face. The Gaussian curvature of the Mobius metric is called the Mobius curvature.

Here we point out that the preservation of Mobius metric is weaker than that of
conformal Hopf differential.

Constant mean curvature surfaces (abbreviated as CMC surfaces) in the space
forms are typical examples of isothermic surfaces. Bonnet showed that every constant
mean curvature surface admits a one-parameter family of isometric deformations pre-
serving the mean curvature. A surface which admits such a family of deformations is
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called a Bonnet surface. Both the isothermic surfaces and Bonnet surfaces are regarded
as geometric generalizations of constant mean curvature surfaces.

On the other hand, from the viewpoint of integrable system theory, Bobenko intro-
duced the notion of surface with harmonic inverse mean curvature (HIMC surface, in
short) in Euclidean 3-space R3. The first named author extended the notion of HIMC
surface in R? to that of 3-dimensional space forms [19]. HIMC surfaces have deforma-
tion families (associated family) which preserve the conformal structure of the surface
and the harmonicity of the reciprocal mean curvature. Moreover, there exist local bi-
jective conformal correspondences between HIMC surfaces in different space forms.

It should be remarked that while every Bonnet surface is isothermic, HIMC sur-
faces are not necessarily isothermic. In fact, the associated family of Bonnet surfaces
or HIMC surfaces preserves the Mobius metrics, while the conformal Hopf differential
of HIMC surfaces are not preserved in the associated family.

These observations motivate us to study surfaces in Mobius 3-space (or space
forms) which admit deformations preserving the Mobius metric. We call such surfaces
Mobius applicable surfaces.

In this paper we study Mobius applicable surfaces.

First, we shall show the following new characterization of Willmore surfaces.

Theorem 1.5 A surface in Mobius 3-space is Willmore if and only if it is a Mobius
applicable surface whose deformation family preserves the Schwarzian derivative.

Next, we shall characterize both Bonnet surfaces and HIMC surfaces in the class
of Mobius applicable surfaces in terms of similarity invariants:

Theorem 2.4 A surface in Euclidean 3-space is a Bonnet surface or a HIMC surface if
and only if it is a Mobius applicable surface with specific deformation family in which
the ratio of principal curvatures is preserved.

Furthermore we shall give the following characterization of flat Bonnet surfaces:

Theorem 2.6 A Bonnet surface of non-constant mean curvature in Euclidean 3-space
is flat if and only if its ratio of principal curvatures or Mobius curvature is constant.

Our characterization results imply that “Bonnet” and “HIMC” are similarity no-
tions. Thus these classes of surfaces fit naturally into similarity geometry.

We emphasize that similarity geometry provide us non-trivial differential geometry
of integrable surfaces. In fact, the Burgers hierarchy is derived as a deformation of
plane curves in similarity geometry.

1 Deformation of surfaces preserving conformal invariants

1.1 Generalities of surface theory in conformal geometry

Let R be the Euclidean 3-space. The group Conf(3) of all conformal diffeomorphisms
are generated by isometries, dilations and inversions. The conformal compactification
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M3 of R3 is called the Mébius 3-space. By definition, M3 is the 3-sphere equipped
with the canonical flat conformal structure.

In this paper, we use the projective lightcone model of the Mobius 3-space intro-
duced by Darboux.

Let R? , be the Minkowski 5-space with canonical Lorentz scalar product:

(&,m) = —&ono +&m +Em +&1n3 + Eang.

We denote the natural basis of R? by {eo, e1, ... ,e4}. The unit timelike vector eg
time-orients Rf . The linear isometry group of R? is denoted by O1(5) and called the
Lorentz group [27]. The lightcone L of R? is

L={veR]|(v,v)=0, v#0}.
The lightcone has two connected components
Ly :={veLl] £, v) <0}

These connected components £ and £_ are called the future lightcone and past light-
cone, respectively.

Forv € L and r € R*, clearly,rv € L. Thus R* acts freely on £. The quotient
P(L) of L by the action of R* is called the projective lightcone.

The projective lightcone has a conformal structure with respect to which it is con-
formally equivalent to the unit sphere S* with constant curvature 1 metric.

In fact, let us take a unit timelike vector #y and set

S, :={v e P(L) | {to,v) = —1}.
Forv € §,,expressvasv = v+ + 79 so that v+ L #y. Then

0= (v,v) = (vh, vy + (0, o) = (v, vh) — 1.
This implies that the projection v > v is an isometry from Sty C P(L) onto the unit
3-sphere S° in the Euclidean 4-space R* = (Rfo)L. This identification induces the
following identification:

M3 S PL); vi— [1:v]

between the Mobius 3-space and the projective lightcone.

More generally, all space forms are realized as conic sections of L. In fact, for a
non-zero vector vy, the section S, inherits a Riemannian metric of constant curvature
—(vo, vo).

Definition 1.1 A diffeomorphism of M? is said to be a Mobius transformation if it
preserves 2-spheres. The Lie group Mob(3) of Mobius transformations is called the
Mbobius group.
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Any conformal diffeomorphism of M3 is a Mobius transformation.
The following result is due to Liouville:

Proposition 1.2 Let ¢ : U — V be a conformal diffeomorphism between two con-
nected open subsets of M?>. Then there exists a unique Mébius transformation ® of
M3 such that ¢ = ®|y.

The linear action of Lorentz group O1(5) on ]Rf preserves £ and descends to an
action on IP(£). For a unit timelike vector o and T € O(5), T restricts the action
to giving an isometry S;, — S74, so that the induced transformation on P(L) is a
conformal diffeomorphism. These facts together with Liouville’s theorem imply that
the sequence

0— Zy — 01(5) = Mob(3) - 0

is exact. Hence Mob(3) = OT (5), where OT(S) is the subgroup of O;(5) that pre-
serves L. (See [9, Theorem 1.2, 1.3].)
The de Sitter 4-space

St={veR]|(v,v) =1}

parametrizes the space of all oriented conformal 2-spheres in M?>. In fact, take a unit
spacelike vector v € S? and denote by V the 1-dimensional linear subspace spanned
by v. Then P(L N V=) is a conformal 2-sphere in M?>. Conversely any conformal
2-sphere can be represented in this form. Via this correspondence, the space of all
conformal 2-spheres is identified with Sf /Z. Viewed as a surface Sy, N VL of the
conic section Sy, , this conformal 2-sphere has the mean curvature vector H,

1 1.1
Hy, = —vy — (v, vg)v

at v, where vg is decomposed as vy = vOT + v(J)- according to the orthogonal direct sum
Ry=vVeV

Let F : M — M?3 = P(L) be a conformal immersion of a Riemann surface into
the Mobius 3-space. The central sphere congruence (or mean curvature sphere) of F
isamap S : M — Sf which assigns to each point p € M, the unique oriented 2-
sphere S(p) tangent to F at F(p) which has the same orientation to M and the same
mean curvature vector Hg(,) = H, at F(p) as F'. The pull-back Ir := (dS, dS) of
the metric of Si‘ by the central sphere congruence gives a (possibly singular) metric on
M and called the Mobius metric of (M, F). The Mobius metric is singular at umbilics.
The area functional A of (M, 1x4) is called the Mobius area of (M, F). A confor-
mally immersed surface (M, F) is said to be a Willmore surface if it is a critical point
of the Mobius area functional.

1.2 The integrability condition

Let F : M — M? be a conformal immersion of a Riemann surface. A lift of F is
amap ¥ : M — L4 into the future lightcone such that Ry (p) = F(p) for any
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p € M.Forinstance, ¢ := (1, F) : M — Se¢, C Ly is alift of F. This lift is called
the Euclidean lift of F. Now let ¢ be the Euclidean lift of F. Then for any positive
function p on M, ¢ is still a lift of F. Direct computation shows that

(d(@p), d(@p))1 = p>(dF,dF)y,

where (-, -)1 is the constant curvature 1 metric of M3. Take a local complex coordinate
z. Then the normalized lift ¥ with respect to z is defined by the relation:

(dy,dyr) = dzdz.
This lift is Mobius invariant. For another local complex coordinate 7, the normalized

lift ¥ with respect to Z is computed as ¥ = ¥/|Z.].
The normalized lift ¥ satisfies the following inhomogeneous Hill equation:

C
wzz‘i‘zl// =K.

Under the coordinate change z — Z, the coefficients ¢ and « are changed as

_d7? dz?
K—— =K——,
|dz| |dz]
éd3? = (c — S.(3))dz2, )

where S, (2) is the Schwarzian derivative of 7 with respect to z. Here we recall that the
Schwarzian derivative S;(f) of a meromorphic function f on M is defined by

_ f) 1<fzz>2
()= (=) - (&) .
/) (fz Ta\n

Moreover two meromorphic functions f and g are Mobius equivalent, i.e., related by
a linear fractional transformation:

_af+b (ab
Ccof+d \cd

8 ) e SL,C
if and only if their Schwarzian derivatives S;(f) = S;(g) agree.
Now we denote by L the 1-density bundle of M:

L := (K ®c K)~'/?, K is the canonical bundle of M.

The transformation law (1) implies that x dzz/ldz| is a section of L K2, ie., an L-
valued quadratic differential on M. This section is called the conformal Hopf differen-
tial of (M, F). The differential cdz? is called the Schwarzian of (M, F). The coeffi-
cient function c is also called the Schwarzian.

Note that the conformal Hopf differential vanishes identically if and only if M is
totally umbilical.

The integrability condition for a conformal immersion F : M — M? is given in
terms of x and c as follows:
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1 - -
5C; = 3K,k + KK,
2¢z b4 o b4 o)
Im (Kzz + Ec;c) =0.

These equations are called the conformal Gauss equation and the conformal Codazzi
equation, respectively.
The Mobius metric 11, is represented by

Iy = 4|k |*dzd?. 3)

The Euler-Lagrange equation for the Mobius area functional A, is called the
Willmore surface equation and given in terms of « and c as follows if [11, p. 51]:

1_
K37 + ECK =0. @)

1.3 Deformation of surfaces preserving the Schwarzian derivative or the
conformal Hopf differential

Generally speaking, the conformal Hopf differential alone determines surfaces in M.
However, there are the only exceptional surfaces—isothermic surfaces [10]. Isothermic
surfaces are defined as surfaces in M?> conformally parametrized by their curvature
lines away from umbilics. Away from umbilics, there are holomorphic coordinates in
which the conformal Hopf differential is real valued. Such holomorphic coordinates
(and their associated real coordinates) are called isothermic coordinates.

Now let (M, F) be an isothermic surface parametrized by an isothermic coordinate
z. Then under the deformation:

c— ¢ =c+r, rekR,

the conformal Gauss—Codazzi equations
2 1.
c; =4(k%);, Re |kzz+ ECK =0

are invariant. Hence, as in the case of CMC surfaces, one obtains a 1-parameter fam-
ily {F},} of deformations through F = F{ preserving the conformal Hopf differential
k. Since all ¢, are distinct, the surfaces {F,} are non-congruent to each other. The
family {F} is referred to as the associated family of an isothermic surface (M, F).
The correspondence F + F, is called the T-transformation by Bianchi [3]. The
T -transformation was independently introduced by Calapso [12] and also called the
Calapso transformation.

The existence of deformations preserving the conformal Hopf differential charac-
terizes isothermic surfaces as follows:

Theorem 1.3 ([11]) A surface in M? is isothermic if and only if it has deformations
preserving the conformal Hopf differential.



Deformations of Surfaces Preserving Conformal or Similarity Invariants 59

Corollary 1.4 ([11]) Let Fy, F» : M — M3 be two non-congruent surfaces with the
same conformal Hopf differential. Then both F| and F> belong to the same associated
family of an isothermic surface.

On the other hand, for deformations preserving Mobius metric and Schwarzian, we
have the following new characterization of Willmore surfaces.

Theorem 1.5 A surface in M?> is Willmore if and only if it has Mobius-isometric de-
formations preserving the Schwarzian derivative.

Proof. Let F be a surface in M3 with the Schwarzian derivative ¢ and the conformal
Hopf differential «. If F has deformation preserving the Mobius metric I and c,
there exists an S'-valued function A such that Ak and c satisfy the conformal Gauss
equation. Combining this with the conformal Gauss equation for F', we have

3 A+ Ah, =0, 3)

which implies that 23X is holomorphic and hence A is an §'-valued constant. Since
Ak and c satisfy the conformal Codazzi equation, combining this with the conformal
Codazzi equation for F', we have

1
K7z + EEK =0, (6)
which implies that F' is Willmore. O

Remark 1.6 E. Cartan formulated a general theory of deformation of submanifolds in
homogeneous spaces. The classical deformation problems (also called applicability of
submanifolds in classical literatures) in Euclidean, projective and conformal geometry
are covered by Cartan’s framework [13]-[14].

According to Griffiths [6] and Jensen [24], two immersions Fi, F» : M — G/K
of a manifold into a homogeneous manifold are said to be kth order deformation of
each other if there exists a smooth map g : M — G such that, for every p € M,
the Taylor expansions about p of F, and g(p)F; agree through kth order terms. An
immersion F' : M — G/K is said to be deformable of order k if it admits a non-trivial
kth order deformation.

Musso [25] showed that a conformal immersion of a Riemann surface M into the
Mbbius 3-space is 2nd-order deformable if and only if it is isothermic.

Remark 1.7 (Special isothermic surfaces) Among isothermic surfaces in R, Darboux
[18] distinguished the class of special isothermic surfaces. An isothermic surface F :
M — R? with first and second fundamental forms,

[=e®(dx®>+dy?), 1=e?(kidx®+ kady?),
is called special of type (A, B, C, D) if its mean curvature H satisfies the equation:

4¢°\VH|> + m?> +2Am +2BH +2C¢+ D =0,
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where ¢ = 2¢®VH? — K,m = —H{ and A, B, C, D are real constants. Constant
mean curvature surfaces are particular examples of a special isothermic surface. Spe-
cial isothermic surfaces with B = 0 are conformally invariant. Moreover, Bianchi [2]
and Calapso [12] showed that an umbilic free isothermic surface in M3 is special with
B = 0if and only if it is conformally equivalent to a constant mean curvature surface
in space forms. For modern treatment of special isothermic surfaces and their Darboux
transformations, we refer to [26]. In [1], Bernstein constructed non-special, non-canal
isothermic tori in M3 with spherical curvature lines.

Let F : M — M?3 be a conformal immersion. Then F is said to be a constrained
Willmore surface if it is a critical point of the Mobius area functional under (compactly
supported) conformal variations.

Proposition 1.8 ([6]) A compact surface F : M — M?3 is constrained Willmore if
and only if there exists a holomorphic quadratic differential gdz* such that

1_ _
K3z + ECK = Re (g«). @)
The constrained Willmore surface equation (7) has the following deformation:

K —> Ky = AK, C —> C), :=c+(kz—1)q, q — q) ‘= Aq,

forr € S'.

Hence we obtain a one-parametric conformal deformation family {F)} of a con-
strained Willmore surface (M, F'). This family is referred to as the associated family
of F.

Obviously, for Willmore surfaces (¢ = 0), the associated family preserves the
Schwarzian.

The following characterization of a constrained Willmore surface equation can be
verified in a way similar to the proof of Theorem 1.5:

Proposition 1.9 A surface F : M — M? has a deformation of the form
K+ Ak, c—=>c+r

for some S'-valued function A and a holomorphic quadratic differential rdz? if and
only if M satisfies (7).

Remark 1.10 A classical result by Thomsen says that a surface is isothermic Will-
more if and only if it is minimal in a space form ([8], [23, Theorem 3.6.7], [29]).
Constant mean curvature surfaces in space forms are isothermic and constrained Will-
more. Richter [28] showed that in the case of immersed tori in M3, all isothermic
constrained Willmore tori are constant mean curvature tori in some space forms. In
contrast to Thomsen’s result, the assumption “tori” is essential for Richter’s result.
In fact, Burstall constructed isothermic constrained Willmore cylinders which are not
realized as constant mean curvature surfaces in any space forms. See [6].
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2 Deformation of surfaces preserving similarity invariants

As we saw in the preceding section, preservation of conformal Hopf differentials is a
strong restriction in the study of deformation of surfaces. Clearly, preservation of the
Mbobius metric is weaker than that of the conformal Hopf differential. In this section
we study deformation of surfaces preserving the Mobius metric.

2.1 Mobius invariants via metrical language

First, we discuss relations between metrical invariants and Mobius invariants.

Let F : M — R3 be a conformal immersion of a Riemann surface into the Eu-
clidean 3-space. Denote by I the first fundamental form (induced metric) of M. The
Levi-Civita connections D of R? and V of M are related by the Gauss equation:

DxF,Y = Fu(VxY) + I(X, Y)n.

Here n is the unit normal vector field. The symmetric tensor field I is the second
fundamental form derived from n.

The trace free part of the second fundamental form is given by I — HI, where H is
the mean curvature function. Define a function # by & := ~/H? — K. This function &
is called the Calapso potential.

Then one can check that the normal vector field n/h and the symmetric tensor
field A% I are invariant under the conformal change of the ambient Euclidean metric.
Moreover the trace free symmetric tensor field

Iy := h(I — HI)

is also conformally invariant. It is easy to see that 42 I coincides with the Mébius
metric 1pq of (M, F). The pair (Inq, Irq) is called Fubini’s conformally invariant
fundamental forms. The Gaussian curvature Kaq of (M, 1,,) is called the Mobius
curvature of (M, F). The Mobius area functional A of (M, I14) is computed as

Apm = / (H?> — K)dAy.
M

Now let us take a local complex coordinate z and express the first fundamental
form as I = e“dzdz. The (metrical) Hopf differential is defined by

Q"= Qdz*, Q= (F:z.n).
Then the conformal Hopf differential and the metric one are related by the formula:
Kk = Qe . 2.1)

The Schwarzian derivative is represented as

1
c=w; — 5<wz>2 +2HQ.
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2.2 Similarity geometry

The similarity geometry is a subgeometry of Mobius geometry whose symmetry group
is the similarity transformation group:

Sim(3) = CO(3) x R,
where CO(3) is the linear conformal group
COB)={AeGL3R|3ceR; "AA=CcE }.

Let F : M — R3 be an immersed surface with unit normal n as before.

Under the similarity transformation of R3, Levi-Civita connections D and V are
invariant. Hence the vector-valued second fundamental form I» is similarity invariant.
The shape operator S = —dn itself is not similarity invariant, but the ratio of principal
curvatures are invariant. It is easy to see that the constancy of the ratio of principal
curvatures is equivalent to the constancy of K /H?. The function K /H? is similarity
invariant. The principal directions are yet another similarity invariant.

2.3 Deformation of surfaces preserving the Mobius metric and the ratio of
principal curvatures

Let F : M — R3 be a surface in Euclidean 3-space. Then the Gauss—Codazzi equa-
tions of (M, F) are given by

wzz + 3H?e” =2|Qe™” =0, 02
0: = %Hzew'

The Gauss—Codazzi equations imply the following fundamental fact due to Bonnet.

Proposition 2.1 ([7]) Every non-totally umbilical constant mean curvature surface
admits a one-parameter isometric deformation preserving the mean curvature.

Here we exhibit two examples of surfaces which admit deformations preserving
the Mobius metric.

Example 2.2 (Bonnet surfaces) Let F : M — R3 be a Bonnet surface. Namely
(M, F) admits a non-trivial isometric deformation F + F) preserving the mean cur-
vature. The deformation family {F;} is called the associated family of (M, F).

Since all the members Fj have the same metric and mean curvature, they have the
same Mobius metric. Note that the conformal Hopf differential is not preserved under
the deformation.

Example 2.3 (HIMC surfaces) A surface F : M — R is said to be a surface with
harmonic inverse mean curvature (HIMC surface, in short) if its inverse mean curva-
ture function 1/H is a harmonic function on M [4]. Since 1/H is harmonic, H can be
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expressed as 1/H = h + h for some holomorphic function /. The associated family
{F)} of a HIMC surface F is given by the following metric data (I, Hy, O,):

e(l)
(1= 2=1h0)2(1 + 2/—=1ht)?’
! =hy +hy, h) = h
27 BNND W VP
B 0 A_1—2«/—1% ‘e
(I +2v=1h)? T 1+ 21kt

From these, we have

I, =e“*dzdz, e“*

R.

0.

(H? — K;) = (1 =24/ =1ht)(1 + 2/=1ht)(H? — K),

Hence
(H? — K3)e” = (H* — K)e®.

Thus the Mobius metric is preserved under the deformation F + Fj. On the other
hand, the conformal Hopf differential is not preserved under the deformation. In fact,
the conformal Hopf differential of F) is

PP S 2y/—1ht
' 1+ 2/—1ht

Clearly «; is not preserved under the deformation.

While Bonnet surfaces are isothermic, HIMC surfaces are not necessarily so. The
dual surfaces of Bonnet surfaces are isothermic HIMC surfaces. Since the associated
families of Bonnet’s surfaces or isothermic HIMC surfaces do not preserve the confor-
mal Hopf differential, these families differ from the 7'-transformation families. Note
that T'-transformations are only well defined up to Mobius transformations [9, section
2.2.3].

Now we prove the following theorem which characterizes Bonnet surfaces and
HIMC surfaces in the class of surfaces which posses Mobius metric preserving defor-
mations. We call such surfaces Mobius applicable surfaces.

Theorem 2.4 Let F be a surface in R® which has deformation preserving the Mébius
metric and the ratio of principal curvatures. Then the deformation is given by

1
e” — |A%e®, H — mH, 0 — A0, (2.3)
where M is a function with |A| = | f| for some holomorphic function f. Moreover if
|[A| = 1 (respectively A\ is holomorphic), then F is a Bonnet surface (respectively a

HIMC surface).
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Proof. Note that the quantities | Q |2¢=® and e~/ H? are invariant under the deforma-
tion, which implies that the deformation is given as above for some function A (see
(2.1)). From the Gauss equation we have

(log |A%)z =0,

which implies that |A| = | f| for some holomorphic function f.

If |A| = 1, the deformation is nothing but the isometric deformation preserving the
mean curvature. Hence F is a Bonnet surface.

If A is holomorphic, putting (H')> = H?/|A|? and differentiating it by z, we have

2

A
rpyt M2 g2
2H'H, = H” + |)\|2HHZ.

[
Note that Q # 0 since F is umbilic-free. Combining the Codazzi equations for F and
the surface obtained by deformation, we have

1
H! = -H.. 24)
A
Hence we have
/ — _ﬁH_z 4 l
202 H, A
Differentiating it by z and using (2.4) again, we have
2|H,|*
H; — H =0,
which implies that F' is a HIMC surface. O

2.4 Flat Bonnet surfaces

Let M be a Bonnet surface in R3. Then away from umbilics, there exists an isothermic
coordinate z such that the Gauss—Codazzi equations of M reduce to the following
third-order ordinary differential equation (Hazzidakis equation [22]):

Hs H S\ R? =2 H? H,
- Ky = - T, s < 05 (25)
H /| Hj

where s = z + 7 and the coefficient function R(s) is one of the following functions [5,
p. 30]:

sin(2s) sinh(2s)

Ra(s) = > , Rp(s) = Rc(s) =s.

The modulus | Q| of the metrical Hopf differential Qdz%is given by

|0(z,2)| = (2.6)

R(s)?’
A Bonnet surface is said to be of rype A, B or C, respectively, if away from critical
points of the mean curvature, it is determined by a solution to a Hazzidakis equation
with coefficient R4, Rp or Rc ([5, Definition 3.2.1], [15]).
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Proposition 2.5 ([5], [20]) Flat Bonnet surfaces in R3 are of C-type.

Flat Bonnet surfaces are characterized as follows in terms of conformal (Mdbius)
or similarity invariants.

Theorem 2.6 A Bonnet surface in R3 with non-constant mean curvature is flat if the
Mobius curvature or the ratio of the principal curvatures is constant.

Proof. First we consider Bonnet surfaces with constant ratio of principal curvatures.
By the assumption the function K /H? is constant. Computing K /H? by using (2.5)
and (2.6), one can deduce that K = 0 if K /H? is constant.

Next, the Mobius curvature K a4 is computed as

1
KM = Fs(log Hy)ss

by using the Hazzidakis equation (2.5).
If K o4 is constant, a direct computation shows that the solution of (2.5) is

2 1
H=———-
Kz s

with K oq < 0. Hence the surface is flat. O

Appendices

A.1 Curves in similarity geometry

Let us consider plane curve geometry in the 2-dimensional similarity geometry (R2,
Sim(2)). Here Sim(2) denotes the similarity transformation group of R?.

Let y(s) be a regular curve on R? parametrized by the Euclidean arclength o-.
Then the Sim(2)-invariant parameter s is the angle function s = f 7 kg (s)do, where
kg is the Euclidean curvature function. The Sim(2)-invariant curvature kg is given
by ks = (KkE)s /K,ZS. Obviously, every circle is a curve of similarity curvature 0. The
Sim(2)-invariant frame field 7 = (T, N) is given by

T =y, N=T; +«T.

The Frenet—Serret equation of F is

F-1 aF _(xs —1
ds I —ks
Now let us consider plane curves of nonzero constant similarity curvature.
Put ks = c; (constant). Then we have 1/kg = (—c1)o + c2, namely y is a curve

whose inverse Euclidean curvature 1/kg is a linear function of the Euclidean arclength
parameter. Thus y is a log-spiral (if ¢; # 0) or a circle (¢ =0, ¢c2 # 0).
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These curves provide fundamental examples of Bonnet surfaces as well as HIMC
surfaces. In fact, let y be a plane curve of constant similarity curvature. Then a cylinder
over y is a flat Bonnet surface in R* as well as a flat HIMC surface in R?. Generally,
the Hazzidakis equation of Bonnet or isothermic HIMC surfaces reduces to Painlevé
equations of type III, V or VI. The solutions to a log-spiral cylinder are elementary
function solutions to these Painlevé equations. (see [5], [20]).

A.2 Time evolutions

Let us consider the time evolution of a plane curve y (s) in similarity geometry.
Denote by y (s; ¢) the time evolution which preserves the similarity arclength pa-
rameter s;

a
5 YD =8N+ fT.
Then the similarity curvature u = kg obeys the following partial differential equation:

Uy = fuss — 2ufss — Gus — u* — 1) fy — (ugy — 2uuy) f +aug, a€R.

In particular, if we choose f = —1,a = 0, then the time evolution of k obeys the
Burgers equation:
Uy = Ugg — 2ully.

More generally, the Burgers hierarchy is induced by the above time evolution, see [16,
pp. 17-18]. Space curves in similarity geometry and their time evolution, we refer to
[17].
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1 Introduction

The aim of this note is to investigate global structures of compact connected confor-
mally flat semi-symmetric spaces of dimension 3 and of non-constant curvature, using
the method of W. Thurston’s geometric structures in [19]. We determine such spaces
completely.

A semi-symmetric space is a smooth Riemannian manifold (M, g) with the curva-
ture tensor R satisfying the identity R(X, Y) - R = 0 for all vector fields X, ¥ on M,
where R(X, Y) acts as a derivation on R. The condition implies that, at each point p,
R, is the same as the curvature tensor of a symmetric space (which may change with
the point).

A motivation of the present study is the following. In [2] p. 179, there is a problem
asking if there exist compact semi-symmetric spaces of dimension n > 3 which are
locally irreducible and not locally symmetric. This is the compact version of Nomizu’s
conjecture in [12]. Most investigations of compact Riemannian manifolds would be-
long to geometry in the large. As a matter of fact, complete Riemannian manifolds have

*The author is partially supported by the Grant-in-Aid for Scientific Researches ((C)(2), No.
16540089) Japan Society for the Promotion of Science.
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no cones. So, we consider, as a geometry in the large, compact semi-symmetric spaces
except for cases of constant sectional curvature. In this note, we restrict ourselves to
cases of dimension 3 that are (locally) conformally flat.

The first work on global structures of compact conformally flat manifolds goes
back to Kuiper’s around 1949, see [9] and [10]. Since Thurston’s lectures on the geom-
etry and topology of 3-manifolds, flat conformal structures on compact manifolds have
been studied extensively by many authors, especially, in the field of topology, cf. [1],
[3], [6] and [11]. In the study of conformally flat n-manifolds, developing maps and
homomorphisms from fundamental groups into Mobius groups of S” form the most
important invariants. The image of the fundamental group under the homomorphism is
called the holonomy group. Limit sets of holonomy groups give rise to distinctions on
global structures of compact conformally flat manifolds. Hence our work in this note
concerns the study of limit sets of holonomy groups.

Semi-symmetric spaces have been investigated by many authors since E. Cartan’s
work on symmetric spaces in the middle 1940s. In 1982, Z. 1. Szab6 gave the full
local classification of semi-symmetric spaces. He proved that a semi-symmetric space
is locally a de Rham product of irreducible semi-symmetric spaces. However, he did
not give explicit expressions for the metric of such spaces. So, in 1996 O. Kowalski
studied the class of foliated semi-symmetric spaces in dimension 3. He solved the
partial differential equations to give explicit descriptions of spaces in the class, and
he classified them. The notion ‘semi-symmetricity’ has already been generalized as
‘pseudo-symmetricity’. Most of those researches belong to the local geometry.

Recently, G. Calvaruso classified in [20] the class of conformally flat semi-
symmetric spaces. He proved that a conformally flat semi-symmetric space M (of
dimension n > 2) is either locally symmetric or it is locally irreducible and isometric
to a semi-symmetric real cone.

Let M be a connected, locally conformally flat, semi-symmetric space of dimen-
sion 3 and with principal Ricci curvatures p; = py # p3 = 0. When M is complete,
we see in Section 2 that the universal covering of M is the Riemannian direct product
of a 2-dimensional space of constant curvature and a line R. In case M is, further, com-
pact, then we see that M turns out to be a Seifert fibre space (Theorem 2.6). By looking
into holonomy groups, we consider the cases that the holonomy group is discrete or
indiscrete, separately. We obtain the following theorems:

Theorem 5.3 Let M be a compact, locally conformally flat, semi-symmetric space of
dimension 3 and with the principal Ricci curvatures p1 = py # p3 = 0. Suppose that
the holonomy group is discrete. Then M is commensurable to a Kleinian manifold.

Theorem 6.6 Let (M, g) be a compact, locally conformally flat, semi-symmetric space
of dimension 3 and with the principal Ricci curvatures p1 = p2 # p3 = 0. Suppose
that the holonomy group is indiscrete. Then the developing map is a homeomorphism
onto S3\ S' and (M, 3) is a hyperbolic surface bundle over S'. Here g denotes a
metric induced from the flat conformal structure.

Corollary 6.7 Let (M, g) be as in the above Theorem 6.6. Suppose that the holonomy
group is indiscrete. Then (M, g) has negative scalar curvature.
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In this note we always assume that manifolds are smooth, connected and without
boundary. Also we assume that dimensions of manifolds are greater than or equal to 3
unless mentioned otherwise.

The contents of the paper is as follows: In Section 2 we give preliminaries for
semi-symmetric spaces. In Section 3, we recall the definition of geometric structure
and some basic notions. In Section 4, we introduce limit sets of holonomy groups. The
proofs of the above theorems are in Sections 5 and 6.

For the sake of completeness, brief proofs of some known results are included.

Acknowledgements The author is grateful to Professor O. Kowalski who pointed out a
mistake in the original manuscript. Also, the author would like to express appreciation
to the referee who informed her of G. Calvaruso’s paper.

2 Preliminaries

Let (M, g) be a three-dimensional semi-symmetric space. Let Ric be the Ricci form
of (M, g) and Q the field of symmetric endomorphisms satisfying Ric(X,Y) =
g(0QX,Y) for vector fields X and Y on M. Since M is of dimension 3, the curvature
tensor R of (M, g) is given by

trace Q

RX,Y)=0XAY+XAQY — XAY e))
for all vector fields X and Y. At each point of M we may choose an orthonormal basis
{e1, e2, e3} such that Qe; = A;e; fori = 1,2, 3. Then we have g(R(e;, ej)ex, ep) =0
whenever at least three of the indices i, j, k and & are distinct. Hence we can see that
one of the following three cases occurs:

M=A=X=A, A#O0;
M=Xt=A, A3=0, A#O0;
M =i =2x3=0.

It is known that, if the rank of the Ricci form is 3 at least at one point of M, then
(M, g) is a space of constant curvature, cf [15]. And, if A = A, = A3 = 0,then M
is flat. Next we shall assume that the rank of the Ricci form is 2 at any point of M.
Namely, we consider the case that the principal Ricci curvatures Aj = A = A # 0
and A3 = 0 everywhere. We may assume that M is orientable, by taking the orientable
double covering space of M if necessary.

In [8], O. Kowalski proved the following

Proposition 2.1 Let (M, g) be a 3-dimensional semi-symmetric space with the prin-
cipal Ricci curvatures Ay = Ay = A # 0 and A3 = 0 everywhere. Then, in a normal
coordinate neighborhood U of any point p, there exists a local coordinate system
(U; x,y,t) such that

g= (") + (@) + (@)’
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where

o' = filx, y,dx, @* = folx,y,)dy +q(x,y, )dx, o =dt+h(x,y)dx

and fi f» # 0. Furthermore, it follows that the equations o' = w* = 0 determine the

principal directions of zero Ricci curvature and the corresponding integral curves in

(U, g) are geodesics; and the variable t measures the arc-length along any geodesic
of this family.

Let (U; x, y, t) be the local coordinate system as in Proposition 2.1 and { E1, E»2, E3}
the local orthonormal frame dual to the coframe {a)l, w?, @ }.Then E;,i = 1,2, 3, are
vector fields of eigenvectors of the Ricci operator Q corresponding to the eigenvalues
Ai, respectively. The Levi-Civita connection V of (M, g) is given by

—f1
E 0 77 —a) (E
Ve, |E2| = o _o || B2
fifz
Es a c 0 Es
E1 0 —a —b E1
Ve, |E2) =|a 0 —e E> |,
E3 b e 0 E3
E, 0-b0 Eq
Ve, [E2| =7 0 0) | E2]).
E3 000 E3
where
fiy 1 , hy fa
=—, (h + g, —qfy), c=b———, =—,
Ji T 2fi /s ! ! fif )
and

—hhH).
f % (fo f20)

Notice that the last identity implies that the integral curves of the vector field E3
are geodesics. With respect to the basis {E1, E», E3}, we have

R(Ey, Ey) = AE1 AN Ep,  R(Ey, E3) =0, R(E2, E3) =0. ()

If (M, g) is locally conformally flat, the following identity holds:
1
(Vx Q)Y — (Vy Q)X = Z(X(trace Q)Y — Y(trace Q)X) 3)

for all vector fields X, Y on M.
Taking X, Y in (3) from {E, E;, E3} and using QE; = A; E;, we have

Eix=0, Ex»=0, h;:O, b=0, ¢=0 “
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and
E3l4+2)a =0, E3r+2re=0. 5)
By A # 0, it follows that a = e. Because of R(E1, E3)E3 = 0 and (5), we have
Eza+a’ =0. (6)

Hence we have a = 1/(t + ¢) for some constant c¢. Thus, we have A = ¢’/(t + ¢)?,
where ¢ and ¢’ are some constants. If we, furthermore, assume that M is complete,
then the integral curve of E3 is infinitely extendible and A(#) must be defined for any
t along the integral curve of E3. But, if a # O, % will be O for t = —c, which is a
contradiction. Thus,a = e = 0 and f; = fi(x,y) fori = 1,2. Alsog = g(x,y).In
the case when a = 0, it follows that X is constant. Since h’y = 0, applying a similar
argument as in the proof of Theorem 7.10 in [8], we may assume that # = 0. Thus,
summarizing the above argument, we obtain

Proposition 2.2 Let M be a 3-dimensional complete, locally conformally flat, semi-
symmetric space with the principal Ricci curvatures .y = Ay = A # 0 and 23 = 0
everywhere and M its universal covering space. Then M is a Riemannian product
space of a 2-dimensional space of constant curvature and a line R.

Applying G. Calvaruso’s work, Proposition 4.3 in [20], we see that M in the above
Proposition 2.2 is locally symmetric.

Corollary 2.3 Let M be a compact locally conformally flat 3-dimensional semi-
symmetric space with the principal Ricci curvatures A\ = Ay = X # 0and A3 =0
everywhere. Then the fundamental group 1(M) is infinite.

Now, we shall define a Seifert fibre space.

Definition 2.4 A 3-manifold M is called a Seifert fibre space if it has a decomposition
into disjoint circles, called fibres, such that each circle has a neighborhood in M which
is a union of fibres and is isomorphic to a fibred solid torus or a Klein bottle.

For compact 3-manifolds, a manifold is a Seifert fibre space if and only if it is
foliated by circles.

Let M be a compact, locally conformally flat, semi-symmetric space of dimension
3 and with the principal Ricci curvatures A; = A2 = A # 0 and A3 = 0 everywhere.
Let M be the universal covering space of M. Then M is N (k) x R (the Riemannian
direct product), where N (k) is a 2-dimensional manifold of constant curvature k. The
group of isometries of N (k) x R, denoted by I (N (k) x R), can be identified with
I(N(k)) x I(R) and the factors are regarded as subgroups naturally. Let G be the
discrete subgroup of I (N (k) x R) which acts freely and has quotient M. If we set
K := GNIR),then K is discrete and must be {1}, Z, Z; or Z> X Z. As G acts freely
on N (k) x R, it is torsion free. So K cannot be Z,. Let ¢ : G — I(N(k)) be the
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projection, and I' the image of ¢». Then, as K is normal in G and is the kernel of ¢, we
have the exact sequence
l > K—>G—->T—>1.

If K is Z or Z» X Z, each line {x} x R covers a circle in (N (k) x R)/K . Thus we have

Proposition 2.5 Let M be a compact, locally conformally flat, semi-symmetric space
of dimension 3 and with the principal Ricci curvatures A1 = Ay = A #0and A3 =0
everywhere. Let G be a discrete subgroup of 1 (N (k) x R) which acts freely and has
quotient M. If K = G N I (R) is isomorphic to 7 or Zy X Z, then the natural foliation
of N (k) x R by lines descends to a Seifert bundle structure on M.

When M is compact, K cannot be a finite group. Consequently, we have

Theorem 2.6 Let M be a compact, locally conformally flat, semi-symmetric space of
dimension 3 and with the principal Ricci curvatures Ay = d» = A # 0 and A3 =
0 everywhere. Then M is a Seifert fibre space. Furthermore, let G be the discrete
subgroup of I (N (k) x R) which acts freely and has quotient M. Then G N I (R) is Z
orZy X 7.

3 Geometric structures

We say two metrics g and g1 on a manifold M are (pointwise) conformal if g = f(x)g1
for some positive smooth function f on M. A smooth map v : (M, g) — (M1, g1) is
called a conformal map if g is (pointwise) conformal to ¥* gy .

We shall recall the definition of a geometric structure originally defined by W.
Thurston. We refer to, say [19], [1] or [3] for more details.

Definition 3.1 Let X be a real analytic manifold of dimension n > 3 and G a Lie
group acting on X faithfully, analytically and transitively. Let M be a paracompact
smooth manifold, {Uj },ca a collection of open sets of M and ¢, : U, — X an open
embedding into X . Then {(U,, ¢5)}reca is called an (X, G)-atlas if it satisfies the
following conditions:

1) {Uj}aen is an open covering of M, and U N U,, is connected if it is non-empty;
2) If Uy NU, # @, then there exists ¥ of G such that ¢, o ¢;1|WA(UKQUM) is the
restriction of .

A maximal (X, G)-atlas is called an (X, G)-structure on M. If M has an (X, G)-
structure, we say M is modeled on the pair (X, G),or M is an (X, G)-manifold.
Two (X, G)-atlases on M are called equivalent if their union is an (X, G)-atlas.
When X = §" = R" U {oco} =: R” is the one-point compactification of R" and
G = M(S") is the group of Mobius transformations of S”, we call an (X, G)-manifold
M a (locally) conformally flat manifold, and the corresponding (X, G)-structure on M
a flat conformal structure.
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If {(Uy, ¢5)}aren is a flat conformal structure on M, there is the induced Rieman-
nian metric ¢} g on U, where g is the standard metric on $". As U, N U, is con-
nected, there exists a unique ¥ € M(S") such that ¢, = V¥ o ¢; by the Liouville
theorem. Since v is conformal with respect to gy, two metrics ¢} g and 9,85 are
(pointwise) conformal on U, N U,,. Therefore, this metric pieces together to give a
Riemannian metric g on M: g = ), t,¢; g, where {1, } is a locally finite partition of
unity subordinating to the open covering {U, } of M. It follows that a flat conformal
structure on a manifold M corresponds to a conformal class of Riemannian metrics on
M bijectively.

Let p : N — M be a covering map. If Y = {(U,, ¢»)}rea is a flat conformal
structure on M, we call a flat conformal structure on N containing {(Vy, ¢ o p)}a
the lift of {(Uy, ¢5.)}rea by p, where V; is a connected component of p~!'(Uy). In
particular, when p is a homeomorphism, p*Uf and U are said to be isomorphic.

By the Liouville theorem, the conformal transformations of S” are determined lo-
cally and are given by Mobius transformations of S”. Therefore, by a standard mon-
odromy argument, a simply connected conformally flat manifold with dimension > 3
has a conformal immersion into S” which is unique up to composition with a Mobius
transformation of S”. We call such an immersion the developing map.

For a general (X,G)-manifold M, we can determine the developing map from the
universal cover M. We call it the developing map of M also. -

Let M be a locally conformally flat manifold of dimensionn > 3,p : M — M
the universal covering and D : M — S" the developing map. The fundamental group
(M) wilh base point p(x,) is identified, via x,, with the group of deck transforma-
tions on M. If y € (M), the relation D o y = & o D holds for some & € M(S")
by the uniqueness of the developing map up to composition with a conformal transfor-
mation of S”. Hence we have a representation p : w1 (M) — M(S"), which is called
the holonomy representation of the flat conformal structure. The image p (71 (M)) is
called the holonomy group.

Let M be locally conformally flat and g a Riemannian metric on M. We say g is
compatible with the flat conformal structure if for each A the map ¢, : (Uy, g) — S”
is a conformal map. The following result was established in [7], cf. [13].

Proposition 3.2 If M is a compact, locally conformally flat manifold, then M admits a
compatible metric whose scalar curvature does not change sign. The sign is uniquely
determined by the conformal structure: M admits a compatible metric of (1) positive,
(2) negative, or (3) identically zero scalar curvature.

Lastly, we shall recall the following theorem, called the holonomy theorem in the
literature. For a compact manifold M with a flat conformal structure, let us denote
by FC"(M) the set of C"-developing maps of M and Diff}, (M) the group of C’-
diffeomorphisms of M which are homotopic to the identity.

Theorem 3.3 (see [19], [3]). Let M be a compact, locally conformally flat man-
ifold of dimension n (= 3) and D : M — S" the C"-developing map. Then
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there is a neighborhood V. C FC"(M) of D homeomorphic to V| x V,, where
Vi € Hom(mr (M), M(S™)) is a neighborhood of the holonomy representation p of D
and V3 is a neighborhood of the identity in Diff’, (M).

4 Limit sets

In this section we define limit sets of subgroups of the Mobius group M (S") and
briefly discuss their properties. We refer to, say [1] for details.

Let I' be any (may not be discrete nor finitely generated) subgroup of M(S") . A
subset A C S” is said to be I'-invariant if y (A) = A for any y € I". We denote by Qr
the set of points x € S” such that there exists a neighborhood U of x with yUNU =@
except for finitely many y € I'. The set Qr , called the domain of discontinuity of
I", is the maximal ["-invariant open subset of S” on which I" acts discontinuously. We
say that I' is a Kleinian group if Qr # . A Kleinian group is discrete in M (S"). If
a Kleinian group I' acts freely on a I'-invariant domain Q C S”, we call the quotient
manifold 2/ I' a Kleinian manifold.

Definition 4.1 Let I" be any subgroup of M (S™). The set of accumulation points in S"
of the orbit I'(a) of some (and hence any) point a € D" is called the limit set of T.
Here D"*! denotes the unit disk bounded by the unit sphere S”.

We denote by L(I") the limit set of I", which is a closed and I"-invariant subset of
S". A subgroup I' is precompact if and only if L(I") = @.

Remark 4.2 There are several other ways to define limit sets of subgroups of M (S").
However, it is known that for the holonomy group of a compact, locally conformally
flat manifold they are identical.

For an arbitrary subgroup I' C M(S") the cardinality of L(I") is 0, 1, 2 or infinite.
If it is 1 or 2, then every point of L(I") is a common fixed point of elements of I'.
Whereas, if it is infinite, then L(I") is the unique minimal set (i.e., L(I") is contained
in any non-empty closed I'-invariant subset of S”), and any two points x, y of L(I") are
dual relative to I". Hence, for two distinct points x, y of L(I"), we can find a loxodromic
element of I whose fixed points are close to x, y, respectively. Here we say two points
x,y of L(I") are dual relative to T if there exists a sequence {yx} C I' such that
yk(a) — x and ykfl(a) — yask — oo.

Let I" be a discrete subgroup of M (S") and 2 a I'-invariant open subset of S” for
which S” \ € is neither empty nor a singleton. Then I" acts on €2 discontinuously.

Now we shall discuss holonomy groups. ~

Let M be a compact, locally conformally flat manifold. Let D : M — S” be the
developing map, p : w1 (M) — M(S") the holonomy homomorphism and H :=
p (1 (M)) the holonomy group. Note that if the developing map is a covering map
onto its image, then D(M) N L(H) = (.
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Proposition 4.3 Let M be a compact, locally conformally flat manifold of dimension
n > 3. Suppose that the developing map D : M — S" is a covering map onto its
image. If the cardinality of the limit set L(H) is less than or equal to 2, then the
holonomy group H := p(m1(M)) is discrete.

Proof. By |L| we denote the cardinality of the set L.

If |[L(H)| =0, then the developing map D is a homeomorphism and hence the
holonomy group H is a discrete group.

If|L(H)| = 1,wehave D(M) C §"\{x}. We choose coordinates on S\ {x} so that
S™\ {x} is identified with R" and x corresponds to the point co. In these coordinates
a Mobius transformation of S” which leaves the point co fixed is a similarity map. It
follows that the developing map is a homeomorphism and the holonomy group is a
discrete group. ~

Let |L(H)| =2.If $" \ D(M) = {x, x'}, then H has a subgroup of index 2 which
leaves the point x fixed. Thus the situation reduces to the preceeding one. O

Corollary 4.4 Let M be as in Proposition 4.3. If H = p (w1 (M)) is indiscrete, then
|L(H)| is infinite.

Remark 4.5 Let M be a compact, locally conformally flat manifold of dimension 3.
The developing map D : M_— $3 is an immersion. Suppose that M has infinite
fundamental group. Then D(M) # S if and only if the developing map is a covering
map (cf. [6]).

Proposition 4.6 Let M be a compact, locally conformally flat, semi-symmetric man-
ifold of dimension 3 and with the principal Ricci curvatures .1 = lo # A3 = 0
everywhere. Then the developing map is a covering map.

Proof. If D(M ) = §3, the developing map D is a homeomorphism. Because the fun-
damental group of M is infinite by Corollary 2.3, we have a contradiction. O

5 Discrete holonomy groups

Let M be a compact, locally conformally flat manifold of dimensionn > 3 and g a
Riemannian metric induced from the flat conformal structure. Let H = p(;r1 (M)) be
the holonomy group. In this section we consider the case that H is discrete.

If the developing map D : M — S”" is surjective onto S”, then it is a homeomor-
phism. The holonomy group is discrete and (M, g) is a spherical space form (i.e., a
complete Riemannian manifold of constant positive curvature).

If 0D(M) = {a point}, then (M, g) is a Euclidean space form. This is due to Fried
[4] and Matsumoto [11]. In this case the holonomy group is discrete and is isomorphic
tom(M).

A closed similarity manifold M is said to be a Hopf manifold if the developing map
D is a homeomorphism onto S” \ {two points} and the holonomy group is a subgroup
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of the group of similarities of R”. A Hopf manifold has a finite covering which is
homeomorphic to §"~! x §!, and the holonomy group is discrete.

In the last two cases, if M has infinite fundamental group, the developing map D
is a covering map. In particular, 8D(M) L(H).

Next, we shall study the general case under the following two conditions:

(H1) The developing map D : M— S"isa covering map onto its image.

(H2) The holonomy group H := p (1 (M)) is discrete.

Suppose that the conditions (H1) and (H2) hold for M. Let I' be a torsion free
subgroup of the holonomy group H with finite index. Then I" acts on D(M) freely.
The existence of such a I' is due to Selberg ([16]). Since the action of I is conformal
on a locally conformally flat manifold D (M), the Kleinian manifold D(M )/ T admits
a flat conformal structure. The developing map D induces the covering map

D:M/p (') > D(M)/T.

Since p~}(I) is of finite index in 771 (M), the covering g : M/p_l(l") — M is a finite
covering. Therefore M /p~1(I") is compact and the map D is also a finite covering.
Here we introduce a terminology and summarize the above observation using it.

Definition 5.1 Two locally conformally flat manifolds are said to be commensurable if
they have isomorphic finite coverings.

Proposition 5.2 Let M be a compact, conformally flat manifold of dimension n > 3.
Suppose that two conditions (H1) and (H2) hold for M. Then M is commensurable to
a Kleinian manifold.

Thus Proposition 5.2, together with Proposition 4.6, yields

Theorem 5.3. Let M be a compact, locally conformally flat semi-symmetric space of
dimension 3 and with the principal Ricci curvatures Ay = Ay # A3 = 0 everywhere.
Suppose that M satisfies the condition (H2). Then M is commensurable to a Kleinian
manifold.

6 Indiscrete holonomy groups

Let M be a compact, locally conformally flat manifold of dimension n > 3. In this
section we shall study the case that the holonomy group is indiscrete. Recall that the
limit set L(H) of the holonomy group is infinite in this case, cf. Corollary 4.4. We
consider the conditions:

(H1) The developing map D : M — S"isa covering map onto its image.
(H3) The holonomy group H = p(mr;(M)) is indiscrete.
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Let Hy be the closure of the identity component of H. Note that Hy # {1} by
(H3). S_ince Hy is a normal subgroup of H, the closure of H, it fogows that the limit
set L(Hy) is invariant under the action of H. We have L(H) = L(Hy).

Lemma 6.1. Fix x € L(H) and let K := Ho(x) be the orbit of x. Then K is dense in
L(H).

Proof. Let y € L(H) and V a neighborhood of y in 5"“. Let z € L(H) be dual
to y. Since L(H) is an infinite set, there is v € Hyq such that ¥ (x) # z. If U is

a neighborhood of z in 5"+1 with ¥ (x) ¢ U, then there exists ¢ € ‘Hy such that

¢>(5nJrl \ U) C V.In particular ¢/ (x) € V. O

First, we shall study the case that Hy is non-compact.

Proposition 6.2. Let M be a compact, locally conformally flat manifold of dimension
n > 3. Suppose that the conditions (HI) and (H3) holdfor M. If Hy is non-compact,
then the limit set L(H) of the holonomy group H is Rn—2

Proof. We consider the coordinates of R". We note that the orbit H o(x)of x € L(H)
under the action of Hy is dense in L(H) by Lemma 6.1. Moreover, since Hy is non-
compact, there is no fixed point of Ho in L(H). In fact, if there were a fixed point of
‘Hy in L(H), there must be at least three fixed points of Hy in L(H). Hence there is a
fixed point in D"*!, a contradiction.

Fix any point x € L(H) and let K =Aﬁ0(x) be the orbit of x. Then K is a
smoothly injective immersed submanifold in R”. We may assume that the origin o lies
in K. Since L(H) is infinite, there is a loxodromic transformation, cf. Section 4. We
call it f. We may assume the fixed points of f are 0 and co. Then f can be written as

f(x)=AP(x), whereA>1, P € O(n).

Since K is invariant under f, we have K = R¥ for some positive integer k(< n). Thus
L(H) = RF. By (H1) we have k # n. Finally we obtain k = n — 2, since otherwise
the developing map is a homeomorphism onto a connected component of R \ R and
H must be discrete, contradicting (H3). ]

Next we shall study the case that Hg is compact.

Proposition 6.3 Let M be a compact, locally conformally flat manifold of dimension
n > 3. Suppose that the conditions (HI) and (H3) hold for M. If Hq is compact, then
the limit set L(H) is S"~2.

Proof. The coordinates of S” are convenient in this case. We assert that if H is com-
pact, the fixed point set of Hg in S" is S¥ for some k, 0 < k < n. Assuming this
assertion, we prove Proposition 6.3 as follows: We have k # n since Hy is non-trivial.
Suppose k = n— 1. Since Hy is connected, Hy € SO(n+1) Thus H € O(n+1) and
M turns out to be modeled on the pair (S”, O(n + 1)) with finite fundamental group
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since M is compact, a contradiction. If k < n — 2, then $" \ S¥ is simply connected.
Since the developing map D is a covering map, D must be a homeomorphism and H
must be a discrete group, a contradiction. We have k = n — 2.

We shall prove the above assertion. Since H( is compact, there is a fixed point
of ﬁo in D"T!. We may assume that it is the origin o. If o is the only fixed point
of Hy. Then o is also a fixed point of H since H( is a normal subgroup of H. As
Hy is connected, we have Hy € SO(n + 1). Thus H € O(n + 1) and we have a
contradiction. Therefore at least one of the fixed points of Hy lies in §” . Let us denote
by S* the fixed point set of Hg in $”. By the H-invariance of S¥ and the minimality
of the limit set we have L(H) C S*. To prove the inverse inclusion, suppose that
there were a point x € S¥ \ L(H). Let V be an open neighborhood in $" of x such
that V N L(H) = §. We may assume k < n — 2. Then D~1(V \ Sk is connected
and hence D~ (V) is connected. So D must be a homeomorphism and H discrete, a
contradiction. O

With the above results we shall study global structures of compact, locally confor-
mally flat semi-symmetric spaces. We need another preparation.

Let M be a compact, locally conformally flat space of dimension 3. Suppose that
the conditions (H1) and (H3) hold for M. Then it follows from Propositions 6.2 and
6.3 that the limit set of the holonomy group has no interior points.

Let H"~! be the upper half space model of the hyperbolic space, i.e.,

H'" ' ={(x1,....x)) €R" : x,_1 > 0,x, =0}

with the Riemannian metric ds%{ = (dx12 -+ dxn 1)/xn |»and H" 1 x R the
Riemannian product space with the metric ds? o+ dt?, where dt? is the metric on

R. The isometry group I(H"~ 1) is identified with M(R” 2). Furthermore, we can
identify M(R” 2) with the group

{f € MRy : F(H"™ ) = H" 1},

Theorem 6.4. Let M be a compact, locally conformally flat manifold of dimension
n(= 3). Suppose that the conditions (H1) and (H3) hold for M. Then (M,g) is a
hyperbolic manifold bundle over the circle, where g is a Riemannian metric induced
from the (H"™! x R, M(R” 2y x R)-structure.

To prove the theorem we need the following lemma.

Lemma 6.5 Let M be a_compact, locally conformally flat manifold of dimension n
(= 3).Let D : M — R" be the developing map and p : (M) — M(R”) the
holonomy homomorphism. Suppose that D(M) = R" \ Rr—2,

Then the pair (D, p) can be lifted to the pair (D, p), where

D:M— H" ' xR,
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7 m(M) — MR ) x R.

Proof of Lemma 6.5. Let us denote by Ry € M(R”) the rotation by angle 6 around
R"=2. We define p: H" ' xR — R" \R" 2 by p(x,1) = Rog;(x). Then p is a
universal covering map. Let

S={feM®R": fR"2)=R"2).

If f € S,then f maps H"! to a half plane bounded by R2, Namely, such an f is
determined by f|g,-» and the image f(H n=1) So, it commutes with Rg. We have the
surjective homomorphism

EMR"H) xR - S

defined by £(f, t) = Ron; o0 f.Taking the diagonal action OfM(@”_Z) xRon H" 1 x
R, we have an equivariant map

(p. &)t (H" ' x R, MR"2) x R) > R"\R"2.8).
Thus we have the lift (D, p) of the pair (D, p) as desired. m]

Proof of Theorem 6.4 Let M be as in Theorem 6.4. We consider the coordinates R™.

Then the image of M by the developing map is R”LR” 2. We have the pair (D, p) such
that D : M — H" ' x Rand p : m; (M) - M(R""?) x R by Lemma 6.5. Theorem
3.3 (the holonomy theorem) allows us a small perturbation of a pair (D, p): Namely,
let us denote by p; the projection map from M(R" %) x R to the i-th factor. Define a
map o' : 11 (M) — M(R"2) x Rsothat pj o p’ = py o p and py 0 p/ (1 (M) € Q.

Set p” = & o p’, where £ : M(R” ) x R — S is the map defined in the proof of
Lemma 6.5 above. Then there is a smooth immersion D :M— R \ R"~2 such that
D'(yx) = ,o (y)oD (x)fory e my(M)and x € M. Moreover, the limit set of the pair
(D', p"y is R—2 , because p’ was perturbed only in the R-direction. The immersion D’
is a covering map onto Rn \ Rn—2

Again by Lemma 6.5, the map D’ lifts to a homeomorphism

D :M— H" ' xR,
Since py o /(w1 (M)) C Q, it follows that py o p’(;r1(M)) is infinite cyclic with a
generator, say 0. Let ' be the kernel of p; o p’. Then we have an exact sequence
l1>T —>ma (M) —0Z— 1

and a bundle structure of M with fibre H"~ 1/p] o p'(T) over R/OZ = st

We introduce the Riemannian metric on R" \ R"~2 so that the universal covering
map p: (H" ' xR, dsH +dr?) — R~ \R” ~2, defined in the proof of Lemma 6.5, is
(locally) isometric. O

Let (M, g) be a compact, locally conformally flat, semi-symmetric space of di-
mension 3 and with the principal Ricci curvatures A1 = Ay # A3 = 0 everywhere.
Then the developing map is a covering map by Proposition 4.6. Therefore we have
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Theorem 6.6 Let (M, g) be a compact, locally conformally flat, semi-symmetric space
of dimension 3 and with the principal Ricci curvatures Ay = Ay # Az = 0 every-
where. Suppose that the holonomy group is indiscrete. Then the developing map is a
homeomorphism onto S \ S' and (M, ) is a hyperbolic surface bundle over S'.

Owing to Proposition 3.2, we obtain

Corollary 6.7 Let M be as in above Theorem 6.6. Suppose that the holonomy group is
indiscrete. Then (M, g) has negative scalar curvature.
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Summary. First the fundamental results of analytic curves with singularities which correspond
to those in the classical theory of curves in Euclidean space are described. And then the geometry
of surfaces with singularities are studied.
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Introduction

In the previous paper [S] we studied elementary properties of analytic curves with
singularities and obtained two fundamental theorems. In the present paper we first
review those and, next, study elementary concepts and formulae on analytic surfaces
around singularities.

1 Curves at singularities

Let C be an analytic curve with a singular point xq in the Euclidean 3-space E3. We
may take a local parameter ¢ defined on a small open interval L containing + = 0 and
an analytic mapping x(¢) of L into C with x(0) = x¢ and (dx/dt)(0) = 0 ([S], §1).
Let us define a function 4(¢) by

h(t) = ||dx/dr|?,

where || - || is the Euclidean norm in E3. It is analytic on L and vanishes only at r = 0.
It coincides with (ds/dt)? at any non-zero point where s is the arc-length parameter.
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We define two functions on L which are said to be the curvature and the torsion of
C by
K@) = (h-||dx*/di*|* = (dx/dt, d*x/di*)*) [ h°,
(1) = det(dx/dt, d*x/di*, d>x /dt®) | (WP K),
respectively, where (, ) is the Euclidean inner product of E3 and det(-) denotes the
determinant of a matrix. They are analytic on L — {0}, and coincide with the square of

the curvature and the torsion in the classical meaning at non-singular points in x(L),
respectively.

We define a frame {e; ()} (i = 1, 2, 3) on C as follows:
e1 =dx/dt, ey =d’x/di> — (dh/dt)e1/(2h), e3=e| X e>.

We can easily show that e; is analytic in 7. The relation between the classical Frenet
frame {e;} and the above is stated as follows.

e = hl/zel, e = hKl/zez, ez = (h3K)1/283.
Then

leil>=h, lleall> = h’K, |lesl> = i*°K
(*)

(ei,ej) =0, for i;ﬁ ]

An elementary calculation shows that;

(log h)' /2 1 0
de/dt = —hK  (log h*K)' /2 T e
0 —ht (log K*K)' /2

where e = (“e1, ey, e3). This corresponds to the classical Frenet—Serret equation
and is uniquely determined by %, K and 7. It is said to be the fundamental equation of
C with respect to t.

Theorem (The first fundamental theorem). Let C be an analytic curve in E3. Let
xo be a singular point of C and let t be a local parameter of C at xo. Then there
exists an orthogonal frame {e; (t)} which satisfies (x) and the fundamental equation. In
particular, the directions of e; (i = 1, 2, 3) are independent of the choice of t.

Observing the power series expansions of #, K and t by virtue of a canonical local
parameter ([S], §1) where L is small enough, we can summarize those properties as
follows:

h(t) =Y 7261y hat*, hag—1y =A% and h >0 on L — {0},
K1) =332, Kit*, Kp, > 0,K > 0on L — {0}, ()
W)=Y g0, wt 1y #£0, A>2, A+u>0,A+v>0.
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We note that K and t may have poles at r = 0.
Finally we have obtained:

Theorem (The second fundamental theorem). Let (7)), K (¢) and 7(¢) be functions
which satisfy the conditions («x). Then there exists an analytic curve C : x = x(¢)
which admits an orthogonal frame {e;} satisfying (*) and the fundamental equation
with given K and t as its curvature and torsion, respectively. Such a curve is uniquely
determined up to a motion of E>.

2 Surfaces around singularities

Let S be an analytic surface defined by
X=X(u,v) = (xu,v), yu,v), z(u, v)),

in E3, where x, y and z are analytic functions.
‘We know that

Definition 1 At X(u, v), S has a singularity (or, S is singular) if and only if

r(u,v) = rank[i” Yu Z“] < 2.

v Yv 2v

Thus the set S(S) of singularities of S has dimension < 1 and, r(u, v) = 0 or 1
there.

Example 1 X = (uv, u3, v¥)ie.,x3—yz =0,8(5) = {(u, v) = (0,0)} and (0, 0) =
0.

Example 2 (Whitney umbrella without handle). X =(uv, u?,v), 8(S) = {(0,0)} and
r(0,0) = 1.

Example 3 (Cone). X = (u cos v, u sinv, u)). Then r(S(S)) =r(0,0) = 1.
Let us define E, F and G as usual by
E=(X,,Xy), F=(X,;,Xy), G=(X,,Xy),
where (-, -) means the inner product in [E3. Then the following is obvious.
Lemma 1 X(u, v) € S(S) ifand only if g = g(u,v) = EG — F? = 0.
We set

Definition 2 N = X, x X,,, where X is the exterior product in E3.
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Since (N, X,) = (N, X,) = 0, the following hold;
L=— <Xu: Nu> = (Nv qu) = det(qu, Xu, XU)’
M=— <Xu7 Nv) = (N, Xuv) = det(Xuv» Xy, Xv),
N=-— Xy, Ny) = (N, Xyp) = det(Xyy, Xy, Xp),

where det is the determinant of a matrix. Then the following relations hold between
the above and the quantities defined by Gauss, i.e., the unit normal vector n, the second
fundamental quantities L, M and N;;

N=ygn L=.gL, M=/gM, N=.gN.
We note that these are analytic.

Lemma2 I[f X = (u,v) € S(S), N=0, L =M =N = 0, where 0 is the zero

vector.
Lemma 3 (Gauss’ equation)The Gaussian curvature is
1 1
K=—(N - M?) = —— R
8 8
where Rgpcq is the so-called Riemann—Christoffel tensor.
Remark By the definition Rj712 is analytic.

Now, we rewrite u, v; X, Xy; E, F, G and £, M, N by u%; X;; gap and Lgp, re-
spectively. Then Gauss’ and Weingarten’s formulae are stated as follows;

0X . 1

_auZ =T X, + §£“” N #)
oN 1 o

5 = 8 LeaXy + 55 (log @)N (b)

where I'{, is the Christoffel symbol. These equations constitute a system of total dif-
ferential equations with singularities {g = 0}. The integrability conditions are Lemma
3 and

0
ouc
where ; is the covariant differential. It is the so-called Mainardi—Codazzi’s equation.

Next we consider the converse. Let analytic g, and L, be given. Suppose they
satisfy (#) and (b) with integrability conditions Lemma 3 and (bb). Then;

1 0
Eab;c - Eac;b = E < (log g) Lap — W(log g) Lac) (bb)

Conjecture There always exists an analytic solution of (#) and (b), i.e., an analytic
surface with arbitrary gup and Lgp as the first and second fundamental quantities, and
with singularities {g = 0}.

At the present time the best result applicable to this problem is due to Takano and
Yoshida ([T] and [TY]).

Theorem Let g = [[, h®, where h® = ", ciu® is linear in u®. Then the above
conjecture is true.
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Summary. A complex Lie algebroid is a complex vector bundle over a smooth (real) manifold
M with a bracket on sections and an anchor to the complexified tangent bundle of M which
satisfy the usual Lie algebroid axioms. A proposal is made here to integrate analytic complex
Lie algebroids by using analytic continuation to a complexification of M and integration to
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complex geometry. This suggests that the object integrating a complex Lie algebroid should be
a holomorphic stack.

AMS Subject Classification: H5805, 32Q99.

Key words: Lie algebroid, groupoid, stack, involutive structure, complex manifold, pseudocon-
vex domain.

1 Introduction

It is a pleasure to dedicate this paper to Professor Hideki Omori. His work over many
years, introducing ILH manifolds [30], Weyl manifolds [32], and blurred Lie groups
[31] has broadened the notion of what constitutes a “space.” The problem of “inte-
grating” complex vector fields on real manifolds seems to lead to yet another kind of
space, which is investigated in this paper.

Recall that a Lie algebroid over a smooth manifold M is a real vector bundle E over
M with a Lie algebra structure (over R) on its sections and a bundle map p (called the
anchor) from E to the tangent bundle 7' M, satisfying the Leibniz rule

la, fb] = fla, bl + (p(a) f)b

for sections a and b and smooth functions f : M — R. Sections of a Lie algebroid
may be thought of as “virtual” vector fields, which are mapped to ordinary vector fields
by the anchor.

*Research partially supported by NSF grant DMS-0204100.



94 A. Weinstein

There is an analogous definition for complex manifolds, in which E is a holomor-
phic vector bundle over M, and the Lie algebra structure is defined on the sheaf of
local sections. Such objects are called complex Lie algebroids by Chemla [6], but they
will be called in this paper holomorphic Lie algebroids to distinguish them from the
“hybrid” objects defined in [5] as follows.

Definition 1.1 A complex Lie algebroid ( CLA) over a smooth (real) manifold M is a
complex vector bundle E over M with a Lie algebra structure (over C) on its space £
of sections and a bundle map p (called the anchor) from E to the complexified tangent
bundle 7¢ M, satisfying the Leibniz rule

la, fbl = fla, bl + (p(a) /)b
for sections a and b in £ and smooth functions f : M — C.

The unmodified term “Lie algebroid” will always mean “real Lie algebroid.”

Every Lie algebroid may be realized as the bundle whose sections are the left in-
variant vector fields on a local Lie groupoid I". The integration problem of determining
when I" can be taken to be a global groupoid was completely solved in [8], but, for a
complex Lie algebroid, it is not even clear what the corresponding local object should
be. The main purpose of the present paper is to propose a candidate for this object.

Any CLA E whose anchor is injective may be identified with the involutive sub-
bundle p(E) € Tc M. Such subbundles have been studied extensively under the name
of “involutive structures” or “formally integrable structures,” for instance by Treves
[39]. An important issue in these studies has been to establish the existence (or nonex-
istence) of “enough integrals,” i.e., smooth functions which are annihilated by all the
sections of E. In the general C* case, the question is very subtle and leads to deep
problems and results in linear PDE theory. When E is analytic,! though, one can some-
times proceed in a fairly straightforward way by complexifying M and extending E
by holomorphic continuation to an involutive holomorphic tangent subbundle of the
complexification, where it defines a holomorphic foliation. The leaf space of this fo-
liation is then a complex manifold whose holomorphic functions restrict to M to give
integrals of E. (A succinct example of this may be found at the end of [35]; see Section
3.2 below.)

The leaf space described above may be thought of as the “integration” of the invo-
lutive subbundle E; this suggests a similar approach to analytic CLAs whose anchors
may not be injective. Any analytic CLA E over M may be holomorphically contin-
ued to a holomorphic Lie algebroid E’ over a complexification M¢; E’ may then be
integrated to a (possibly local) holomorphic groupoid G. Since G will generally have
nontrivial isotropy, one must take this into account by considering not just the orbit
space of G, but the “holomorphic stack™ associated to G.

Some intuition behind the complexification approach to integration comes from
the following picture in the real case. If G is a Lie group, there is a long tradition of

UIn this paper, “analytic” will always mean “real analytic”, and “holomorphic” will be used
for “complex analytic.”
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thinking of its Lie algebra elements as tiny arrows pointing from the identity of G to
“infinitesimally nearby” elements. If G is now a Lie groupoid over a manifold M, M
may be identified with the identity elements of G, and an element a of the Lie algebroid
E of G may be thought of as an arrow from the base x € M of a to a groupoid element
with its source at x and its target at an infinitesimally nearby y € G. The tangent vector
p(a) is then viewed as a tiny arrow in M pointing from x to y.

Now suppose that E is a complex Lie algebroid over M. Then p(a) is a complex
tangent vector. To visualize it, one may still think of the tail of the tiny arrow as being
at a, but the imaginary part of the vector will force the head to lie somewhere “out
there” in a complex manifold M¢ containing M as a totally real submanifold. To invert
(and compose) such groupoid elements requires that their sources as well as targets be
allowed to lie in this complexification M. Thus, the integration should be a groupoid
over the complexification.

What exactly is this complexification? Haefliger [18], Shutrick [37], and Whitney
and Bruhat [44] all showed that every analytic manifold M may be embedded as an
analytic, totally real submanifold of a complex manifold M¢. Any two such complex-
ifications are canonically isomorphic near M. Consequently, the identity map extends
uniquely near M to an antiholomorphic involution of M¢ (“complex conjugation’)
having M as its fixed point set. Finally, Grauert [16] showed that the complexification
may be taken to have a pseudoconvex boundary and therefore be a Stein manifold. M¢
is then called a Grauert tube.

Of course, constructing the complexification requires that the Lie algebroid have a
real analytic structure. For the underlying smooth manifold M, such a structure exists
and is unique up to isomorphism [43], though the isomorphism between two such
structures is far from canonical. Extending the analyticity to E is an issue which must
be deal with in each example.

In fact, examples are at the heart of this paper. Except for some brief final remarks,
the many observations and questions about CLAs which arise naturally by extension
from the real theory and from complex geometry will be left for future work. Concepts
such as cohomology, connections, modular classes, Kéhler structure, and quantization
are discussed by Block [3] and in work with Cannas [5] and with Leichtnam and Tang
[24].
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2 Complexifications of real Lie algebroids

A complex Lie algebroid over a point is just a Lie algebra g over C. It seems natural to
take as integration of g a holomorphic Lie group G with this Lie algebra. In particular,
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if g is the complexification of a real Lie algebra gg, then G is a complexification of a
real Lie group GR.

Next, given any real Lie algebroid ER, its complexification E becomes a complex
Lie algebroid when the bracket and anchor are extended by complex (bi)linearity. If
ER is integrated to a (possibly local) Lie groupoid G, then a natural candidate for G
would be a complexification of G . For this complexification to exist, Gg must admit
an analytic structure, and, when this structure does exist, it is rarely unique (though it
may be unique up to isomorphism). Examples follow.

2.1 Zero Lie algebroids

Let ER be the zero Lie algebroid over M. An analytic structure on Ep is just an ana-
lytic structure on M, which exists but is unique only up to noncanonical isomorphism.
Now the unique source-connected Lie groupoid integrating ER is the manifold M it-
self, which always admits a complexification M. This complex manifold is far from
unique, but its germ along M is unique up to natural (holomorphic) isomorphism, given
the analytic structure on M. One could say that the choice of analytic structure on M
is part of the integration of this zero complex Lie algebroid.

This example suggests that the object integrating M should be the germ along M
of a complexification of M. Getting rid of all the choices, including that of the analytic
structure, requires that the complexification M¢ be shrunk even further, to a formal
neighborhood of M in M. Both of these possibilities will be considered in many of
the examples which follow.

Remark 2.1 One could define the germ as an object for which the underlying topo-
logical space is M, but with a structure sheaf given by germs along M of holomor-
phic functions on M. But these are just the analytic functions on M. For the formal
neighborhood, the structure sheaf becomes simply the infinite jets of smooth complex-
valued functions.

2.2 Tangent bundles

Let E = Tc M be the full complexified tangent bundle. Once again, an analytic struc-
ture on Egr = T M is tantamount to an analytic structure on M, which leads to many
complexifications M, as above. A source-connected Lie groupoid integrating 7'M is
the pair groupoid M x M, while the source-simply connected groupoid is the funda-
mental groupoid 7 (M). The pair groupoid Mc x Mg is then a complexification of
M x M and may be taken as an integration of the complex Lie algebroid 7c M. On
the other hand, w (M) could be complexified to w (Mc); however, the result is sensi-
tive, even after restriction to M, to the choice of M¢. If M is taken to be a small
neighborhood of M, the restriction to M is just 7 (M).

2.2.1 Interlude: The integration as a stack

Some of the dependence on the choice of M¢ disappears when two groupoids are
declared to be “the same” when they are Morita equivalent. The groupoid is then seen
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as a presentation of a differential stack (see Behrend [2] and Tseng and Zhu [40]) or,
more precisely, a holomorphic stack. Since a transitive groupoid is equivalent to any of
its isotropy groups, the stack represented by a pair groupoid M x M is just a point. The
only difference between this and M x M is that the latter represents a “holomorphic
point.” Depending on the choice of groupoid, this point as a stack might carry isotropy
equal to the fundamental group of M or even of one its complexifications.

2.3 Action groupoids

Any (right) action of a Lie algebra ¥ on M induces an action, or transformation,
groupoid structure on the trivial vector bundle Egr = M x £. The complexified bun-
dle E = M x ¥c becomes a complex Lie algebroid whose anchor maps the constant
sections of E to a finite dimensional Lie algebra of complex vector fields on M.

When the £ action comes from a (left) action of a Lie group K, ER integrates to
the transformation groupoid K x M; in fact, Dazord [9] showed that ER is always
integrable to a global groupoid Gr which encodes the (possibly local) integration of
the € action.

Passing from ER to E complicates issues significantly. First, complexifying G
requires an analytic structure on it, which amounts to an analytic structure on M for
which the £ action is analytic. But this can fail to exist even when ¥ = R, in other
words, when the action is simply given by a vector field. For instance, if the vector
field vanishes to infinite order at a point p of M, but not on a neighborhood of p, it
can never be made analytic, so complexification of the action groupoid G and hence
integration of E become impossible except on the formal level.

In addition, it is conceivable that some smooth action groupoids may be made ana-
lytic in essentially different ways, even though, according to Kutzschebauch [21], this
cannot happen for proper actions by groups with finitely many connected components.
Perhaps there is a smooth action which admits several quite different complexifica-
tions.

When M and the £ action are analytic, the vector fields generating the action extend
to holomorphic vector fields on a complexification M, leading to a holomorphic Lie
algebroid structure on M¢ x k¢ . This integrates to a holomorphic Lie groupoid G, the
“local transformation groupoid” of the complexified K¢ action.

Note the slightly different strategy here —the Lie algebroid is first extended to the
complexification and then integrated, rather than the other way around. This strategy
will be used extensively below.

Example 2.2 Let £ = R act on M = R via the vector field x % When ¢ is considered
as the Lie algebra of the multiplicative group R, the resulting action groupoid is
RT x R, with the first component acting on the second by multiplication. The orbits
of this groupoid are the two open half lines and the origin.

A natural complexification of R* x R is the action groupoid C* x C, whose
orbits are the origin in C and its complement C*. When this groupoid is restricted
to the original manifold R, the two half lines now belong to the same orbit, even if
the complexification C is replaced by a small neighborhood of the real axis. (In this
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case, the complexified groupoid would no longer be an action groupoid, but it would
still have just the two orbits.) As a stack, the complexified groupoid represents a space
with two points, one of which is an ordinary holomorphic point. The second point is
in the closure of the first and has isotropy group C*.

After restriction of the groupoid to the germ of C around M, or to the formal
neighborhood, the notion of “orbit” is harder to pin down, since the groupoid does not
directly define an equivalence relation.

A somewhat different result is obtained if the algebroid is first extended and then
integrated. The extended complex Lie algebroid is C x C; for its natural integration,
the group is the simply connected cover C of C*. The action groupoid is now C x C
with the action w-z = e"z, for which the orbits are the same as before, but the isotropy
group of nonzero z (including real z) is now 27iZ.

Remark 2.3 A similar but slightly more complicated example is given by the vector
field on the phase plane M = R? which describes a classical mechanical system near
a local maximum of the potential function. The complexication of the action groupoid
R x R? includes groupoid elements connecting states on opposite sides of the potential
maximum which cannot be connected by real classical trajectories. These groupoid
elements are not without physical interest, though, since they may be interpreted as
representing quantum tunneling.

2.4 Foliations

An analytic foliation Egr C T M extends to a holomorphic foliation of M¢, and, if M¢
is small enough, the leaf stack of the latter is just a straightforward complexification
of the (analytic) leaf stack of the former. In particular, if the former is a manifold, so is
the latter.

But there are many foliations which admit no compatible analytic structure. Take
for example the Reeb [33] foliation (or for that matter, according to Haefliger [18],
any foliation) on $3. The leaf space of the Reeb foliation consists of two circles and
a special point whose only open neighborhood is the entire space. The isotropy group
of the holonomy groupoid is trivial for the leaves on the circles and Z? for the special
leaf.

To complexify the Lie algebroid by complexifying the foliation groupoid, one
might look instead at the equivalent groupoid given by restriction to a cross section
to the leaves. This cross section can be taken as a copy of R on which Z? acts, fixing
the origin, with one of the two generators acting by 1-sided contractions on the left
half line and the other by contractions on the right. Complexifying the action of the
generators gives maps on C which have essential singularities at the origin, and there
seems to be no way to make a holomorphic stack out of this data.

3 Involutive structures

A complex Lie algebroid E over M with injective anchor may be identified with the
image of its anchor, which is an involutive subbundle of 7 M. Following Treves [39],
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these subbundles will be called here involutive structures. An analytic structure on E
is just an analytic structure on M for which E admits local bases of analytic complex
vector fields.

Let E be an analytic subbundle of T¢c M, then, and M¢ a complexification of M.
Identifying Tc M with the restriction to M of T M, one may extend the local bases
of analytic sections of E to local holomorphic sections of 7 M¢. For M¢ sufficiently
small, local bases again determine a holomorphic subbundle E’ of T M¢. Holomorphic
continuation of identities implies that E’ is itself involutive; by the holomorphic Frobe-
nius theorem, it determines a holomorphic foliation of M¢. The holonomy groupoid
of this foliation determines a holomorphic stack which may be considered as the inte-
gration of the complex Lie algebroid E.

The rest of this section is devoted to examples of involutive structures viewed as
CLAs.

3.1 Complex structures

An almost complex structure on M is an endomorphism J : TM — T M such that
—J? is the identity. Tc M is the direct sum of the —i and +i eigenspaces of the com-
plexified operator Jc. These conjugate complex subbundles, denoted by T;)’] M and
T Jl’OM respectively, are involutive if and only if J is integrable in the sense that the

Nijenhuis tensor N; vanishes. The eigenspace TJO’1 M is then a CLA which, like J it-
self, is called a complex structure. It is a standard fact that every subbundle E C Tc M
suchthat E @ E = Te M is T;)’] M for some almost complex structure J .

Theorems of Eckmann—Frolicher [11] and Ehresmann [12] (analytic case)2 and
Newlander—Nirenberg [29] (smooth case) tell us that any complex structure on M is
locally isomorphic to the standard one on R** = C”; i.., it gives a reduction of
the atlas of smooth charts on M to a subatlas with holomorphic transition functions,
making M into a complex manifold. Let us pretend for a moment, though, that we do
not know those theorems and look directly at the integration of an analytic complex
structure as a holomorphic stack. (The result of this exercise will turn out to be the
original 1951 proof!)

According to the discussion above, complexification gives a foliation E of a suit-
ably small M whose leaves, by the condition E @ E = Tc M, have tangent spaces
along M which are complementary to the real subbundle 7M. As a result, shrinking
M again can insure that each leaf is a holomorphic ball intersecting M exactly once,
transversely, so that the leaf space of this foliation may be identified with M. This leaf
space being a complex manifold, M itself inherits the structure of a complex manifold.
Holomorphic local coordinates on M result from sliding open sets in M along the fo-
liation E’ to identify them with open sets in holomorphic transversals, e.g., leaves of
the holomorphic foliation E’ which extends E.

The holomorphic stack in this case may be identified with M as a complex man-
ifold, presented by the holonomy groupoid of the foliation E’. An alternate presenta-
tion is the etale groupoid obtained by restricting the holonomy groupoid to the union

2The cited authors also attribute the result to de Rham.
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of enough transversals to cover M under projection along E’. The latter groupoid is
just the equivalence relation associated to a covering of M by holomorphic charts.
When E is given simply as a smooth complex structure, the only recourse is to
invoke the Newlander—Nirenberg theorem. This has the consequence that M has an
analytic structure in which E is analytic, so the previous situation is obtained.

Remark 3.1 The analytic structure on M which makes a complex structure £ analytic
is unique, since it must be the one attached to the holomorphic structure determined
by E. The situation is therefore different from that for the complex Lie algebroid Tc M
and the zero Lie algebroid, whose integration depends on an arbitrary choice of ana-
lytic structure compatible with the given smooth structure.

3.2 CR structures

A step beyond the complex structures within the class of involutive systems are the
general CR structures. These are subbundles E of TcM such that E and E intersect
only in the zero section, but E @ E is not necessarily all of To M 3

Any “generic” real submanifold M in a complex manifold X inherits a CR struc-
ture, namely the intersection Gy x = TcM N T;)’ 'X . To be precise, the submanifold
is called generic when Gy x has constant dimension; note that real hypersurfaces are
always generic in this sense. Gy, x @ Gy, x is the complexification of the maximal
complex subbundle Fy; x of T M. A natural geometric problem, which has led to fun-
damental developments in linear PDE theory, is whether a given CR manifold can be
realized either locally or globally as a submanifold in some complex manifold, and in
particular in C". For analytic CR structures, the integration method of this paper solves
this problem. What follows below essentially reproduces an argument of Andreotti and
Fredricks [1], or more precisely, that in the review by Rossi [35] of that paper.

Let E’ be the integrable holomorphic subbundle of 7 M¢ which extends E. The
corresponding foliation will be called the CR foliation. If M has (real) dimension 2n+r
and E has complex dimension 7, then M¢ has complex dimension 2n + r, and the
leaves of the CR foliation have complex dimension n; each of them meets M in a
point, with no common tangent vectors (since E contains no real vectors). It follows
that M¢ can be chosen so that the leaves are simply connected; the stack defined by the
foliation groupoid is then simply a complex manifold N of complex dimension n 4 r
containing M as a real hypersurface of real codimensionr. Whenr =0, N = M, and
M is a complex manifold; when n = 0 (zero Lie algebroid), N = M. (Andreotti and
Fredricks [1] call N a complexification of M for any #n; thus, the complexification of a
complex manifold is the manifold itself.)

3.3 The Mizohata structure

The next example shows that the natural map from M to a stack which integrates a
complex Lie algebroid £ — M may not be injective.

3Some authors use the term “CR structure” only when E @ E is of codimension 1 in T M.
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As in Example 1.10.1 of Treves [39], the Mizohata structure over M = R? is
defined to be the involutive system E spanned by the complex vector field

id/dt —t 3/dx.

It is a complex structure except along the x-axis, where it is the complexification of the
real subspace spanned by 9/d. The holomorphic continuation of E over C? is spanned
by the same vector field in which (x, ¢) are taken as complex variables, and the leaves
of the corresponding foliation E’ are the levels of the invariant function ¢ = x —it?/2.
These levels, which can be described as graphs x = it%/2 + ¢ with the parameter ¢
running through C, are contractible, so the stack defined by the foliation groupoid is
isomorphic to C with ¢ as its complex coordinate. The natural map from M to this
stack folds R? along the x-axis, and the image is the (closed) lower half plane.

The situation becomes more complicated rather than simpler if the complexifica-
tion is shrunk to a neighborhood of R? in C?, for instance that defined by the bounds
|St] < € and |Jz| < € on the imaginary parts. In this case, some of the level mani-
folds of ¢ split into two components, so that the corresponding part of the leaf space
(the complement of a strip near the origin in the lower half plane) bifurcates into two
branches.* The common closure of these branches is a family of leaves depending on
one (real) parameter, so we can describe the integration of the Mizohata structure (or
the “complexification”, in the language used in CR geometry) as the non-Hausdorff
complex manifold which is the union of an open strip along the real axis in the com-
plex ¢-plane with two copies of the rest of the lower half plane. The map from M to
this stack now separates points except those in a strip along the x axis, which is folded
as before.

Integrals of the involutive structure on M must be even in f near the x axis; since
they are holomorphic away from the x axis, they must be even everywhere. In this
case, there are integrals of £ which are not the pullback of holomorphic functions on
the stack. (See Example II1.2.1 in Treves [39].)

It is not clear what kind of geometric object is obtained in the limit as the complex-
ification shrinks down to M, or for the formal complexification.

A test problem for any global theory of integration is to describe the integration of
involutive structures on smooth surfaces which have Mizohata-type singularities along
a collection of simple closed curves and which are complex structures elsewhere.

3.4 Eastwood—Graham and LeBrun—Mason structures

In the next example, due to Eastwood and Graham [10], the map from M to the stack
integrating a complex Lie algebroid has nondiscrete fibres.

Consider C? with coordinates z = x + iy and w = s + it and the involutive
structure spanned by d/dx +i d/0dy and 9/dt — (x +iy) d/ds, or, in complex notation,
d/0z and 9/0¢t — z d/ds. When y # 0, this is a complex structure, while when y = 0,
it contains the real subspace spanned by d/0¢ — x 0/9s. The integrals for this structure
are generated by z = x +iy and ¢ = s+ z¢. On the complexification C2 = C4,x, v,S,

4There is no bifurcation in the upper half plane.
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and r may have complex values, and then the map (z, ¢) : (Cé — C2 is a submersion
whose fibres are the leaves of the extended foliation; thus, the leaf space (and hence the
stack which integrates the structure) may be identified with the complex (z, {) plane.

What is singular here is the map ¢ from the original C> = R* to this stack. When
the variables (x, y, s, t) are real, ¢ is a local diffeomorphism, except on the hypersur-
face y = 0, where each of the orbits of the vector field d/dt — x d/ds is mapped to a
constant. The image of this hypersurface is the subset of the (z, ¢) plane on which the
variables are both real, and, as is clearly described by Eastwood and Graham [10], the
map ¢ realizes the (real) blow-up of R? in C2.

A similar involutive structure was constructed by Lebrun and Mason [23] on the
projectivized complexified tangent bundle of a surface with affine connection; the sin-
gular curves in their example are the geodesics.

4 Boundary Lie algebroids

This section exhibits CLAs which are neither involutive systems nor the complexifica-
tion of real Lie algebroids. The example is taken from work with Leichtnam and Tang
[24] on Kahler geometry and deformation quantization in the setting of CLAs. The
description of the integration of these CLAs is not complete.

Let X be a complex manifold of (complex) dimension n + 1 with boundary M,
and let £y, x be the space of complex vector fields on X whose values along M lie in
the induced CR structure Gy x. Ey,x is a module over C*°(X) and is closed under
bracket. The following lemma shows that it may be identified with the space of sections
of a complex Lie algebroid Ey x.

Lemma 4.1 &y x is a locally free C*°(X)-module.

Proof. Away from the boundary, £y x is the space of sections of TcM, hence lo-
cally free. Near a boundary point, choose a defining function v, i.e., a function which
vanishes on the boundary and has no critical points there. Next, choose a local basis
v1,..., U, of Gy x and extend it to a linearly independent set of sections of 7o%1x,
still denoted by v, defined in an open subset of X, to be shrunk as necessary. Let
v; be the complex conjugate of v;. These vectors all annihilate ¥ on M; there is no
obstruction to having them annihilate y» everywhere. Next, choose a local section vy
of T%1X such that 7y - ¥ = 1, and let vy be its conjugate. This gives a local basis
(v, v) for the complex vector fields. Such a vector field belongs to £y x if and only
if, when it is expanded with respect to this basis, the coefficients of vy and all the v;
vanish along M. Since this means that all these coefficients are divisible by i with
smooth quotient, setting u, = Yo, u/j =7vjforj=1,...,n,and u; = yv; for
j=0,...,nproduces a local basis (u, u") for Ey x . ]

To integrate the boundary Lie algebroid E s x, assuming analyticity as usual, one
may begin by extending X slightly beyond M, so that M becomes an embedded hy-
persurface. In the complexification X¢, M extends to a submanifold M¢ of complex
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codimension 1. The CR structure on M extends (see Section 3.2) to the tangent bun-
dle E’ of the CR foliation on M. The holomorphic continuation of Ej; x is then the
holomorphic Lie algebroid whose local sections are the vector fields on X¢ whose
restrictions to M¢ have their values in E’.

What is the groupoid of this Lie algebroid over X¢? Over the complement of M,
the Lie algebroid is the tangent bundle, so the groupoid could be taken to be the pair
groupoid. Since M has complex codimension 1, though, its complement generally has
a nontrivial fundamental group, and the fundamental groupoid or one of its nontrivial
quotients might be appropriate as well. The choice depends in part on compatibility
with the choice made on M itself.

Over M, the image of the anchor of the extended Lie algebroid is the tangent
bundle E’ to the CR foliation, but now, unlike in the pure CR situation, there is non-
trivial isotropy. To describe this isotropy, note that, at each point x of M, there is a
flag E!. C TyMc C Ty Xc. The isotropy algebra may be identified with the endomor-
phisms of the normal space Ty X /E, which vanish on Ty M¢ . Given two points x and
y in M, there are morphisms in the integrating groupoid from x to y if and only if
x and y lie in the same leaf of the CR foliation. Each such morphism is then a linear
map TxXc/E, — TyXc/E', whose restriction TxMc/E; — TyMc/Ej coincides
with the linearized holonomy map along any path in the leaf. (Assume that the com-
plexification is small enough so that the leaves are simply connected.) In particular,
when x = y, the isotropy group consists of the automorphisms of T, Xc/E! which
fix TxMc/E ; (Compare the author’s discussion in Section 6 of [42], where the Lie
algebroid and its integrating groupoid are studied for the vector fields tangent to the
boundary of a real manifold, as well as the treatment by Mazzeo [25] of vector fields
tangent to the fibres of a submersion on the boundary. Finally, a slightly different, class
of vector fields on a manifold with fibred boundary is used by Mazzeo and Melrose
[26])

When x lies on the real hypersurface M, the space above admits an explicit de-
scription in terms of the CR geometry. Over M, T X restricts to Tc X, T M is just
TcM, and E’ is the CR structure Gy x = TcM N T?’IX . Thus, the isotropy of the

integrating groupoid consists of the automorphisms of 7¢ X/ Tc M N T})’IX which fix

its codimension 1 subspace TcM/TcM N T?’IX . These automorphisms act on the
complexified normal bundle Tc X /T¢c M, and those which act trivially on the normal
bundle are “shears” which may be identified with the additive group of linear maps
from that normal bundle to Tc M /TcM N T;)’IX . The choice of a defining function
trivializes the normal bundle, so the isotropy is an extension of the automorphism (or
“dilation”) group of the normal bundle by the abelian group Tc M /TcM N T;)‘ 'x.

The preceding description of the integrating groupoid is not complete, since it lacks
an explanation of how the piece over the interior and the piece over the boundary fit
together. In particular, if one were to use the fundamental groupoid on the interior, as
described above, it may be necessary to use a covering of the automorphisms of the
line bundle on the boundary.
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5 Generalized complex structures

In the rapidly developing subject of generalized geometry, originated by Hitchin [19],
the tangent bundle T M of a manifold with its Lie algebroid structure is replaced by the
generalized tangent bundle T M, which is the direct sum TM @ T*M equipped with
the Courant algebroid structure consisting of the bracket

1
(1, 01), (52,01 = ([517 &1, Lg,0r — Le, 01 — Ed(ia@z - i$291)) ,

the anchor 7M — T M which projects to the first summand, and the symmetric bilin-
ear form

1
((€1,01), (52, 02)) = E(ia@z +i501).

Like the tangent bundle, 7 M may be complexified to the “complex Courant alge-
broid” 7¢c M. It is not a complex Lie algebroid, but it contains many CLAs, in particu-
lar the complex Dirac structures, i.e., the (complex) subbundles E which are maximal
isotropic for the symmetric form and whose sections are closed under the bracket. For
instance, if A € T¢ M is an involutive system and At C TEM is its annihilator, then
A @ Al is a complex Dirac structure.

Of special interest among the complex Dirac structures are those for which E @
E = T M. These are called generalized complex structures and are the —i eigenspaces
of (the complexifications of) integrable almost complex structures 7 : 7M — T M;
the integrability condition here is that the Nijenhuis torsion is zero, the usual bracket
of vector fields in the definition of the torsion being replaced by the Courant bracket.

In particular given a complex structure J : TM — T M, with associated
CLA T}MM , the direct sum with its annihilator is the generalized complex structure

* . . . .
TJO’IM = T;“M &) le’0 M . The image of the anchor is the involutive system T;)’IM,
but TJO’IM itself is not an involutive system, since the kernel of its anchor is the non-

trivial bundle T}’O*M . Also, TJO "M is not isomorphic to the complexification of a real
Lie algebroid, since the image of its anchor is not invariant under complex conjugation.

Another kind of example arises from symplectic structures on M, viewed as bundle
maps w : TM — T*M. Here, the generalized complex structure E,, is defined to be
the graph of the complex 2-form iw. This time, the anchor is bijective, so, as a Lie
algebroid, E,, is isomorphic to Tgc M.

What is the integration, in the sense of this paper, of a generalized complex struc-
ture? First, let J be a complex structure on M, TJO Ay = T})’lM eT JI’O*M the corre-
sponding generalized structure. Complexifying M and J as in Section 3.1 gives a foli-
ation on M¢. The groupoid which integrates the holomorphic continuation of T;)’IM
is the semidirect product groupoid obtained from the action of the holonomy groupoid
of the foliation (via the “Bott connection) on its conormal bundle. (This is just the
holomorphic version of a construction by Bursztyn, Crainic, Zhu, and the author [4].)
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This action groupoid is equivalent to the holomorphic leaf space M carrying the cotan-
gent bundle T Jl 0 M of additive groups as its isotropy. The corresponding stack is the
bundle over M whose fibres are the “universal classifying stacks” of the cotangent
spaces.

Next let w be a symplectic structure on M. Since the generalized complex structure
E,, is isomorphic to T¢ M, its integration must be that of T¢c M, i.e., the holomorphic
point, perhaps carrying the fundamental group of M as isotropy. To see what has be-
come of w, it is best to look again at (real and complex) Dirac structures.

As a subbundle of 7 M, a Dirac structure E carries a natural skewsymmetric bilin-
ear form, the restriction of

B(&1,01), (62, 62)) = (1/2)(ig, 02 — i, 01).

It is shown in [4] that this form gives rise to a multiplicative closed 2-form on a
groupoid integrating E, producing a presymplectic groupoid. Applying this construc-
tion to the holomorphic extension of any complex Dirac structure E shows that its
integration as a CLA is a holomorphic symplectic groupoid over M. In particular, for
E,, or any other complex Poisson structure, it is a holomorphic symplectic groupoid.
For E;, or any other direct sum of an involutive structure with its annihilator, the re-
striction of B is zero, and hence so is the presymplectic structure on the integrating
groupoid.

6 Further topics and questions

A notion of integration for complex Lie algebroids has been proposed in this paper.
There are many interesting questions about other extensions of Lie algebroid theory to
the complex case, including the relation between these extensions and the integration
construction proposed here. Some examples conclude this paper.

6.1 Integrability

Does the integrability criterion of Crainic and Fernandes [8] apply in the holomor-
phic case? What are the conditions on an analytic CLA which determine whether its
holomorphic continuation is integrable? What can one do in the nonanalytic case?

6.2 Cohomology

A “van Est” theorem of Crainic [7] describes the relation between the cohomology
of a Lie algebroid and that of its integrating groupoids. The definition of cohomology
extends in a straightforward to CLAs (for instance, it gives the Dolbeault cohomology
in the case of a complex structure). Is there a van Est theorem in this case, too?
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6.3 Bisections

One consequence of the integration of a Lie algebroid E is that the submanifolds of an
integrating groupoid which are sections for the source and target maps form a group
whose Lie algebra in some formal sense is the space of sections of E'. Is there a similar
construction for the case of a complex Lie algebroid? Some hints might come from
the constructions by Neretin [27] and Segal [36] (also see Yuriev [45]) of a semigroup
which in some sense integrates the complexified Lie algebra of vector fields on a circle.
Conversely, a general construction for CLAs could provide complexifications for the
diffeomorphism groups of other manifolds.

6.4 Quantization

Once a Lie algebroid E has been integrated, the groupoid algebra of an integrating
groupoid may be considered, following Landsman and Ramazan [22], as a deformation
quantization of the Poisson structure on the dual bundle E*, or as a completion of
Rinehart’s [34] universal enveloping algebra of E. Is there a corresponding application
for the integration of a CLA?

On the other hand, given a complex Poisson structure IT on M, it defines a CLA
structure on the complexified cotangent bundle. Integration of this structure should
give a holomorphic symplectic groupoid which should be somehow related to the
deformation quantization of (M, m). On the formal level (without integration), it is
possible [24] to extend the methods of Karabegov [20] and Nest and Tsygan [28] to
construct deformation quantizations of certain boundary Lie algebroids as in Section
4 above.

6.5 Connections and representations

If £ is a CLA over M and V is a complex vector bundle V, an E-connection on V
is amap a — V, from the sections of E to the C-endomorphisms of the sections of
V which satisfies the conditions Vg,u = fV,u and Vogu = gVau + (p(a)g)u. The
connection is flat and is also called a representation of £ on V if the mapa +— V, isa
Lie algebra homomorphism.

For instance, if E is a complex structure, a representation of £ on V is a holo-
morphic structure on V. More generally, representations of CR structures correspond
to CR vector bundles, as in the work of Webster [41]. After complex extension, an
analytic representation of an analytic CR structure becomes a flat connection along the
leaves of the CR foliation, which leads to a holomorphic vector bundle on the com-
plexification.

If E is the generalized complex structure associated to a complex structure on M,
a representation on V is a holomorphic structure on V together with a holomorphic
action of the (abelian) cotangent spaces of M as endomorphisms of the fibres of V.
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6.6 The modular class

The modular class of a Lie algebroid, introducted by Evens, Lu, and the author [14] is
the obstruction to the existence of an “invariant measure.” Its definition extends directly
to the case of CLAs. For a complex structure, the modular class is the obstruction to
the existence of a Calabi—Yau structure.
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Summary. In this paper we present a construction of Ricci-flat connections through an induc-
tion procedure. Given a symplectic manifold (M, w) of dimension 2n, we define induction as
a way to construct a symplectic manifold (P, u) of dimension 2n + 2. Given any symplectic
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Introduction

A symplectic connection on a symplectic manifold (M, ) is a torsionless linear con-
nection V on M for which the symplectic 2-form w is parallel. A symplectic connec-
tion exists on any symplectic manifold and the space of such connections is an affine
space modelled on the space of symmetric 3-tensorfields on M.

In what follows, the dimension 2n of the manifold M is assumed to be > 4 unless
explicitly stated. The curvature tensor R of a symplectic connection V decomposes
[5] under the action of the symplectic group into two irreducible components, RY =
EY + WV. The EV component is defined only in terms of the Ricci-tensor 7V of V.
All traces of the WV component vanish.

Two particular types of symplectic connections thus arise:

— symplectic connections for which WY = 0; we call them Ricci-type symplectic
connections;
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— symplectic connections for which EV = 0; they are called Ricci-flat since EV =
0 rY =0.

When studying [1] local and global models for Ricci-type symplectic connections,
(or more generally [2] so-called special symplectic connections), Lorenz Schwachhofer
and the present authors were led to consider examples of the following construction:

e start with a symplectic manifold (M, w) of dimension 2n;

e build a (cooriented) contact manifold (N, «) of dimension 2n+1 and a submersion
7w : N — M such that do = n*w;

e define on the manifold P = N x R a natural symplectic structure 1.

It was observed [1] that if (M, w) admits a symplectic connection of Ricci type, one
could “lift” this connection to P and the lifted connection is symplectic (relative to w)
and flat.

The aim of this paper is to generalize this result. More precisely we formalize
a notion of induction for symplectic manifolds. Starting from a symplectic manifold
(M, w), we define a contact quadruple (M, N, «, ), where N, « and 7 are as above,
and we build the corresponding 2n + 2-dimensional symplectic manifold (P, u). We
prove the following:

Theorem 4.1 Let (M, w) be a symplectic manifold which is the first element of a con-
tact quadruple (M, N, a, ). Let V be an arbitrary symplectic connection on (M, ).
Then one can lift V to a symplectic connection on (P, ) which is Ricci-flat.

This theorem has various applications. In particular one has

Theorem 5.3 Let (P, (t) be a symplectic manifold admitting a conformal vector field
S which is complete, a symplectic vector field E which commutes with S and as-
sume that, for any x € P, ux(S, E) > 0. Assume the reduction of ¥ = {x € P |
wx (S, E) = 1} by the flow of E has a manifold structure M withw : ¥ — M a
surjective submersion. Then (P, 1) admits a Ricci-flat connection.

The paper is organized as follows. In Section 1 we study sufficient conditions for
a symplectic manifold (M, w) to be the first element of a contact quadruple and we
give examples of such quadruples. Section 2 is devoted to the lift of hamiltonian (resp.
conformal) vector fields from (M, w) to the induced symplectic manifold (P, ©) con-
structed via a contact quadruple. We show that if (M, w) is conformal homogeneous,
so is (P, u). Section 3 describes the structure of conformal homogeneous symplec-
tic manifolds; this part is certainly known but as we had no immediate reference we
decided to include it. Section 4 gives some constructions of lifts of symplectic connec-
tions of (M, w) to symplectic connections on the induced symplectic manifold (P, )
constructed via a contact quadruple. We also prove Theorem 4.1. In Section 5 we give
conditions for a symplectic manifold (P, u) to be obtained by induction from a contact
quadruple (M, N, o, ). We give also a proof of Theorem 5.3.
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1 Induction and contact quadruples

Definition 1.1 A contact quadruple is a quadruple (M, N, «, m) where M is a 2n-
dimensional smooth manifold, N is a smooth (2n + 1)-dimensional manifold, « is a
cooriented contact structure on N (i.e., @ is a I-form on N such that @ A (da)” is
nowhere vanishing), 7 : N — M is a smooth submersion and do = 7 *w where w is
a symplectic 2-form on M.

Definition 1.2 Given a contact quadruple (M, N, «, i) the induced symplectic mani-
fold is the (2n 4 2)-dimensional manifold

P:=NxR
endowed with the (exact) symplectic structure
wi=2e" ds A pia + e* dpfa = d(e* pia)

where s denotes the variable along R and p; : P — N the projection on the first
factor.

Remark 1.3 The word induction has been used by various authors in symplectic ge-
ometry, with different meanings. In [4], Guillemin and Sternberg consider a construc-
tion which is a symplectic analogue of the induced representation construction. In-
duction in the sense of building a (2n + 2)-dimensional symplectic manifold from
a symplectic manifold of dimension 2n is considered by Kostant in [4] (see further
Example 2).

Remark 14 e The vector field S := 9; on P is such that i(S)u = 2ezs(p’1*a);
hence Lsu = 2 and S is a conformal vector field.

o The Reeb vector field Z on N (i.e., the vector field Z on N such that i (Z)da =0

and i (Z)a = 1) lifts to a vector field E on P such that: p1,E = Z and ds(E) = 0.

Since i (E)u = —d(ezs), E is a Hamiltonian vector field on (P, w). Furthermore

[E,S]=0,
w(E, S) = —2¢%.

e Observe also thatif ¥ = {y € P|s(y) = 0}, the reduction of (P, ) relative to
the constraint manifold ¥ (which is isomorphic to N) is precisely (M, w).

e For y € P define Hy(C TyP) => E,§ <1 Then Hy, is symplectic and (77 o
D1)+y defines a linear isomorphism between Hy and Ty, ()M . Vector fields on M
thus admit “horizontal” lifts to P.

We shall now make some remarks on the existence of a contact quadruple, the first
term of which corresponds to a given symplectic manifold (M, w).
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Lemma 1.5 Let (M, w) be a smooth symplectic manifold of dimension 2n and let
N be a smooth (2n + 1)-dimensional manifold admitting a smooth surjective sub-
mersion T on M. Let H be a smooth 2n-dimensional distribution on N such that
Twx  Hx = TryM is a linear isomorphism (remark that such a distribution may
always be constructed by choosing a smooth Riemannian metric g on N and setting
H, = (ker s )" ). Then either there exists a smooth nowhere vanishing I-form o and
a smooth vector field Z such that Vx € N we have (i) keroy = Hy (ii) Zx € Ker mqyx
(iii) ax (Zy) = 1 or the same is true for a double cover of N.

Proof. Choose an auxiliary Riemannian metric g on M and consider N' = {Z € TN |
Z € kerm, and g(Z, Z) = 1}. If N’ has two components, one can choose a global
vector field Z € kerm, on N and define a smooth 1-form « with kere = H and
a(Z) = 1.If N’ is connected, N’ is a double coverof N (p : N' — N : Z, — x)
and we can choose coherently Z' € Tz N’ by the rule that its projection on TN is
precisely Z. O

This says that if we have a pair (M, N) with a surjective submersion : N - M
we can always assume (by passing eventually to a double cover of N) that there exists
a nowhere vanishing vector field Z € ker , and a nowhere vanishing 1-form « such
that «(Z) = 1 and ker « projects isomorphically on the tangent space to M. The vector
field Z is determined up to a non-zero multiplicative factor by the submersion 77; on
the other hand, having chosen Z, the 1-form o can be modified by the addition of an
arbitrary 1-form § vanishing on Z. If @ = o + B is another choice, the 2-form da is
the pullback of a 2-form on M iff i (Z)da = 0; i.e., iff:

() LzB =—Lza, (i) B(Z2) =0.

This can always be solved locally. We shall assume this can be solved globally.

Lemma 1.6 Let (M, ) be a smooth symplectic manifold of dimension 2n and let N
be a smooth (2n + 1)-dimensional manifold admitting a smooth surjective submersion
7w on M. Let Z be a smooth nowhere vanishing vector field on N belonging to ker ..
Let a be a 1-form such that «(Z) = 1. If Lza = ua, for a certain u € C°°(N), then
uw = 0 and da is the pullback of a closed 2-form v on M. Furthermore if X (resp.Y)
is a vector field on M and X (resp. Y) is the vector field on N such that (i) X =X
(resp. .Y =Y) (ii) a(X) = a(Y) = 0, then:

[X,Y]-[X,Y] = —7*(v(X, Y))Z,
[Z, X]=0.

Proof. We have m,[Z, X1=0,[Z, X1 =a(Z, X)Z = —(Lza)(X)Z = 0.
Since (Lza)(Z) = da(Z, Z) = 0, u vanishes. Also:

i(Z)da = Lza =0,

so da is the pullback of a closed 2-form v on M. Finally:
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X, Y] = m[X, Y],
X, Y]1=[X,Y1+a(X,YDZ=[X,Y]—-da(X,V)Z.

]

Corollary 1.7 If v = w, the manifold (N, «) is a contact manifold and Z is the cor-
responding Reeb vector.

We shall now give examples of contact quadruples for given symplectic manifolds.

Example 1 Let (M, @ = d)) be an exact symplectic manifold. Define N = M x R,
m = pi (= projection of the first factor), « = dt + pjA; then (N, ) is a contact
manifold and (M, N, «, ) is a contact quadruple.

The associated induced manifold is P = N x R = M x R2; with coordinates (z, s)
on R? and obvious identification

w=e[dr+2ds At +2)].

Example 2 Let (M, w) be a quantizable symplectic manifold; this means that there is

a complex line bundle L —2, M with hermitian structure / and a connection V on L
preserving & whose curvature is proportional to i w.

Define N :={& € L | h(§,&) = 1} C L to be the unit circle sub-bundle. It is a
principal U (1) bundle and L is the associated bundle L = N x (1) C. The connection
I-formon N (representing V) is u(1) = iR-valued and will be denoted o'; its curvature
is do’ = ikw. Define a := #o/ and w := p|y : N — M the surjective submersion.
Then (M, N, «, ) is a contact quadruple.

The associated induced manifold P is in bijection with Ly = L\ zero section;
indeed, consider

5
hE. 62

Clearly Lg is a C* principal bundle on M; denote by & the C*-valued 1-form on Ly
representing V; if j; : N — Lg is the natural injection and similarly j, : iR — C the
obvious injection, we have

\IJ:L0—>P=N><R:§—>( klnh(g,g)W).

jfa=jpod.
Then
((\P“)*&)@O ) (Xgy + ady) = Ggoo (W, (Xg, + ady)
= gy (Re—s/k,, 0 W 1 (Xg, + ady))
v . a
= g (Xg, +ads) = oo’ (Xg) + z
ie.,

ds

U = pljpa + .
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On the other hand the 1-form e pla = #625 pijia’; this shows how the sym-
plectic form p = d(e* pia) on P is related to the connection form on Lo [u =

d (%\11_1*&)]. Such examples have been studied by Kostant in [4].

Example 3 Let (M, w) be a connected homogeneous symplectic manifold; i.e., M =
G/H where G is a Lie group which we may assume connected and simply connected
and where H is the stabilizer in G of a point xo € M. If p : G - M : g —
gxo, p*w is a left invariant closed 2-form on G and Q = (p*w)., (e = neutral
element of G) is a Chevalley 2-cocycle on g (= Lie Algebra of G) with values in R
(for the trivial representation). Notice that 2 vanishes as soon as one of its arguments
is in /i (= Lie algebra of H). Let g; = g & R be the central extension of g defined by
Qie.,
[(X,a), (Y,D)] = ([X, Y], Q(X, Y)).

Let i’ be the subalgebra of g;, isomorphic to %, defined by 2’ := {(X,0)| X € i }.
Let G be the connected and simply connected group of algebra g, and let H' be the
connected subgroup of G; with Lie algebra /i’. Assume H' is closed. Then G1/H’
admits a natural structure of smooth manifold; define N := G;/H'.Let p; : G| —> G
be the homomorphism whose differential is the projection g; — g on the first factor;
clearly p1(H') C H.Definenr : N =G1/H — M =G/H : g1H — pi(g1)H; it
is a surjective submersion.

We shall now construct the contact form & on N: pj o p*w is a left invariant closed
2-form on G vanishing on the fibers of p o p; : G1 — M. Its value 2; at the neutral
element e; of G is a Chevalley 2-cocycle of g with values in R. Define the 1-cochain
o1 g1 > R: (X,a) > —a.Then

Q1((X,a), (Y, b)) = (p*0)e(X,Y) = QX, Y) = —a1([(X, @), (Y, D)])
= da1((X, a), (Y, D)),
i.e., ) = Sy is a coboundary. Let & be the left invariant 1-form on G| corresponding
to a;. Let ¢ : G; — G1/H' = N be the natural projection. We shall show that

there exists a 1-form « on N so that g*a = @;. For any U € g; denote by U the
corresponding left invariant vector field on G . For any X € A’ we have

i(X)a; = a1(X) =0,
(Lga) (Y. b)) = —a1([X. (Y. B)]) = —e ([X. (¥, b)]) = Q(X, ¥) =0,

so that indeed @; is the pullback by g of a 1-form « on N = G;/H’. Furthermore
da = m*w because both are G invariant 2-forms on N and:

(@) gen (X, )™M, (Y. b)™N) = (g*dat)e, (X, a). (V. b))

= (da),, (X, a), (Y, b))
=Q(X,Y),
— wa(X*Ma Y*M)

= (T*®)g(e)) (X, a)*N, (¥, b)*N)
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where we denote by U*" the fundamental vector field on N associated to U € gj.
Thus

Lemma 1.8 Let (M = G/H, w) be a homogeneous symplectic manifold; let Q2 be the
value at the neutral element of G of the pullback of w to G. This is a Chevalley 2-
cocycle of the Lie algebra g of G. If g1 = g ® R is the central extension of g defined by
this 2-cocycle and G is the corresponding connected and simply connected group, let
H' be the connected subgroup of G| with algebra b’ = {(X,0) | X € h} = h. Assume
H' is a closed subgroup of Gi.Then N = G/H' admits a natural submersion 7 on
M and has a contact structure a such that do = w*w. Hence (G/H, G /H’, a, ) is
a contact quadruple.

Remark 1.9 The center of G is connected and simply connected, hence the central
subgroup expt (0, 1) is isomorphic to R. The subgroup pl_l (H) is a closed Lie sub-

group of G| whose connected component is pfl (Hp) (Hp = connected component of

—_—~—

H). The universal cover pl_1 (Hp) of pl_l (Hp)) is the direct product of Ho (= universal

cover of Hy) by R. If v : pfl (Hp) — pfl (Hp) is the covering homomorphism, the
subgroup H’ we are interested in is H' = v(ﬁo). Clearly if w1 (Hp) ~ ker v is finite ,
H’ is closed and the construction proceeds.

2 Lift of hamiltonian vector fields and of conformal vector fields

Let (M, w) be a symplectic manifold of dimension 2n and let (P, u) be the in-
duced symplectic manifold of dimension 2n 4 2 constructed via the contact quadruple
(M, N, a, ). Let X be a hamiltonian vector field on M;i.e.,

,Cxa)=0, i(X)w:de.
Consider the horizontal lift X of X to N defined by
a(X) =0, m(X) = X,

and the lift X of X to P defined by

PeX =X, ds(X) = 0.
Let Z be the Reeb vector field on (N, «) and let E be its lift to P defined by
pixE =2, ds(E) = 0.

Definition 2.1 Define the lift X of a hamiltonian vector field X on (M, ) as the vector
field on P defined by:

X:f(—(pfn*fx)-E::):(—};(E.
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Lemma 2.2 The vector field X is a hamiltonian vector field on (P, ). Furthermore
if g is a Lie algebra of vector fields X on M having a strongly hamiltonian action,
then the set of vector fields X on P form an algebra isomorphic to g and its action on
(P, ) is strongly hamiltonian.

Proof. i(X)u = i():( — EE)(ezs(an'*a) + 2ds A pla)) = eX(d fx + 2ds fx) =
d (ezs f ¥ ) which shows that X is hamiltonian and that the hamiltonian function is fz =
ez“fx. Alsoif X, Y € g:

<

— #xE, Y — frE]

Y- (70 p)*o(X. V)E — (Xfy)E + VX E
X, Y] = (o p)* fixvE

X,Y

[X,Y]=1

|
<

—_

|

—
—

and - — — -
o fi} = X = REYC® Ty) = * Kfy = e fixv1 = fipy

If C is a conformal vector field on (M, w) we may assume
Lcow = w, di(C)w = w.
By analogy of what we just did, define the lift C; of C to (P, u) by:
ds(C1) =0, p1xC1 =C +bZ
(ie., ep1xC1 = C and €| = C + pbE). Then
Lep= di(C)e™ (pin*w +2ds A pia) = d[e® (pin*i(C)w — 2ptbds)]

= e®[pin*w + 2ds A pin*i(C)w — 2p}db A ds)
= ¥ [pin*w + 2ds A (pi*(i(C)w) + p}db)].

Thus C; is a conformal vector field provided:
pin*i(C)w + pidb = pia.

Or equivalently
a— 1% (C)w = db.

The left-hand side is a closed 1-form. If this form is exact we are able to lift C to a
conformal vector field C1 on P. Notice that the rate of variation of b along the flow of
the Reeb vector field is prescribed:

Zb=1.



Reduction, Induction and Ricci Flat Symplectic Connections 119
A variation of this construction reads as follows. Let
Cr=C +aE +10;.
Then:
Lo = d(C +aE +18,)e” (pin*o + 2ds A pla)
—d (e2s(p’fn*(i (C)w) — 2ads + 2lp1*a))

=¥ [pintw — 2da A ds + 2pinte + 2ds A pin*i(C)w + 2lds A pla
+2dI A pla]
=e®[(1 + 2D pjr*w + 2ds A (da + pin*i(C)w + 2pFa) + 2dI A pial.

If we choose I = —1/2,
Le,p =2¢"ds A (pin*i(C)w — pfa + da).

Thus C5 is a symplectic vector field on (P, u) if the closed 1-form 7% (C)w — o is
exact. If this is the case the lift C5 is hamiltonian and

fe, = —ae”.

Lemma 2.3 If C is a conformal vector field on (M, ), it admits a lift Cy (resp. C»)
to (P, w) which is conformal (resp. hamiltonian) if the closed 1-form w*i(C)w — « is
exact.

Let g be an algebra of conformal vector fields on (M, w). Let X € g be such that
Ly+w = o (where X} = %exp —tX.x|op; x € M). Then g = RX & g1, where the
vector fields associated to the elements of g;, are symplectic. We shall assume here
that they are hamiltonian; i.e.,V Y € g1, i(Y*)w = dfy. Consider the lifts of these
vector fields to (P, ).

(X1, 7" =[X + pibE.Y — fyE]
=k =k - ~
= (X7 1= pin*(Xfr)E — pi(P*b)E + fy p}(Zb)E

*

=[X,Y]

H-pim*w(X,Y) — pin oY, X)+ pir*o(X,Y) + frlE
—X.0] + pim(@(X.¥) + fr)E:
—Lyi (XM = —( (Y + di (Y9))i (XH)w
=—i(YNo—dw(X,Y) = —d(w(X,Y) + fr).

(X", Y Do

Hence o o
[X],Y*] =[X*, Y*].

A similar calculation shows that
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(X3, 7] = [X*, 7*].
Notice as before that Ly = 0and Ly, u = —2pu.

Proposition 2.4 Let (M, w) be the first term of a contact quadruple (M, N, o, ) and
let (P, 1) be the associated induced symplectic manifold. Then

(1) If G is a connected Lie group acting in a strongly hamiltonian way on (M, w),
this action lifts to a strongly hamiltonian action of G (= universal cover of G) on
(P, p).

(i1) If X is a conformal vector field on (M, w) it admits a conformal (resp. symplectic)
lift to (P, ) if the closed 1-form *(i (X)w) — « is exact. The symplectic lift is in
fact hamiltonian.

(>iii) The vector field E on P is hamiltonian and the vector field o5 is conformal.

Corollary 2.5 If (M, w) admits a transitive hamiltonian action, (P, 1) admits a tran-
sitive conformal action. If (M, w) admits a transitive conformal (hamiltonian) action,
then so does (P, ).

The stability of the class of conformally homogeneous spaces under this construc-
tion leads us to the study of these spaces.

3 Conformally homogeneous symplectic manifolds
Definition 3.1 Let (M, w) be a smooth connected 2n > 4-dimensional symplectic
manifold. A connected Lie group G is said to act conformally on (M, w) if

(i) Vg € G, g*w = c(g)w.
(ii) There exists at least one g € G such that c(g) # 1.

As w is closed, c(g) € R; also ¢ : G — R is a character of G. Let G| = kerc; itis a
closed, normal, codimension 1 subgroup of G. Let g (resp. g;) be the Lie algebra of G
(resp. G1). Then there exists 0 # X € g such that

g=g1 ®RX and cx(X) = 1.
The 1-parametric group exp¢X is such that
(exptX)*w =¢'w

and this group exp ¢ X is thus isomorphic to R. Hence the group G| is connected and if
G is simply connected so is G1. If X* is the fundamental vector field on M associated
to X, remark that Lx~@w = —w since X} = % exp—tX - x|o.

Definition 3.2 A symplectic manifold (M, w) of dimension 2n > 4 is called confor-
mal homogeneous if there exists a Lie group G acting conformally and transitively on
M, w).
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We assume M ~and G connected. Then G (= the universal cover of G) is the semi-
direct product of G| (= the universal cover of G1) by R. By transitivity the orbits of
G are of dimension > 2n — 1. So there are two cases:

(i) The maximum of the dimension of the G orbits is (2n — 1).
(i) G admits an open orbit.

Case (i) By transitivity the dimension of all G| orbits is (2n — 1). If we write as
above g = g1 @ RX, the vector field X* is everywhere transversal to the G orbits. In
particular it is everywhere # 0. Since g; is an ideal in g, the group exp X permutes
the G orbits. Clearly if 61 is a G orbit, U;cr expt X - 61 = M. The restriction o|7,g,
has rank (2n — 1). Let Z, span the radical of w|7,, and let & := —i(X*)w # 0 (so
da = w). As ax(Zy) # 0, we normalize Z, so that «,(Z,) = 1. Then

T'M =RX* @ T:6 = RX* ® (RZ, ® kerer))
ifa, = axl|re, . If j : 6 — M denotes the canonical injection,
a A do)" ! = @A @) #0.
Thus the orbit 6; is a contact manifold, and Z is the Reeb vector field. Notice that

(Lx=a)(X*) = X*a(X*) =0,
(Lx+a)(Y*) = X a(Y™) —a([X*, Y*])
= —X*o(X*, Y*) + o(X*, [X*, Y*])
= —(Lyw)(X*, Y*) = o(X*,Y*) = —a(Y*)

forany Y € g;. Hence
Lx*a = —.

This says that the various orbits of G| have “conformally” equivalent contact structure;
ie.,

gexer‘x(eXth*'Y*)Zetgx(Y*) Y € Gi.

Furthermore
o([X*, Z1,Y) =X *w(Z,Y") — (Lxxo)(Z,Y*) —w(Z,[X*,Y*]) =0
as [X*, Y*] is tangent to the orbit. This says that [X™*, Z] is proportional to Z; also
a([X*, Z]) = X*a(Z) — (Lxa)(Z) = a(Z) = 1,
hence [X*, Z] = Z and thus
(exptX)iZy =€ Zexpixox-
Finally

a([Y*, Z]) = —o(X*, [Y*, Z])
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= —Y'o(X*,Z2) + Ly:o(X*, Z) + o([Y*, X*], Z) =0,
o([(Y*, Z1,Y™) = Y'o(Z,Y") = Ly:w(Z,Y™) = w(Z,[Y*, Y™]) = 0.

Hence [Y*, Z] must be proportional to Z and thus
[Y*,Z]=0
which says that the Reeb vector is G stable.

Case (ii) G| admits an open orbit. We shall assume that this orbit coincides with M.
Thus (M, w) is a G; homogeneous sympletic manifold and w is exact.

w=dn where n:=—i(X"o.
Assume that the action of G is strongly hamiltonian; i.e., VY € g

(Yo = dfy,
{fy, fr} = —o(Y*, Y™) = fiy.y

where U™ denotes the fundamental vector field associated to U € g on 6. Then

Lysn = —Ly+i(X*)w = —(Ly«i(X*) —i(X")Ly*)w = —i([Y*, X* Do
=dfix,yy=dfpy

if D = adX|g,. We also haveL xxn = —7.

By Kostant’s theorem we may identify M (up to a covering) with a coadjoint orbit
0 0of Gi.Let& € Oy,letm : Gy — 6 : g1 — g1 -& = Ad*g1& and let H; be
the stabilizer of &£ in G1. It is no restriction to assume X g = 0 (since one can replace
X by X + Y forany Y € g; and any tangent vector at £ can be written in the form
Yg). Assuming G (hence G1) to be connected and simply connected, the derivation

D exponentiates to a 1-parametric automorphism group of g; given by e’” and these
“exponentiate” to a 1-parametric automorphism group of G; which will be denoted
a(t). The product law in G = G - R reads:

(g1, 11)(g2, ) = (g1a(t1) g2, 11 + 12).
As Xg“ = 0 we have:
(1,1)-& =§,

(1,1)(g1,0) - £ = (a(t)g1, NE = (a(t)g1,0)(1,1) - &
= (a(1)g1,0) - &£ = (a(t)g1 0 g; ', 0)(g1,0) - £.

In particular if g; € H; (= stabilizer of £ in G) a(t)g; € H;;henceif Y € fi| (= Lie
algebra of Hy), [Y, X] € h. Furthermore

(Lx=o)(Y{, V) = —o (Y], Y5)
= X (Y], Y5) — o(X*, Y71 Y]) — (Y], [X*, Y5]).
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The above relation at £ reads:
we (Y], YY) = w: (X, Y], Y)) + we (Y], [X, YS]).
But on 60, w is the Kostant—Souriau symplectic form; hence

(&, [Y1, 121y = (§, D[Y1, Y2l),
(¢ —&oD,[Y,Y2]) =0.

That is £ — £ D vanishes identically on the derived algebra g/ .
Conversely suppose we are given an algebra gy, an element £ € g} and a derivation
D of g1 such that
E—£oD vanishes on g.

Then, if, as above, H; denotes the stabilizer of £ in G| and /i its Lie algebra, one
observes thatAY € hy implies DY € hi;. On the orbit 6; = G - § = G1/H, define the
vector field X at & = g - &€ by:

. d -
Xg=a(=0)g1- g - Eli=o.

This can be expressed in a nicer way as:

N d d
(e 2) = Z-la=r(g0)gy 18, Do = —(a—s(g1)&. Do

dt
for Z € g1,
-1 d —1\ .57 d —1 sZ
Ada_(gy )Z = —a— (g )e"a—(g)lo = —a—(g; ac’”gDlo
ds ds
d _ D _
= an(g e gl = anAdg e Pz,
d _ _ _
—-Ada(g; YZlp = —DoAdg['Z+Adg;'DZ,
ie., .
X§=g$ =—¢o DoAdgf1 —i—éoAdgfl oD.

Observe that this expression has a meaning; indeed if we assume that g € H
(= stabilizer of &)
EoAdg™! =¢.
Alsoif Y € hy, L(¢ o Do Ade™Y)|; = —(£ 0 D o adY o Ade™Y¥, Z) = 0 so that
(EoDoAde™Y, Z) = (£ o D, Z). Thus Xz = 0 and, if h € H;:
f(g:g.g:g.h.g =toDoAdh 'oAdy ' +E0Adh 0 Adg'D
=toDoAdg ' +E0Adg ' D.

Furthermore if Y € g;:
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[Y*, X]: = (Ly=X);: = —d( Y X ve)lo = —(DY)*
Alg = L) = W drg)lo = £

Hence, if Y1, Y2 € g;:

(L3 (Y], ¥5) = Rew(VE, Y5) — 0(DY)*, ¥5) — (Y}, (DY2)")
= (=&, D[Y1, V2]) = —(&,[V1, 12]) = —we (Y], Y5)

and similarly at any other point, so that X is a conformal vector field (L @ = —w).
We conclude by

Proposition 3.3 Let (M, w)be a smooth connected 2n(> 4)-dimensional symplectic
manifold which is conformal homogeneous and let G denote the connected component
of the conformal group. Then

(i) G admits a codimension 1 closed, connected, invariant subgroup G which acts
symplectically on M and G/ G| = R.
(i) If the maximum dimension of the G orbits is 2n — 1), M is a union of 2n — 1)-
dimensional G orbits; each of these orbits is a contact manifold.
(iii) If G acts transitively on M in a strongly hamiltonian way, M is a covering of a
G orbit 0 in g} (= dual of the Lie algebra g1 of G1). Furthermore if ¢ € 6, there
exists a derivation D of g1 such that

§—-§oD

vanishes on the derived algebra. Conversely if we are given an element & € g}
and a derivation such that & — & o D vanishes on the derived algebra, the orbit 6
has the structure of a conformal homogeneous symplectic manifold.

4 Induced connections

We consider the situation where we have a smooth symplectic manifold (M, w) of
dim 2n, a contact quadruple (M, N, «, ) and the corresponding induced symplectic
manifold (P, u).

Let as before Z be the Reeb vector field on the contact manifold (N, «a) (i.e.,
i(Z)da = 0 and a(Z) = 1). At each point x € N, Ker (7x,) = RZ and Lza = 0.
Recall that P = N x R and pu = 2¢ ds A pia+ e dpja where s is the variable
along R and p; : P — N the projection on the first factor.

Let V be a smooth symplectic connection on (M, ®). We shall now define a con-
nection V¥ on P induced by V.

Let us first recall some notation: Denote by p the projection p =mop;: P — M.

If X is a vector field on M, X is the vector field on P such that
() pX =X, (i) (pfe)(X)=0, (i) ds(X)=0.

We denote by E the vector field on P such that
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(1) pi+E =Z, (i) ds(E) = 0.

Clearly the values at any point of P of the vector fields X , E, S = 9, span the tangent
space to P at that point and we have

[E,9,]=0 [E,X]=0 [8,X]=0 [X,¥]=[X,Y]—-p‘o(X,Y)E.

The formulas for V¥ are:

VEY = VXY — Ip*@(X, Y)E = p*G(X, V)b,
VX = VIE = 20X + p*(w(X, U))d,,
Vi X = vgas =X,

VEE = p*fd, —2U,
Vidy =V, E=E,
V4o, =y,

where f is a function on M, U is a vector field on M, § is a symmetric 2-tensor on M,
and o is the endomorphism of 7'M associated to s, hence §(X,Y) = w(X,o¥).
Notice first that these formulas have the correct linearity properties and yield a
torsion free linear connection on P. One checks readily that V¥ i = 0 so that V- is a
symplectic connection on (P, i).
We now compute the curvature R V" of this connection V. We get

RV (X,Y)Z = RV(X, Y)Z,
oX, o Z —aoY, Z)o X +o(X, Z)o¥ —3(Y, D)X 45X, 2)Y,
p*[w(Xa D(Ua U)(Ya Z)) - LL)(Y’ D(U, U)(X’ Z)]BS’

RV (X, Y)E = 2D(o, U)(X, Y) — 2D(o, U) (Y, X)
+p* (X, Y — VyU = 20%Y) — o(Y,  fX — VxU — 267 X)]d,,

RY"(X. E)Y =2D(0. U)(X.Y) — p*lo(Y. L fX — VxU — 202 X)13,

RY' (X, E)E =21 fX — VxU — 202X + p*[X[ + 4s(X, u)]d;,

RY’ (x Y)as -0 RV (x E)ds =0
RY" (X,3)Y =0 RV (X,00E=0 RY (X,8,)d, =0
RV (E, 00X =0 RV (E,0)E=0 RV (E,d)d =0,

where
D(o, U)(Y,Y) == (Vyo)Y' + S0 (Y, U)Y — Ju(Y, Y"U.
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The Ricci tensor #V' of the connection V7 is given by

PVX ) =YX Y) + 200+ DEX, ),

PV (X, E) = —@n + Do(X, u) = 2Tr[Y — (Vyo)(X)],
PV (X, 8,) =0,

PV (E, E) = 4Tr(0?) — 2nf +2Ti[X — VxU],
rV(E 8 =0,

V" (8, 85) = 0.

Theorem 4.1 In the framework described above, V¥ is a symplectic connection on

(P, ) for any choice of §, U and f . The vector field E on P is affine ( LEVP = 0)and

symplectic ( Lz = 0); the vector field 3 on P is affine and conformal (L ;. = 211).
Furthermore, choosing

~1
§=— 7Y,
2(n+1)

U:=wU,-) = P Tr[Y — Vyo],

s L (" + S Tix — vyU)
=———Tr ~Tr[X — ,
mnt+ 12 n X

we have:

the connection V¥ on (P, W) is Ricci-flat (i.e., has zero Ricci tensor);
if the symplectic connection V on (M, w) is of Ricci-type, then the connection V¥
on (P, w) is flat;

e ifthe connection V¥ is locally symmetric, the connection V is of Ricci-type, hence
Vv? is flat.

Proof. The first point is an immediate consequences of the formulas above for PV
The second point is a consequence of the differential identities satisfied by the Ricci-
type symplectic connections (which appear in M. Cahen, S. Gutt, J. Horowitz and
J. Rawnsley, Homogeneous symplectic manifolds with Ricci-type curvature, J. Geom.
Phys. 38 (2001) 140-151).

The third point comes from the fact that (V g RVP)():( , 1_7)7:’ contains only one term

in E whose coefficient is AWV (X, ¥, T, Z). o

5 A reduction construction

We present here a procedure to construct symplectic connections on some reduced
symplectic manifolds; this is a generalisation of the construction given by P. Baguis
and M. Cahen [Lett. Math. Phys. 57 (2001), pp. 149-160]. Let (P, n) be a symplectic
manifold of dimension (2n + 2). Assume P admits a complete conformal vector field
S:
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Lsp =2u; define o := %i(S)u so that do = .

Assume also that P admits a symplectic vector field £ commuting with S,
Len =0, [S, E]1=0, (= Lga =0).

Then Su(S, E) = (Lsu)(S, E) =2u(S, E),soif x is a point of P where u, (S, E) #
0 and if s is a parameter along the integral line y of S passing through x and taking
value 0 at x, we have uy, (5)(S, E) = ezs,ux(S, E).

Assume P’ := {x € P|u,(S, E) > 0} # ¥ and let:

T={xeP|u(S,E)=1}={xeP| felx) =3}

where fr = —i(E)x = —%,u(S, E)sothatdfr = —Lga +i(E)da = i(E)u. Thus
¥ # ¥ and it is a closed hypersurface (called the constraint hypersurface). Remark
that P’ = X x R. The tangent space to the hypersurface ¥ is given by

TS = ker(dfe)x = ker(i (E)u)x = E*+.

The restriction of p, to T, X has rank 2n — 2 and a radical spanned by E,. Remark
thus that the restriction of « to X is a contact 1-form on X.

Let ~ be the equivalence relation defined on X by the flow of E. Assume that the
quotient X/ ~ has a 2n-dimensional manifold M structure so thatw : ¥ — X/ ~=
M is a smooth submersion. Define on X a “horizontal” distribution of dimension 2n,
H, by

H=>E,S§ <»,

and remark that 7y, Hy — Ti=r(y)M is an isomorphism. Define as usual the
reduced 2-form w on M by

Wx=r(y) (Y1, Y2) = py (Y1, Y2)

where ¥; (i = 1,2) is defined by (i) 7, ¥; = ¥; (i) ¥; € H,. Notice that 7,[E, Y] = 0,
and u(S,[E,Y]) = —Lgu(S,Y)+ Eu(S,Y) =0 hence

[E,Y]=0.
The definition of w, does not depend on the choice of y. Indeed
Ep(Y1,Y2) = LEp(Y1, V2) + u(LE. V1], Y2) + u(Y1, [E, V2]) = 0.
Clearly w is of maximal rank 2n as H is a symplectic subspace. Finally

¥ (dw (Y1, Y2, Y3) = @& Yo, ¥3) — (Y1, V2], ¥3))
123

= ® (Y2, Y3) — u(Y1, Y21, Y3))
123

and o o o
[Y1, Yol = [, Y2l + (S, [Y1, 2D E.

Hence w is closed and thus symplectic. Clearly 7*w = |z = d(o|x).
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Remark 5.1 The symplectic manifold (M, w) is the first element of a contact quadru-
ple (M, X, %oq2 , ) and the associated symplectic (2n + 2)-dimensional manifold is

(P, iip)-

We shall now consider the reduction of a connection. Let (P, u), E, S, X, M, w
be as above. Let V¥ be a symplectic connection on P and assume that the vector field
E is affine (Lg VX = 0).

Then define a connection V* on X by

VXB:=VEB — uw(VEB,E)S =VEiB 4+ (B, VY E)S.
Then:
VXB—VZA—[A, Bl = (u(B,VKE) — u(A, VEE)S
= (W(B,VEA+[A, E]) — u(A, VEB +[B, E])S

= (En(B, A) — u(B, [E, A]D) — n([E, B], A)S
= (Lgn(B, A))S =0.

Also

(LEV®)AB = [E, VKB + w(B, VL E)S]
— V[ 4B — (B, Vp 4 E)S — VKIE, B — u(E, B], V4 E)S
= (LgV")AB+ (Ew(B, VY E) — u(B, Vg 41E) — w((E, B], V4 E))S
= (Lgu)(B.VIE) + u(B,[E, Vi E] — Vip 4 E)S =0,

ie., V¥ is a torsion free connection and E is an affine vector field for V=,
Define a connection VM on M by:

Vi) = Vi) — u(¥2, Vg SE.
If x € M, this definition does not depend on the choice of y € A (x). Also
VY = VYY) = [V, 1ol = Vi 1o = ViV = [V, 2]
+ (—pu(Y2, Vi $) + pu(Y1, Vi SHE
= u(S, Y1, 2DE + (u(V{ Y2, 8) — (Vi Y1, SHE =0.
Finally
* M ok M M

17 ((Vy,w)(Y2, Y3)) = 1" (Y10 (Y2, Y3) — o(Vy 2, ¥3) — (Y2, Vy 13))

= Yiu(Y2, ¥3) — w(V] Yo+ u(Y2, V{ E)S — u(Y2, V] S)E. Y3)

— 12, Vi V3 + u(¥3, Vi E)S — (Y3, Vi S)E)

= 0’

i.e., the connection VM is symplectic.
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Lemma 5.2 Let (P, ) be a symplectic manifold admitting a symplectic connection
V* a conformal vector field S which is complete, a symplectic vector field E which is
affine and commutes with S. If the constraint manifold ¥ = {x € P|ux(S, E) = 1} is
not empty, and if the reduction of X is a manifold M, this manifold admits a symplectic
structure w and a natural reduced symplectic connection VM .

In particular:

Theorem 5.3 Let (P, i) be a symplectic manifold admitting a conformal vector field

S (Lspu = 2u) which is complete, a symplectic vector field E which commutes with

S and assume that, for any x € P, pux(S, E) > 0. If the reduction of ¥ = {x € P |

ux (S, E) = 1} by the flow of E has a manifold structure M withm : ¥ — M a

surjective submersion, then M admits a reduced symplectic structure w and (P, () is

obtained by induction from (M, w) using the contact quadruple (M, X, %i(S)ME, ).
In particular (P, |t) admits a Ricci-flat connection.

Reducing (P, p) as above and inducing back we see that Theorem 4.1 immediately
proves this.
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Summary. It is proven that a local Lie algebra in the sense of A. A. Kirillov determines the
base manifold up to a diffeomorphism provided the anchor map is nowhere-vanishing. In par-
ticular, the Lie algebras of nowhere-vanishing Poisson or Jacobi brackets determine manifolds.
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holomorphic.
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1 Introduction

The classical result of Shanks and Pursell [PS] states that the Lie algebra X, (M) of
all compactly supported smooth vector fields on a smooth manifold M determines the
manifold M, i.e., the Lie algebras X.(M1) and X.(M>) are isomorphic if and only
if My and M, are diffeomorphic. A similar theorem holds for other complete and
transitive Lie algebras of vector fields [KMO1, KMO2] and for the Lie algebras of all
differential and pseudodifferential operators [DS, GP].

There is a huge list of papers in which special geometric situations (hamiltonian,
contact, group invariant, foliation preserving, etc., vector fields) are concerned. Let us
mention the results of Omori [O1] (Ch. X) and [O2] ([Ch. XII), or [Ab, AG, FT, HM,
Ry, G5], for which specific tools were developed in each case. There is however a case
when the answer is more or less complete in the whole generality. These are the Lie
algebras of vector fields which are modules over the corresponding rings of functions
(we shall call them modular). The standard model of a modular Lie algebra of vector

*Research supported by the Polish Ministry of Scientific Research and Information Tech-
nology under grant No 2 PO3A 020 24.
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fields is the Lie algebra X' (F) of all vector fields tangent to a given (generalized) foli-
ation F. If Pursell-Shanks-type results are concerned in this context, let us recall the
work of Amemiya [Am] and our paper [G1], where the developed algebraic approach
made it possible to consider analytic cases as well. The method of Shanks and Pursell
consists of the description of maximal ideals in the Lie algebra X,.(M) in terms of
the points of M: maximal ideals are of the form p for p € M, where p consists of
vector fields which are flat at p. This method, however, fails in analytic cases, since
analytic vector fields flat at p are zero on the corresponding component of M. There-
fore in [Am, G1] maximal finite-codimensional subalgebras are used instead of ideals.
A similar approach is used in [GG] for proving that the Lie algebras associated with
Lie algebroids determine base manifolds.

The whole story for modular Lie algebras of vector fields has been in a sense
finished by the brilliant purely algebraic result of Skryabin [S1], where one associates
the associative algebra of functions with the Lie algebra of vector fields without any
description of the points of the manifold as ideals. This final result implies in particular
that, in the case when modular Lie algebras of vector fields contain finite families
of vector fields with no common zeros (we say that they are strongly non—singular),
isomorphisms between them are generated by isomorphisms of corresponding algebras
of functions, i.e., by diffeomorphisms of underlying manifolds.

On the other hand, there are many geometrically interesting Lie algebras of vector
fields which are not modular, e.g., the Lie algebras of hamiltonian vector fields on a
Poisson manifold etc. For such algebras the situation is much more complicated and no
analog of Skryabin’s method is known in these cases. In [G6] a Pursell-Shanks-type
result for the Lie algebras associated with Jacobi structures on a manifold has been
announced. The result suggests that the concept of a Jacobi structure should be devel-
oped for sections of an arbitrary line bundle rather than for the algebra of functions,
i.e., sections of the trivial line bundle. This is exactly the concept of local Lie algebra
in the sense of A. A. Kirillov [Ki] which we will call also Jacobi—Kirillov bundle.

In the present note we complete the Lie algebroid result of [GG] by proving that
the local Lie algebra determines the base manifold up to a diffeomorphism if and only
if the anchor map is nowhere-vanishing (Theorem 7). The methods, however, are more
complicated (due to the fact that the Lie algebra of Jacobi—-hamiltonian vector fields is
not modular) and different from those in [GG]. A part of these methods is a modifica-
tion of what has been sketched in [G6]. However, the full generalization of [G6] for
local Lie algebras on arbitrary line bundles, i.e., the description of isomorphisms of
local Lie algebras, is much more delicate and we postpone it to a separate paper. Note
also that in our approach we admit different categories of differentiability: smooth,
real-analytic, and holomorphic (Stein manifolds).

2 Jacobi modules

What we will call Jacobi module is an algebraic counterpart of geometric structures
which include Lie algebroids and Jacobi structures (or, more generally, local Lie al-
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gebras in the sense of Kirillov [Ki]). For a short survey one can see [G7], where these
geometric structures appeared under the name of Lie QD-algebroids.

The concept of a Lie algebroid (or its pure algebraic counterpart—a Lie pseudoal-
gebra) is one of the most natural concepts in geometry.

Definition 1 Let R be a commutative and unitary ring, and let A be a commutative R-
algebra. A Lie pseudoalgebra over R and A is an A-module £ together with a bracket
[,]: & x & — & on the module &, and an .A-module morphism « : £ — Der(A)
from £ to the A-module Der(A) of derivations of A, called the anchor of £, such that

(i) the bracket on £ is R-bilinear, alternating, and satisfies the Jacobi identity:
[[X, Y], Z] =[X,[Y, Z]] - [Y, [X, Z]].
(ii) Forall X, Y € £ and all f € A we have

(X, fY]= fIX, Y]+ a(X)(f)Y; ey

(i) a([X, Y] = [a(X),a(Y)]. for all X,Y € &, where [-, -] is the commutator
bracket on Der(A).

A Lie algebroid on a vector bundle E over a base manifold M is a Lie pseudoalgebra on
the (R, C*°(M))-module £ = Sec(E) of smooth sections of E. Here the anchor map
is described by a vector bundle morphism « : E — T M which induces the bracket
homomorphism from (&, [-, -]) into the Lie algebra (X'(M), [-, -]yr) of vector fields
on M. In this case, as in the case of any faithful .A-module £, i.e., when fX = 0 for all
X € £ implies f = 0, the axiom (iii) is a consequence of (i) and (ii). Of course, we can
consider Lie algebroids in the real-analytic or holomorphic (on complex holomorphic
bundles over Stein manifolds) category as well.

Lie pseudoalgebras appeared first in a paper by Herz [He] but one can find similar
concepts under more than a dozen names in the literature (e.g., Lie modules, (R, A)-
Lie algebras, Lie—Cartan pairs, Lie—Rinehart algebras, differential algebras, etc.). Lie
algebroids were introduced by Pradines [Pr] as infinitesimal parts of differentiable
groupoids. In the same year a book by Nelson [Ne] was published, where a general
theory of Lie modules together with a big part of the corresponding differential calcu-
lus can be found. We also refer to a survey article by Mackenzie [Ma2].

Note that Lie algebroids on a singleton base space are Lie algebras. Another canon-
ical example is the tangent bundle 7 M with the canonical bracket [-, -], on the space
X (M) = Sec(T M) of vector fields.

The property (1) of the bracket in the A-module £ can be expressed as the fact
that adyx = [X, -] is a quasi-derivation in £, i.e., an R-linear operator D in £ such
that D(fY) = fD(Y) + B(f)Y for any f € A and certain derivation D of A called
the anchor of D. The concept of quasi-derivation can be traced back to N. Jacobson
[J1,J2] as a special case of his pseudo-linear endomorphism. It has appeared also in
[Ne] under the name of a module derivation and used to define linear connections in
the algebraic setting. In the geometric setting, for Lie algebroids, it has been studied in
[Mal], Ch. III, under the name covariant differential operator.
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Starting with the notion of Lie pseudoalgebra we obtain the notion of Jacobi mod-
ule when we drop the assumption that the anchor map is .A-linear.

Definition 2 Let R be a commutative and unitary ring, and let A be a commutative
R-algebra. A Jacobi module over (R, A) is an A-module £ together with a bracket
[,]: & x E — & on the module £, and an R-module morphism « : £ — Der(A)
from £ to the A-module Der(A) of derivations of A, called the anchor of £, such that
(i)—(iii) of Definition 1 are satisfied. Again, for faithful £, the axiom (iii) follows from
(i) and (ii). This concept is in a sense already present in [He], although in [He] it has
been assumed that A is a field. It has been observed in [He] that every Jacobi module
(over a field) of dimension > 1 is just a Lie pseudoalgebra.

Definition 3 (cf. [G7]) A Lie QD-algebroid is a Jacobi module structure on the
(R, C*®°(M)-module £ = Sec(E) of sections of a vector bundle E over a manifold
M.

The case rank(E) = 1 is special for many reasons and it was originally studied
by A. A. Kirillov [Ki]. For a trivial bundle, well-known examples are those given by
Poisson or, more generally, Jacobi brackets (cf. [Li]). In [Ki] such structures on line
bundles are called local Lie algebras and in [Mr] Jacobi bundles. We will refer to them
also as local Lie algebras or Jacobi—Kirillov bundles and to the corresponding brackets
as to Jacobi-Kirillov brackets.

Definition 4 A Jacobi—Kirillov bundle (local Lie algebra in the sense of Kirillov) is
a Lie QD-algebroid on a vector bundle of rank 1. In other words, a Jacobi—Kirillov
bundle is a Jacobi module structure on the (R, C°°(M))-module £ of sections of a
line bundle E over a smooth manifold M. The corresponding bracket on £ we call a
Jacobi-Kirillov bracket and the values of the anchor map @ : £ — X (M) we call
Jacobi—hamiltonian vector fields.

It is easy to see (cf. [G7]) that any Lie QD-algebroid on a vector bundle of rank > 1
must be a Lie algebroid. Of course, we can consider Lie QD-algebroids and Jacobi—
Kirillov bundles in real-analytic or in holomorphic category as well.

Since quasi-derivations are particular first-order differential operators in the alge-
braic sense, it is easy to see that, for a Jacobi module £ over (R, A), the anchor map
a : & — Der(A) is also a first-order differential operator, i.e.,

a(fgX) = fa(gX) + ga(fX) — fga(X) ©))

for any f, g € A and X € £. Denoting the Jacobi-hamiltonian vector field «(X)
shortly by X, we can write forany f, g € Aand X,Y € &,

[¢X, fY1=gX()Y — f-Y()X + fg[X,Y] 3)
=g - X()Y — FY (@)X + felX, Y1,



Local Lie Algebra Determines Base Manifold 135

so that for the map Ay : A x A — A defined by Ax(g, f) := (g;}(f) - gf(f) we
have

Ax(g, /Y = —Ay(f. &)X. “

The above identity implies clearly that, roughly speaking, rank 4€ = 1 “at points where
A is non-vanishing’ (cf. [G7]) and that

Ax(g, /HX =—-Ax(f, &)X. ®

The identity (5) does not contain much information about A y if there is “‘much torsion’
in the module £. But if, for example, there is a torsion-free element in £, say X, (this is
the case for the module of sections of a vector bundle), then the situation is simpler. In
view of (5), A, is skew-symmetric and, in turn, by (4) every Ay is skew-symmetric.
Every Ay is by definition a derivation with respect to the second argument, so, being
skew-symmetric, it is a derivation also with respect to the first argument. Since in view
of (3), R R
[gX. fX1= (8X(f) — /- X(g) + Ax(g. /) X,

and since Ax and X respect the annihilator Ann(X) = {f € A : fX = 0}, we get
easily the following.

Proposition 1 If £ is a Jacobi module over (R, A), then, for every X € &, the map
Ax : Ax A — Ainduces a skew-symmetric bi-derivation of A/Ann(X), the deriva-
tion X of A induces a derivation of A/Ann(X) and the bracket

T ex=MxTF.0+f-X@ -7 X, (6)

where f denotes the class of f € Ain A/ Ann(X), is a Jacobi bracket on A/Ann(X)
associated with the Jacobi structure (Ax, X). Moreover, A/Ann(X) > f — fX € £
is a Lie algebra homomorphism of the bracket {-, -}x into [-, -].

For pure algebraic approaches to Jacobi brackets we refer to [S2, S3, G4].

Corollary 1 If the A-module £ is generated by torsion-free elements, then for every
X € &, themap Ay : A x A — Ais a skew-symmetric bi-derivation and the bracket

(fglx=Ax(fie)+f X —g-X(), ©)

is a Jacobi bracket on A associated with the Jacobi structure (A, X ). Moreover,
A>3 f fX €& isa Lie algebra homomorphism of the bracket {-, -}x into [, -].

For any torsion-free generated Jacobi module, e.g., a module of sections of a vector
bundle, we have additional identities as shows the following.

Proposition 2 If the A-module & is generated by torsion-free elements, then for all
fiooosfme€Am>2,andall X, Y €&,

(a) (m—D[FX,Y]=Y /" [FX, fiY]—[X, FY]
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and

(b) m —IFX, Y] = Y " EX, fiY]+ [FnY, fuX],
where F =[]/L, fi, Fx = [Ti fi-
Proof. (a) We have (cf. (3))

m m

YUEX, fiY1=)Y_ (FX(f)Y = fiY(F)X + FIX, Y]+ Ax(F;, f1)Y)
i=1 i=1
=X(F)Y — (m — DY(F)X + mF[X, Y1+ Y FijAx(fj. fi)Y
i#]
=[X.FY]+(m — DIFX. Y1+ Y _ FjAx(fj. /)Y,
i#]

where F;; = I i, ] fx- The calculations are based on the Leibniz rule for derivations:

m m
X (1"[ ﬁ) =Y EX(f)
i=1 i=1
etc. Since, due to Corollary 1, Ay is skew-symmetric and F;; = Fj;, we have
Z FiiAx(fj, f)Y =0
i#]
and (a) follows.

(b) In view of (a), we have

m

(m—-2)[FX,Y]= Z[F,-X, fiYI-I[X,FY]—-[FX,Y]

i=1
m—1

= Y [FX, fiY1+ [FuX. fu¥1 = [X, Fufn¥1 = [Fn fu X, Y1.
i=1

But
[Fin X, fn Y] = [X, Fn fu Y] = [Fn fn X, Y] = [FnY, fin X]

is a particular case of (a). O

3 Useful facts about associative algebras

In what follows, .4 will be an associative commutative unital algebra over a field K of
characteristic 0. Our standard model will be the algebra C(N) of class C functions on a
manifold N of class C,C = C*°, C®, H. Here C refers to the smooth category with
K =R, C® — to the R-analytic category with K = R, and H — to the holomorphic cat-
egory of Stein manifolds with K = C (cf. [G1, AG]). All manifolds are assumed to be
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paracompact and second countable. It is obvious what is meant by a Lie QD-algebroid
or a Jacobi—Kirillov bundle of class C. The rings of germs of class C functions at a
given point are noetherian in analytic cases, which is no longer true in the C* case.
However, all the algebras C(/N) are in a sense noetherian in finite codimension. To
explain this, let us start with the following well-known observation.

Theorem 1 Every maximal finite-codimensional ideal of C(N) is of the formp = { f €
C(N) : f(p) = 0} for a unique p € N and p is finitely generated.

Proof. The form of such ideals is proven e.g., in [G1], Proposition 3.5. In view of
embedding theorems for all types of manifolds we consider, there is an embedding
f=CU1,..., fa): N> K" fi € C(N). Then, the ideal p is generated by {f; —

fi(p)-1:i =1,...,n}. In the smooth case it is obvious, in the analytic cases it can
be proven by means of some coherent analytic sheaves and methods parallel to those
in [G2], Note 2.3. O

Remark Note that in the case of a non-compact N there are maximal ideals of C(N)
which are not of the form p. They are of course of infinite codimension. It is not
known if the above theorem holds also for manifolds which are not second countable
(cf. [G8]).

For a subset B C A, by Sp(A, B) we denote the set of those maximal finite-
codimensional ideals of .4 which contain B. For example, Sp(A, {0}) is just the set
of all maximal finite-codimensional ideals which we denote shortly by Sp(A). Put
B = Niesp(a, )l - For an ideal I C A, by VT we denote the radical of 1, i.e.,

ﬁ:{f cA: f"el, forsomen=1,2,...}.
The following easy observations will be used in the sequel.

Theorem 2 (a) If I is an ideal of codimension k in A, then VIT=Tand (¥ c I.

(b) Every finite-codimensional prime ideal in A is maximal.

(¢) If a derivation D € Der(A) preserves a finite-codimensional ideal I in A, then
XA .

() If I, ..., I, are finite-codimensional and finitely generated ideals of A, then the
ideal I- - -1, is finite-codimensional and finitely generated.

Proof. (a) The descending series of ideals
I+T>1+(D)*> -

stabilizes at kth step at most, so I + (1) = I + (I)**!. Applying Nakayama’s Lemma
to the finite-dimensional module (I + (1)%)/I over the algebra A/I,we get (I + D~/
I ={0},ie.,()* c I,thus T C +/1.Since forall J € Sp(A, I') we have VIcVJI=
J,alsoT D /1.

(b) If I is prime and finite-codimensional, VI=TandVI=T by (a). But a finite
intersection of maximal ideals is prime only if they coincide, so I = J for a single
J € Sp(A).
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(c) By Lemma 4.2 of [G1], D(I) C [ for a finite-codimensional ideal / implies
D(A) C J foreach J € Sp(A, I).

(d) It suffices to prove (d) for n = 2 and to use induction. Suppose that 1, I are
finite-codimensional and finitely generated by {u;} and {v;}, respectively. It is easy to
see that I - I is generated by {u; - v;} and that Iy - I, is finite-codimensional in /;.
Indeed, if ¢y, ..., cx € A represent a basis of A/, then {c;u;} represent a basis of
I/ - D). |

Theorem 3 For an associative commutative unital algebra A the following are equiv-
alent:

(a) Every finite-codimensional ideal of A is finitely generated.
(b) Every maximal finite-codimensional ideal of A is finitely generated.
(c) Every prime finite-codimensional ideal of A is finitely generated.

Proof. (a) = (b) is trivial, (b) = (c) follows from Theorem 1 (b), and (c) = (a) is a
version of Cohen’s theorem for finite-dimensional ideals. ]

Definition 5 We call an associative commutative unital algebra A noetherian in finite
codimension if one of the above (a), (b), (c), thus all, is satisfied.

An immediate consequence of Theorem 1 is the following.

Theorem 4 The algebra A = C(N) is noetherian in finite codimension.

4 Spectra of Jacobi modules

Let us fix a Jacobi module (&, [-, -]) over (K, A). Throughout this section we will
assume that £ is finitely generated by torsion-free elements and that A is a noetherian
algebra in finite codimension over a field K of characteristic 0. The (K, C(N))-modules
of sections of class C vector bundles over N can serve as standard examples.

For L C &£, by L denote the image of L under the anchor map: L= {a(X): X €
L} C Der(A). The set Ei is a Lie subalgebra in Der(A) with the commutator bracket
[+, -]c and we will refer to & as to the Lie algebra of ‘Jacobi—hamiltonian vector fields’.
The main difference with the ‘modular’ case (in particular, with that of Pursell and
Shanks [PS]) is that 5 is no longer, in general, an .A-module, so we cannot multiply
by ‘functions’ inside &. However, we still can try to translate some properties of the
Lie algebra (&, [-, -]) into the properties of the Lie algebra £ of Jacobl—hamlltoman
vector fields by means of the anchor map and to describe some ‘Lie objects’ in £ or g
by means of ‘associative objects’ in A.

The spectrum of the Jacobi module £, denoted by Sp(€), will be the set of
such maximal finite-codimensional Lie subalgebras in £ that do not contain finite-
codimensional Lie ideals of £. In nice geometric situations, Sp(€) will be interpreted
as a set of points of the base manifold at which the anchor map does not vanish. Note
that the method developed in [GG] for Lie pseudoalgebras fails, since Lemma 1 therein
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is no longer true for Jacobi modules. In fact, as easily shown by the example of a
symplectic Poisson bracket on a compact manifold, [£, £] may include no non-trivial
A-submodules of £. Therefore we will modify the method from [G3] where Poisson
brackets have been considered.

Let us fix some notation. For a linear subspace L in £ and for J C A, denote

N ={X €& :[X, L] C L}—the Lie normalizer of L;
U, ={Xef:[X,E]lCL})
I(L) ={f € A:VX € £[fX € L]}—the largest associative ideal I in A such
that /€ C L; R
o £ ={Xef: XA CJ}

It is an easy excercise to prove the following proposition (cf. [G3], Theorem 1.6).

Proposition 3 If L is a Lie subalgebra in &, then N is a Lie subalgebra containing
L, the set Uy is a Lie ideal in Ny, and N, (1(Up)) C I(Up).

Choose now generators X1, ..., X, of £ over A. For a fixed finite-codimensional
Lie subalgebra LinEputU; = {f € A: fX; € Uy and U = ()/_, U;. Since Uy, is
clearly finite-codimensional in &, all U; are finite-codimensional in A, so is U .

Lemma 1

@ [U"X;, Xyl C Lforall j,k=1,...,nandm > 3.
(b) [Uij,Ule] CLforall jk=1,...,nandm,l > 1.

Proof. (a) Take f1,..., fm € U. Since fiXy € Upr, Proposition 2 (b) implies
[fi- fmXj, Xpl € L.

(b) The inclusion is trivial for [ = 1, so suppose [ > 2. Take fi,..., fm € U,
fm1 € Ulandput F = fi ... fuy1, F; =1, /. By Proposition 2 (b)

m

Lfi- - Xk fn1 X1 = Om — DIF X, Xl = Y [Fi X, fiXil.

i=1

Since F € U™, according to (a), [FXj, Xkl e Land [F; X, fiXe]l CLE, ULl C L,
so the lemma follows. O

Theorem 5 The ideal 1(Uyp) is finite-codimensional in A provided L is a finite-
codimensional Lie subalgebra in .

Proof. Let U be the associative subalgebra in A generated by U . It is finite-codimen-
sional and, in view of Lemma 1 (b), [[{X;,UX,] C L. Being finite-codimensional
in A, the associative subalgebra U/ contains a finite-codimensional ideal J of A (cf.
[G3], Proposition 2.1 b)). Hence [J X ;, J X] C L and, since X; are generators of &,
[JE, JE] C L. Note that we do not exclude the extremal case Y = A = J. Applying
the identity

[ALX, Y]I=[AX, AY]+[AX, LY]-[f1 Y, X]



140 J. Grabowski

for f1, fo € J, X € Ur, we see that J2U;, c Uy. In particular, JXUX; c Ug
foralli = 1,...,n,s0 J2U C U and hence J2U C U and J?E C Uy. Conse-
quently J 3 e (Ur). Since J is finite-codimensional and finitely generated, J 3 s
finite-codimensional (Theorem 1 (d)), so I (U}) is finite-codimensional. ]

Denote by Spg(A) the set of these maximal finite-codimensional ideals I C A
which do not contain £(A), i.e., &1 # £. Geometrically, Spg(A) can be interpreted
as the support of the anchor map. Recall that Sp(€) is the set of these maximal finite-
codimensional Lie subalgebras in £ which do not contain finite-codimensional Lie
ideals.

Theorem 6 The map J + & constitutes a bijection of Spg (A) with Sp(E). The in-
verse map is L +— /I (L).

Proof. Let us take J € Spg(A). In view of (2), J?E C &7 which implies that £; is
finite-codimensional, as J? is finite-codimensional and £ is finitely generated.

We will show that £; is maximal. Of course, £; # £ and & is of finite codimen-
sion, so there is a maximal Lie subalgebra L containing £;. We have

JPECE CL = JPCI(L) = JCJIWL) = J=IL).

Moreover, I (L) is finite-codimensional, and since, due to (1), Z(I (L)) Cc I(L), then,
by Theorem 2 (c), Z(A) Cc J,ie.,L C & andfinally L = &;.

Finally, suppose P is a finite-codimensional Lie ideal of £ contained in £;. Then
Up is a Lie ideal in & of finite codimension and, according to Theorem 5, I (Up) is
a finite-codimensional ideal in A. Since E(I(Up)) C I(Up), and since I(Up) C
I1(Up) C J,wehave E(A) C J,ie., & = &y, a contradiction.

Suppose now that L € Sp(€). Observe first that A/;, = L, since otherwise L would
be a Lie ideal, that would, in turn, imply Uy C L and I (Ur) C I(L). Since Uy is
finite-codimensional, Theorem 5 shows that /(L) is finite-codimensional. Exactly as
above we show that L(.A) C JI(L),ie.,L C &5, where J = /I(L). By Theorem
2 (a), J¥ c I(L) for some k, so if we had £, = &, then J* - £ would be a finite-
codimensional Lie ideal contained in L. Thus £; # £ and there is I € Sp(A, J) with
&1 # €. We know already that in this case & is maximal. Since L C £; C & and L
is maximal, we have L =&y and I = J = I(L). ]

Corollary 2 Let (€, [+, -]) be a Lie QD-algebroid of class C (i.e., a Jacobi module over
(K, C(N)) of class C sections of a class C vector bundle) over a class C manifold N .
Let S C N be the open support of the anchor map, i.e., S = {p € N : X(p) # 0 for
some X € E}. Then the map p — p* = {X € £ : X(p) = 0} constitutes a bijection of
S with Sp(&).

Let 'Slbe the image of the anchor map o : & — Der(A). By definition of a Jacobi
module, £ is a Lie subalgebra in (Der(A), [-, -]¢). Since & : £ — 5 is a sur]ectlve Lie
algebra homomorphism, it induces a bijection of Sp(£) onto Sp(é') L L= a(L).
Thus we get the following.
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Corollary 3 Let (€, [-, -]) be a Lie QD-algebroid of class C over a class C manifold
N.Let S C N be the open support of the anchor map, i.e., S = {p € N : X(p) # 0
for some X € E}. Then the map p +— D = (£ € £ : £(p) = 0} constitutes a bijection
of S with Sp(€).

5 Isomorphisms

It is clear that any isomorphism ¥ : & — &; of the Lie algebras associated with
Jacobi modules &; over (R;, A;),i = 1,2, induces a bijection ¥ : Sp(&2) — Sp(€1)-
Since the kernels K; of the anchor maps «; : & — &; are the intersections

K; = ﬂ L, i=1,2,
LeSp(&i)

V(K1) = K3, s0 ¥ induces a well-defined isomorphism
Vb6 X =9X)
with the property
L eSpE) & V(D) € Sp&). ®)

Proposition 4 If the Lie algebras (&;, [+, -1i), associated with Jacobi modules &;, i =
1,2, are isomorphic, then the Lie algebras of Jacobi—hamiltonian vector fields &;
i = 1,2, are isomorphic.

The following theorem describes isomorphisms of the Lie algebras of Jacobi—
hamiltonian vector fields.

Theorem 7 Let (&, [+, 1) be a Lie QD-algebroid of class C, over a class C manifold
N;, and let S; C N; be the (open) support of the anchor map «; : & — &, i = 1, 2.
Then every isomorphism of the Lie algebras of Jacobi-hamiltonian vector fields ® :
&1 — & is of the form ® (&) = ¢« (§) for a class C diffeomorphism ¢ : S| — S>.

Corollary 4 If the Lie algebras associated with Lie QD-algebroids E; of class C, over
class C manifolds N;, i = 1, 2, are isomorphic, then the (open) supports S; C N; of
the anchor maps «; : & — &;,i = 1,2, are C-diffeomorphic. In particular, N| and
Ny are C-diffeomorphic provided the anchors are nowhere-vanishing.

Proof of Theorem 7. According to Corollary 3, the isomorphism ¢ induces a bijection
¢ : S; — S such that, for every & € £ and every p € Sy,

£(p) =0« @)@ (p) =0. €))

First, we will show that ¢ is a diffeomorphism of class C. For, let f € C(Nl)./S\ince

the anchor map is a first-order differential operator, for every X € & we have f 2X =
2f - fX — f?- X.In particular, for any p € Ny,
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F2X(p) = 2f (D TX(p) + fAPX(p) =0,

so that, due to (9),

O(F2X) (B (p)) = 2Ff (P)O(FX) () — F2(p)B(X)($(p)). (10)

We can rewrite (9) in the form
O(f2X) = 2(f 0 ¥) - D(FX) — (f o 9)? - D(X), (11)

where ¥ = ¢! and both sides of (11) are viewed as vector fields on S>. In a similar
way one can get

O(F3X) =3(f o) O(FX) —2(f o y)* - (X). (12)

To show that f o v is of class C, choose ¢ € S» and X € & such that @(f)(q) # 0.
Then we can choose local coordinates (x1, ..., x,) around g such that <I>()? )=201 =
d/0xy. If a is the first coefficient of the vector field @(ﬁ) in these coordinates, we
get out of (11) and (12) that (f o ¥)> — 2a(f o ) and 2(f o ¥)> — 3a(f o ¥)? are
of class C in a neighbourhood of ¢. But

(foy)? —2a(foy)=(foyy —a) —a* (13)

and
2fov) —3a(foy)? =2(fo¥y —a) +3a(f oy —a)* —a*,  (14)

s0 (f o —a)? and (f o ¢ — a)? are functions of class C in a neighbourhood of ¢, as
the function a is of class C. Now we will use the following lemma which proves that
fov —a,thus f o,isof class C.

Lemma 2 If g is a K-valued function in a neighbourhood of 0 € K" such that g* and
g> are of class C, then g is of class C.

Proof. In the analytic cases the lemma is almost obvious, since g = g>/g> is a mero-
morphic and continuous function. In the smooth case the Lemma is non-trivial and
proven in [Jo]. O

To finish the proof of the theorem, we observe that f o ¥ is of class C for all
f € C(N,) implies that ¢, thus ¢ = 1//_1 ,is of class C and we show that ® = ¢, or, in
other words, that Y (f) o = ®(¥)(f o ¢) forall f € C(Ny) and all Y € &;. Indeed,
for arbitrary f € C(N;) and X, Y € &, the bracket of vector fields [?, f2X] reads

[V, /2X] = [V.2f - fX — % X]
=2V(f)- fX —2f-Y(f)- X +2f[Y. fX] - f2[Y. X].

Hence, similarly as in (11),
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O([Y, f2X]) = 27 (/) o ¥) - (FX) —2(f 0 ) - F(f) 0 ) - D(X)
+2(f o) - O, FX]) — (f oy)? - &Y, X]).
Comparing the above with
[©(D), D(f2X)] = [(7). 2(f o ¥) - D(FX) — (f 0 ¥)* - DX,
we get easily
(Y(fow —d@)(f o)) (®(FX) = (f o) - ®(X)) =0. (15)

After polarizing with f := f 4+ h and multiplying both sides by ?( floy—o (?) (fo
V), we get the identity

(Y(f) oy — DX)(f o))’ (®(X) — (ho ) - B(X)) =0, (16)
valid for all f,h € C(Ny) and all X, Y € &;. From (16) we get
(Y (f) oY) (q) = (@X)(f 0 ¥))(q)

for such ¢ = ¢(p) € S» for which in no neighbourhood of them the anchor map is a
differential operator of order 0O, i.e., for ¢ which do not belong to

S =1{p(p) e S: hX(p') = h(p)X(p') forall h € C(Ny), X € & and p’ close to p}.

If, on the other hand, g € Sg, then ®(hX) (q) = oy - <I>(3(\)(q/) for ¢’ from a
neighbourhood of ¢, so that comparing in this neighbourhood

O(Y, fX]) = (Y(f) o) ®(X)+ (foy) (Y, X])

with
[©(Y), d(fX)] = DY) (foy) DX)+(foy)-[D(Y), D(X)]
we get . _ . .
Y (f) o ¥)(g) - D(X)(q) = DY) (f o ¥)(q) - D(X)(q),
thus R R
Y (f) o ¥)(g) = DX)(f o ¥)(q)
also for g € Sg. O

Remark (a) For Jacobi—Kirillov bundles with all leaves of the characteristic foliation
(i.e., orbits of &) of dimension > 1 there is a much simpler argument showing that v
is smooth than the one using Lemma 2. The difficulty in the general case comes from
singularities of the ‘bivector field” part of the anchor map and forced us to use Lemma
2.

(b) Theorem 7 has been proven for Lie algebroids in [GG], so the new (and dif-
ficult) case here is the case of Jacobi—Kirillov bundles with non-trivial ‘bivector part’
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of the bracket. A similar result for the Lie algebras of smooth vector fields preserv-
ing a symplectic or a contact form up to a multiplicative factor has been proven by
H. Omori [O1]. These Lie algebras are the Lie algebras of locally hamiltonian vector
fields for the Jacobi—Kirillov brackets associated with the symplectic and the contact
form, respectively.

Corollary 5

(a) If the Lie algebras (C(N;), {-, -1p;) of the Jacobi contact brackets, associated with
contact manifolds (N;, B;),i = 1, 2, of class C, are isomorphic, then the manifolds
N1 and N are C-diffeomorphic.

(b) If the Lie algebras associated with nowhere-vanishing Poisson structures of class
C on class C manifolds N;, i = 1,2, are isomorphic, then the manifolds N1 and
Ny are C-diffeomorphic.
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Summary. Given a 2-vector field and a closed 1-form on a manifold, we consider the set of
cotangent vectors which annihilate the deformed Schouten bracket of the 2-vector field by the
closed 1-form. We show that if the space of cotangent vectors forms a vector bundle, it carries a
structure of a Lie algebroid. We treat this theorem in the category of Lie algebroids. As a special
case, this result contains the well-known fact that the 1-jet bundle of functions of a contact
manifold has a Lie algebroid structure.

AMS Subject Classification: 17B62,53A55.

Key words: Lie algebroid, deformed Schouten bracket.

1 Introduction

The Poisson bi-vector field on a Poisson manifold (M, 7) defines a bundle morphism
7 : T*(M) — T(M) which is given by « — m(«, ). The image of 7 is called
the characteristic distribution of the Poisson structure . It is integrable and gives a
generalized foliation of M consisting of leaves with symplectic structure. Moreover,
T*(M) has a structure of a Lie algebroid which leads to the Poisson cohomology.
One can naturally ask the condition for a general 2-vector field 7 (not necessarily a
Poisson), under which the image of 7 is integrable and ask how special a Poisson bi-
vector is. The condition for the integrability can well be seen from the formula (see
Section 3)

[7(a), 7(B)] = m({e, B}) + (1/2)[7, w)(ax, B) for 1-forms o and B

where {«, B} is the bracket on I' (T*(M)), and 7 () means precisely 7 («), but we often
use both notations interchangeably. The formula above says, if the Schouten bracket
[z, ] is in the image of 7, the Frobenius conditions are satisfied and the distribution
is integrable (while in the case of a Poisson structure a fortiori [, 7] = 0 holds). In
[5], the authors considered the condition that [, 7] is an image of a closed 3-form
under the induced map of 7 and proved T*(M) has a Lie algebroid structure which
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they call a twisted Poisson structure. Clearly, this condition implies the integrability of
the image of 7 by the above formula.

In our previous paper ([4]), we considered the space of cotangent vectors A =
{a | [, m](a, -, -) = 0} and proved A has a natural Lie algebroid structure (provided
A is a vector bundle of constant rank). In this paper, we generalize the discussion
to the case of deformed Schouten bracket [, 7]? and show that the same result is
obtained in this case too (Theorem 3.4). Also, we introduce the definition of a Jacobi—
Lie algebroid. It is nothing but a Lie algebroid equipped with a specified 1-cocycle.
However, this definition is sometimes preferable when we treat such objects formally.
For example, one can define a homomorphism between two Jacobi—Lie algebroids. In
the next section, we recall some basics on the Lie algebroids and the Schouten—Jacobi
bracket. In section 3, we prove our main theorem and give a computational example of
the theorem.

2 Lie algebroids and Jacobi-Lie algebroids

In this section, we review some basic ingredients of Lie algebroids for later use and in-
troduce the notion of a Jacobi-Lie algebroid. All manifolds and functions are assumed
to be smooth (C°°) throughout the paper.

Definition 2.1 A vector bundle £ over a manifold M is a Lie algebroid if

(a) the space of sections I' (L) is endowed with a Lie algebra bracket [, -] over R,
(b) there is given a bundle map a : £ — T(M) (called an anchor) which induces a Lie
algebra homomorphism a : I'(£) — I'(T(M)), satisfying the condition

[X, fY]=(a(X),df)Y + fIX, Y], X, Y eT(L), feC®M).

Thus a Lie algebroid is a triple (L, [+, -], @), however we often call £ a Lie algebroid
when the bracket and the anchor are understood. The most popular and important ex-
ample of a Lie algebroid is the tangent bundle with usual Lie bracket of vector fields.
The cotangent bundle of a Poisson manifold is another example of a Lie algebroid.
There are many other examples of Lie algebroids which are useful in geometry (see
(1D.

Let £* be the dual vector bundle of £. We note that the anchor of £ induces a dual
morphism a* : T*(M) — L*.

The Lie algebra bracket on I'(£) and the action of a(X) on C°°(M) induces an
‘exterior differential” dz on I'(A®L*) defined by a well-known formula;

(dew)(Xo, X1, ..., Xp) =Y (=D d(@(..., Xi,...)), a(X;)
i=0
+Y D oX, X Xy X,
i<j

weT'(A"LY), Xo,..., X, €eT(L),
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For example,

(def. X) = (df.a(X)) = (@*(df). X), feT(A’LY)=C>(M), X eT(L),
dep)(X,Y) =(d(B(Y)),a(X)) — (d(B(X)),a(Y)) — (B, [X,Y])
= Laox)(B(Y)) — Layy(B(X)) — (B, [X, Y1),
BeT(AILY), X, Y eT(L).
With this differential dz, I'(A®L*) becomes a differential graded algebra and a* in-
duces a homomorphism of differential graded algebras I'(A*T*(M)) — [ (A®L*).
Conversely, the exterior differential d on I'(A®L*) recovers the anchor and the

Lie algebra bracket on £, hence recovers the Lie algebroid structure of £ by the for-
mulas

@) (a(X),df) = (X.dcf),
) (X, Y], B) == (X, dc(B(Y)) = (Y, d(B(X))) — (dc )X, Y), (B € T'(L)).

In [3], the authors introduced the deformed exterior differential and the Schouten—
Jacobi bracket on I'(A* L) deformed by a 1-cocycle ¢.

Definition 2.2 Let ¢ be a 1-cocycle in I'(A®L*) with respect to dz, ie., ¢ € T'(L*)
and ¢ satisfies

(X, Y]) = Lax)(@(Y)) — Lary(9(X))
for X, Y € I'(£). The deformed exterior differential is defined by

dba =dea+¢ Aa, aeT (ALY @2.1)
The operator df: satisfies
dbodh =0,  dh@nrp)=dianB+ D andif—pranB,

where |o| means the degree of «, namely, « € I'(A*!£*). On the other hand, (¢-
deformed) Schouten—Jacobi bracket [-, ~]‘7’ is defined by

[P, QI” =[P, Q]+ (=D’ P(@) A (g = DO+ (p— DHP A Q($), (22
P eT(APL), Q eT(AIL).

Here and hereafter, P(¢) denotes the interior product (s P or ¢ _|P of ¢ and P. We
use these notations interchangeably.

This bracket on I'(A*® L) shares similar properties with the usual Schouten—Nijen-
huis bracket. In our sign convention, formulas of calculation for [-, ~]‘7’ are the follow-
ing:

(1) [X,Y]? = [X, Y] (Lie algebra bracket), for X, Y € I'(L),

) [P, Q1? = — (=P~ Da=brg, pi?,

(3) [P.[Q.RI?Y = [[P,Q]°, Rl + (=1)P~D@=D[Q [P, RI?]? (super Jacobi
identity),
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@) [P,QARI? =[P, QI AR+ (-1)P"DIQ A[P,RI” + (=1)PP($) A Q AR,
5) [f. PI* = —P(d2f). f € C¥(M),

where P e I'(APL),Q e T'(AYL),R e T'(A"L).

For ¢ = 0, these are just the formulas for the Nijenhuis—Schouten bracket. The
only difference is that the deformed one does not satisfy the Leibniz property for the
wedge product (see (4) above). Since dﬁ f in (5) above is defined by do f + f¢ =
a*(df) + f¢ in I'(L*), the action of X € I'(£) on C>(M) through [-, -]? is given by
X f =X, f1? = (a(X),df) + f(X,¢) where (a(X), df) is the usual action of
Lie algebroid through the anchor map. Putting f = 1, we see that the 1-cocycle ¢ is
recovered from the bracket since ¢ (X) = [X, 1]? = X - 1 holds.

The difference of the action of X on C°° (M) from the usual derivation leads to the
different ‘exterior differential’ and ‘Lie derivation’. The ¢-Lie derivative operator L?
for ‘forms’ and ‘vectors’ are defined by

Lya = (dPix +ixdb)a = Lya + ¢ (X)a, 2.3)
LYP =X, P]* = [X, P]— (p — D$p(X)P (2.4)

respectively. Then we have the following list of formulas.

LY@rB)y=LbaAB+anLlf—¢(X)anp 2.5)
LYPAQ)=LIPAQ+PALLO—¢(X)PAQ (2.6)
LY (P(@) = (LY P)(@) + P(LYa) + (la| — 1§ (X) P(e) @7

L% @(P)) = a(LYP) + (LYa)(P) + (p — D (X)a(P) 2.8)

LY[P, Q1 = [L% P, QI° + [P, L% 01® (2.9)
LYyP = fLYP =X A P(dcf) (2.10)

Note that (2.7) or (2.8) tells us that L?} does not commute with the contraction in
general, although Ly does.

Remark 2.1 Let ¢ be a usual closed 1-form on M. We can see a cue of defining the
¢-deformed Schouten—Jacobi bracket [-, 1% in the following observation when £ =
T(M). Let ¢ = df locally where f is a function on M. For a p-vector field P, we
put P = ¢ =D/ P Note that this assignment P +—> P is injective and it is the

identity transformation on the space of vector fields. If we compute [P, O], we have
e~ (Pra=2fp 0%,

As we will see below, one of the advantages of introducing [, -]? is that we can
treat a Jacobi structure on M as if it were a Poisson structure on M with respect to
[-, -]%. It seems natural here to generalize the Lie algebroid slightly and to introduce
the notion of Jacobi-Lie algebroid.

Let 7*M denote the bundle of 1-jets of functions on M. 7*M has a natural pro-
jection onto the bundle of O-jets which is a trivial line bundle ¢ = M x R. The
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kernel of the projection is the cotangent bundle T*(M) and 7*M = T*(M) & ¢ by
j)} f = (dfy, f(x)).Let 7 M denote the dual bundle and call it the extended tangent
bundle of M. The sections of 7 M form the set of differential operators on C*°(M) of
order < 1. Geometrically, 7 M can be identified with the tangent bundle T(M x R)
restricted to M x {0} (or to any level M x {z}). Then a section X of 7 M is expressed
as

0
X=X+1—
ot

where X is a vector field on M lifted to M x R and £ = (&), is the tangent vector

of R at 0. From this viewpoint, we may write 1-jet j! f as df + fdt, where dt is the
dual of %.
X acts on C°°(M) as a first-order differential operator by

X f=Xj'f)=Lxf+xrf

The commutator bracket of X = X + X% andY =Y + /Jca% in I'(7 M) as operators
is

0 0 0

XY]=||X+A— Y +u— || =X, Y]+ (X, du) — (Y,dr))—.

at at at
With this bracket on I'(7 M) and the natural projection pr; : 7TM — T(M) as the
anchor, (7 M, [-, -], pr1) is a Lie algebroid, and the action of X on f € C*®(M)
here, is through the vector field X . The difference between the two actions of X is the
multiplication by A. The map ¢p : X > A = X - 1 can be considered as a 1-cocycle of
the Lie algebroid 7 M. Indeed

(d¢po)(X,Y) = Lxpu — Lyx — ¢o([X, Y]) =0.

We call this cocycle ¢g of 7 M the canonical 1-cocycle.

Let (L, [+, -], @) be a Lie algebroid and ¢ any Lie algebroid-1-cocycle of £. Then
we have abundle map a : £ — 7 M defined by a(X) = a(X)—i—d)(X)a% e T(M)De =
T M . Using this map, we formulate a Lie algebroid with specified 1-cocycle as follows.

Definition 2.3 A Jacobi-Lie algebroid over a manifold M is a triplet (L, [-, -], a) of a
vector bundle £, a Lie algebra structure [-, -] on I'(£), and a bundle map a of £ into
T M (called also an anchor), satisfying

(1) (L, [+, -], pr1 o a) is a Lie algebroid over M,
and

(2) a induces a Lie algebra homomorphism from I'(£) into I'(7 M).

Note that ¢ = a*(¢o) is a 1-cocycle of L. Conversely, if a Lie algebroid (Z, [-, -], a)
has a 1-cocycle ¢, thenthe mapa : X — a(X) =a(X) + ¢>(X)% is verified to be an
anchor of a Jacobi—Lie algebroid. Indeed, for X, Y € I'(£L), we have

a
a((X, YD) =a((X,Y]) + ¢(X, Y])E
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d
= [a(X), a(V)] + ({a(X), d(¢(Y))) — {(a(Y), d(d)(X))))g

0 0
= [[a(X) +</>(X)a—,a(Y) +¢(Y)—:[| = [a(X),a(})],
T ot
and
[X, fY]= fIX, Y]+ (a(X),df)Y.

Since 7M = T(M) & ¢, we have an isomorphism A?TM = APT(M) @ AP~'T(M).
Thus an element P € T'(AP (7 M) is expressed also as a pair (P, P’) of a p-vector field
and a (p— 1)-vector field. The correspondence is givenby P = P+ % AP < (P, P)).
Similarly, an element @ = o + dt A o’ € T'(APT*M) is given as a pair (a, o)
consisting of a p-form and a (p — 1)-form. Especially, the canonical 1-cocycle ¢y is a
pair (0, 1) where O denotes the zero 1-form and 1 is a constant function. We sometimes
adopt this notation.

Example 2.1 (Jacobi structure on M) Let w = (i, £) be an element in T(AZT M).
With the above notation, we have

[, 1% = [(7, &), (7, E)1P = [(7, &), (7, £)] + 2(ig, (77, &) A (7, £)
= ([, 7], 2[€, 7]) + 2& A7, 0) = ([, 7] + 26 A, 2[E, 7]).

Thus [7,w]? = 0 is equivalent to (i, &) being a Jacobi structure. The differential
d® f is (df, f) and ‘Hamiltonian vector field”  (d% f) of f is a pair (n(df) +
f&, —(&, df ))). The bracket of functions f and g is given by

{f, g} =m@™ f,d%g) = Lf,"}d«pof) 8 = Linpy+fe—(e.dp) 8 + @@ f))g
=n(df,dg)+ f(§.dg) — g(&,df) .

In the case of a contact structure, 7" A & is nowhere zero and the map f +— 7 (df) +
f& is injective from C*°(M) into I'(T(M)) and this vector field is called a contact
Hamiltonian vector field.

3 Deformed bracket on 1-forms

Let £ be a Lie algebroid over a manifold M whose anchor is a : £ — T(M) . We
fix a 1-cocycle ¢ and consider ¢-deformed exterior differential dz and ¢-deformed
Schouten bracket [-, -]?. By an abuse of language, we call P € T'(A”L) a p-vector
field and @ € T' (AP L*) a p-form. In this section, we prove our main theorem. Namely,
we show that ([n, n]¢)0 has a Lie algebroid structure (Theorem 3.4). (P° denotes the
space of annihilating elements of P in £*.)

First we prove
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Lemma 3.1 Let P € T'(APL), Q € T'(AYL) be a p-vector field and a qg-vector field,
respectively. For a 1-form «, the following equality holds;

[P, 01%(@) = [P(a), QI? + (=)""'[P, Q@)]? + (=1)"(P A Q)(der)
+(DPTIP@a) A O+ (=DPTIP A Q(dbe) (3.1

where for p < 1, we understand P(dgot) = 0 and similarly for q < 1, Q(dga) =0.
This immediately shows the following.

Corollary 3.2 For a 2-vector field w and a 1-form o, we have
o 1 AL y
[w(e), 7]" = _5(” AT)(dpa) + E[n, )% (a) + w(dpo)m.

Proof of Lemma 3.1. In the case ¢ = 0, the proof is seen in [4]. For general ¢, we
recall the defining equation (2.1) dgoc =dra+ ¢ Naof dz and the equation (2.2)
of [-, -]%. Using these formulas, we can check that the terms containing ¢ are equal on
both sides in (3.1). Consequently, the equality is valid for a general Schouten—Jacobi
bracket. O

Given a 2-vector field 7 € T'(A2L) and a 1-cocycle ¢, we define a bracket on
1-forms as follows.

(. By = L0 B— L2 0 —do(n(@. ). @ peT(LY). (2
Since df:(n (o, B)) = Li(a) B — i,,(a)df:ﬂ, we have another expression

o, BYY = in@dpB — L )0 (33)

This bracket is not a Lie algebra bracket in general. The following formula is useful in
our computations.

Lemma 3.3 For a 2-vector field 7, the following equality holds:

o _ oy 1 4
[ (@), m(B)] —n({a,ﬁ}n)Jrz[mn] (a, B). 34

Proof. When L = T(M) and ¢ = 0, the above equation is already known in [4]. Since
{a, B} = in(a)dgﬁ - Li(ﬁ) a, we have

7({t. BYY) = T lin(edfB) — T(LE 4 @)
= T(ix(@dph) + (@), 7BV + (). 71*@. (3.5

Here, we used a general formula
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Lf((P(Ot)) = (L?(P)(a) + P(L?( o) + (lo| = Do(X) P (@)

for X = n(B) and P = &. By Corollary 3.2, (3.5) is followed by
(i @dB) + (@), m(B)” — Slm. w17, B) = (w(e) Am)(dpp) + m(dpp)m(e)
o_ Lo L1
= [n(a), T(B)]” — E[n, 1% (a, B).
Here we used the identity
T (ix@d2B) — ((@) AT)(d2B) +w(dhp)m(@) =0
which can be verified by putting df,? B = 01 A6, if necessary, where 01,6, € I'(£). O

Remark 3.1 Since [X,Y ]‘7’ = [X, Y] for each 1-vector field, the lemma above means,
for a 2-vector field 7, the following equality holds:

1
[7 (@), 7(B)] = w({at, BYS) + 5L 71%(a, B). (3.6)

Theorem 34 Let (L, [-,-],a) be a Lie algebroid over a manifold M and ¢ be a
I-cocycle. That is, £ has a Jacobi-Lie algebroid structure with anchor a : £ —
TM,X — a(X) + qS(X)%. Let 7 be an arbitrary 2-field of £, that is 7 € ['(A%L).
Suppose that the rank of [, 71 is constant. Then the sub-bundle ([z, 7]%)° is a
Jacobi—Lie algebroid with respect to the bracket

¢
o, BYS = LL B — L g — d2(L(e, B)
and the anchor is given by the composition of a and 7 restricted to ([, 7190,

Corollary 3.5 H = a o 77 (([7, 7]%)) is an integrable distribution.

Proof of Theorem 3 4. First we show the space of sections of ([, 7]?)? is closed under
the bracket { , }2. Let I-forms « and g be sections of ([, 7]%)° so that a_|[rr, 7]% =

B [, 7]® = 0. In order to prove {«, ,B}ﬁj[n, 7]% = 0, we use Corollary 3.2 again.
It says

1 1
Ste BY i, 71 = (7 (le 1), £17 + 5<d2{a, BI) I(L A L) — L(dh e, BYIL
in general. By the same formula, o and B satisfy

[7 (@), £1° + %(dﬁau(c AL) — Ldoa)L =0

and

1
[7(B). L1° + S(@d7B) J(L A L) ~ LUZAL=0.
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Since 7 ({a, BI%) = [7 (@), #(B)1? and {a, BYy = L%, B— L%y o —dpm (@, B),
we have

%{a,ﬁ}ﬁj[mﬂ]"’
= [0, AP, w1+ 5 (1L d2p — L2 dbe) I
—n(Lﬁ(a)dLﬂ Ln(ﬂ)dﬁa)
= [ (), [7(B). 71?1° + [[7 (@), 71?, 7 (B))?
+é( L2, d%p — L~(ﬂ)d£oz) n? —n(L¢( dp - L~(ﬂ)d£a)

= 18, (~5@tp i + i) - L (3 e I+ wiatarr

1
+5( ? 2B Lﬂ(ﬁ)dﬁa> w? = (L2 dhB — 1Ly dfa)
1 _
5 (L2 d28) Jn® = Sd2pLE 7" — SNl I’
+ (LY oM (2B + n(L ? @) + n(dﬁﬂ)Ln(a)
Lo L, . 2
+2<Lﬂ(ﬂ)d£a> HLEE dfa |1, 7 +§¢(n(,8))d£aJn
— (LY pym)(dfa)m — n(L‘b(B)(dﬁoz))JT T (dfo)Le 4
1
+2( ? 2B L¢(ﬁ)d£a) - ( ? 2B~ Ln(ﬁ)dﬁa)n
= SdEBLL T UL M@+ AL
+§d£aJLﬁw (L~(ﬁ)n)(d?:a)n —n(dﬁa)Lﬁ(ﬂ)n
[ ¢ 2 ~ ¢ 2
— SOGE @) Jn* + 5¢<n(ﬂ))dﬁun .

The sum of the 2nd and 5th terms of the right-hand sides of the equations above is zero
as we see from the assumption

(LY o) @E)T — (LE ) (d )T
— (_%d?:ﬁjdca_]nz + n(dﬁa)n(df:ﬂ)) T
- <—%dzajdﬁﬂjn2 + n(dﬁﬁ)n(d}’}a)) m

=0

and also from the assumption the sum of the 3rd and 6th terms becomes

1 1
—3mgB)dpa_|7® + Sx(dpe)dlp Jn’.
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Thus,
o, BYg L, 717
= —d%B Q7 (@), 71 A — (G (@)n?)
+ dZaJ(Z[ﬁ B). 71’ AT — P (BT
— n(dP)dra |7 + m(dbe)dpp |
— ¢ (@)dPp_|n* + ¢ (7 (B))dpa |
=d% | ((dﬁaJnZ) AT — 2n(d2a)n2>
— dfa ) (@hBmd A7 - 2m(@lp)r?)
— n(d2B)dpa_|n? + n(dpa)dpp_|n?
= d}p ) ((@PaJn*) A7) = m(dfe) @R I
— dfa ) (@hp_n* A )
+ 7 (deB)(dpa_|7?).

We claim that the above is identically zero. To prove this, it suffices to verify the

claim in the case when df:a = 6; A6y and dﬁﬂ = 11 A 2. By a direct and lengthy
computation, we can verify that the above actually vanishes.

Proof of the Jacobi identity. Let a, B,y € ([m, 7]?)?. Using the definition of the
bracket, we see that

{o, (B, Y22 = 7 (@) _Jd2{B. v)E — ({ﬂ
V}

LE 1B v} —dlG (@) J1B. v1%) — L? PR

using Lemma 3.3

(78 Jdly —12,,8)

(7@ JG®) Jdby - 1L W)) LY o s o
rr(a)( Y~ dc(ﬂﬁu”) O ATI:

—df (7 (@) IR () _taly - ﬁ(a)JLW)V) ~ Ll rim®
=L Lep? ~ Lawde B v) = L L5)p

—d? (n(aumﬂudﬁy n(auLw)y) — LY ) 2ie®

=L".’
7T

J°

dp

¢ ¢
Ln(a) Y ~ Ll (y)ﬂ n<ﬁ>n<y>]¢°‘

L
( ﬂ(a)(n(ﬂv v)+ ﬁ(a)Jﬂ(,B)Jdﬂy — n(a)_]Lﬁ(ﬁ)y)
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¢ [ ¢ ¢ ¢
=Liwlzp? ~Liwlion)f ~ Lizpzom?
—df (7 Jd2 (B, y) + 7 (@) J7(B)_Jdly
—7(@)_J7(B) Jdly — #(@) JdPG(B) )
¢ ¢ ¢
= LY L7 — Lo L5008~ Lizp) 2oi®

and so we have

orb _ Y _
S5 e tbyizlz = 6 (e = Lo Lea?) = L agmp) =0

using L?( o L?ﬂ — L(;i o L‘f{ = L‘[pX yye ON [ (A*L*) for each pair of vector fields X and
Y, which is true by virtue of the closedness of ¢.

The anchor for Lie algebroid Since

LY(fB) = (LY N)B + fLYB — (¢, X) f.
LYya = fLXa + (X _Ja)dr f.
we have
(o, fBYS = (LL (y PIB + FLL B — (&, (@) fB — (FLL g + F(B) _Jo)dr f

— (fde((a, B) + w(a, Bde f — fr(a, B)o)
= ffa. B}Y + Rest,

where

Rest = (L%, /B — (¢, 7 (@) B — R (B)_Ja)def — (wle, Prdcf — fr(et, Bop)
= (n(a),dc f)B = {a(@(a)),df)B .

Thus, we have

{o, BYS = flon BYY + (a(F (@), df)B.

This shows a o 7 is the anchor for Lie algebroid (([7, 71%)°, {-, -}ﬁ).

Corresponding 1-cocycle We will verify ¢ o 7 is a 1-cocycle on (([7, 7190, (., -}ﬁ,
a o). Put here ¢ o 7 by ¢. We have to show

o({o, BYE) = Ly (9(B)) — Ly (9(@))  foreacha, p € ([, 7]1%)°.

The right-hand side is reduced as

RHS = L4 ) (@7 (B)) — Lo ) (@7 (@) = ¢([7 (), T (B)])

because of ¢ being closed. Concerning the left-hand side, we have
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LHS = (¢ o 7){a, B}

1
= ¢ (7 (@), 7(A)] — . 71%(@, B))  using (3.6)
= ¢ (), T(B)]

because of «, 8 € ([, 71]¢)0. Thus we have checked the equality of both sides, and
a o 7 is the anchor for the Jacobi-Lie algebroid. O

Remark 3.2 In the proof above, we see that if ¢ is exact, then the corresponding 1-
cocycle is also exact. In fact, assume ¢ = d f for some f,ie., (¢, X) = (d.of, X) =
(df,a(X) — for each X € I'(L). Then, we have (¢, a) = (¢p7,a) = (¢, T(x)) =
(df,a(@())).

3.1 An example

We show an example on the 5-dimensional Euclidean space R> with the Cartesian co-
ordinates (xl, e, xs), which exhibits some difference between the ordinary bracket
and the deformed one. Since the space is simply-connected, every closed 1-form is

exact, and every closed 1-form ¢ is of form ¢ = df = Z/ 1 ax—f]dxf = Zi’:l fjdxj
of

for some function f, where f; = 2=.
Take the frame field {Z1, ..., Z5} defined by

S}

S B N
ax! 2 x5’ ax2 2 xS’

B T T T )
ax3 2 9x5° axt 2 9x5° xS’

Then, Zs is a central element and the bracket relations are given by
(Z1, Z2] = =22, Z1] = [Z3, Z4] = —[24, Z3] = Z5

and all the other brackets vanish.
Let us consider a 2-vector field 7:
T = a12Z1 NZy+ a1321 NZ3+ a‘521 NZs+ a2322 N Z3

+ 02522 NZs+ a35Z3 NZs

where {a'/} are constant. The rank of 7 is 4 if and only if A := a'?a® — a'3a® +
aa®® # 0. Hereafter, we assume that 7 is of rank 4. We have the following calcula-

tion:

[m, ] = 2a'? (Cllzzl N Z> —i—aBZl N Z3 +a2322 A Z3> NZs

d d 0 d d ad ad
P R LI E R D < LN I
4 <a oax!l " 9x2 +a ax!l " 9x3 ta ax2 " 9x3 9x>
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and

L W
Sl a1’ = Sl ] + 7 T

ad 0]
=—fsA—

These equations above imply that [, 7] = 0 if and only if !> = 0, and [7, 7]? =
[, 7] if and only if ¢ = df with fi = f» = f3 = f5 = 0 for some function f, and
[, 7]® = 0 if and only if

1 1 1
fl — _Za12a23 , f2 — Zal2al3 , f3 — _Kal2a12 , f5 -0. (3.7)

Now, we consider the following special cases.

Case | Ifa'2 =0and A # 0, then [, 7] = 0, and so [, 71° is the whole cotangent
bundle of R3 and dim 7 ([, 71°) = 4, #([%, #]°) = Im#. Choose ¢ = df with
fi #0and f, = f3 = 0. Then ([, 7]%)? is spanned by ¢ and dx*. 7 ([, 7]?)?) is
spanned by

4 4
. e (X i3 as) 9 X3 a5\ @
ﬂ(df)—f5<2a a >_ax1+f5<2“ a )_8x2

1 2 4
13 X3 XT3 35 d X3 i5) 9
+<fla +f5 (761 _761 —da ))ﬁ_fl (761 —da )ﬁ

and we see that this does never vanish from the assumption A 5 0. Thus, 7 (([, 71%)9)
is of dimension 1.

Case 2 Assume a'?> # 0 and A # 0. For example, choose a'? = a® = 1,a"? =
3

a® = 0. Then [7, 7] = 2337 A 3%2 N5 and so [mr, 710 is spanned by dx3 and
dx*. Thus, 7 ([, 71°) is spanned by 33? and dim 7 ([, 7]°) = 1. According to the
condition (3.7), if we choose f| = f, =0, f3 = 1 and f5 = 0, then [, 7] =0 and
so ([, 7]?)? is the whole cotangent bundle and 7 ([, 7]1%)°) = Im7 is of dimension
4, which is spanned by Z1, Z;, Z3, Zs.

If we choose f] # —a'?a®®/A, (ie., f # Oright now), f> = fs =0,and f3 = 1,

then [7, 7]? = 2f1% A 337 A 33? # 0. ([m, 71]‘75)0 is spanned by dx! and dx*.

Since #(dx1) = % + @b+ %)% and 7 (dx*) = 0, we see that 7 (([rr, 7]1%)?) is
1-dimensional.
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the cases of second and third order ODE for scalar functions. We will explicitly describe the
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1 Introduction

The geometry of ordinary differential equations for scalar functions is strongly linked
to the Lie algebra s[(2, R) = s[(V), where V is a vector space of dimension 2. Asso-
ciated to the geometry of kth order ordinary differential equation

dky dy dkfly
S =Flxy = o7 )
dx* dx dxk—1

A

we have the irreducible representation of [ = 5[(17) on § = Sk’l(f/*), where
Sk=1(V*) is the space of homogeneous polynomials of degree k — 1 in two vari-
ables and is the solution space of the model equation % = 0 on the model space
P'(R) = IP’(V). It is known that the Lie algebra [ = g[(V) is the infinitesimal group of

linear automorphisms of the model equation (cf. Proposition 4.4.1 [Sea88]). Moreover
the Lie algebra g¢ = g¥(1, 1) of infinitesimal contact transformations of % =0is
given as follows; (1) 92 is isomorphic to s[(3, R). (2) g3 is isomorphic to sp(2, R).
(3) Otherwise, for k = 4, gk = S @ [ is a subalgebra of the affine Lie algebra
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A(S) = S & gl(S) (see Section 2.1). The Lie algebra g¥ plays a fundamental role
in the contact geometry of kth order ordinary differential equations.

Thus, when k = 2 and 3, special phenomena prevail and result in rich automor-
phism groups so that these two cases offer examples of parabolic geometries associ-
ated with differential equations. Here the Parabolic Geometry is a geometry modeled
after the homogeneous space G/ P, where G is a (semi-)simple Lie group and P is a
parabolic subgroup of G (cf. [Bai93]). Precisely, in this paper, we mean, by a parabolic
geometry, the geometry associated with the simple graded Lie algebra in the sense of
N. Tanaka ([Tan79]). The main purpose of this paper is to seek other such special
phenomena and to present other classes of parabolic geometries associated with dif-
ferential equations of finite type, which naturally arise from Se-ashi’s principle and
generalize the above cases of g and g°.

For the geometry of differential equations of finite type, our study is based on
the geometry of differential systems in the following way (cf. [YY02]): We regard a
kth order differential equation as a submanifold R of the k-jet space J*(n, m) for n
independent and m dependent variables. Defined on R, we have the differential system
D obtained by restricting to R the canonical system C* on J¥(n, m) (see Section
2.1). Especially, when R is a kth order involutive differential equation of finite type,
p= 771571 |r: R — J*¥~1is an immersion so that we have a pseudo-product structure
D = E & F on R, where D is the pullback (p,)~'(C¥~1) of C¥~! through p, E = D
is the restriction of C¥ to R and F = Ker (n,f_2 |R)+ is the fibre direction of ”lf—z |R-

Now, let us recall Se-ashi’s procedure to form good classes of linear differential
equations of finite type, following [Sea88] and [Y Y02]. Se-ashi’s procedure starts from
a reductive graded Lie algebra (GLA) [ = [_] & [p @ [; and a faithful irreducible [-
module S. Then we form the pseudo-product GLA g = P pez 8p of type ([, S) as
follows: Let [ = [_| @ [p @ [; be a finite dimensional reductive GLA of the first kind
such that

(1) Theideal =1y @ [[_1, ;] ® [ of [ is a simple Lie algebra.
(2) The center 3(I) of [ is contained in [y.

Let S be a finite dimensional faithful irreducible [-module. We put
S 1={seS|l-s=0}

and
S, =ad(l_;)"P7's_; forp <O.

We form the semi-direct product g of [ by S, and put
g=S8S&l, [S,S]=0,
=k (*k=0), g1=01®5,
gp =Sp (p <—=1D).
Then g = P ez, 9p enjoys the following properties (Lemma 2.1);
1 S= @;g_l Sp,where S_, ={s € S|[l1,s]=0}.
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(2) m =D, 9p is generated by g_;.
(3) Sp is naturally embedded as a subspace of W ® SHYP([_1*) through the bracket
operation inm, where W = S_,.

Thus S =5, &S 11D BS 1 CWOWRV D---®W®SH1(V¥)
defines a symbol of uth order differential equations of finite type by putting Sp =
{0} € W ® S¥(V*). We can construct the model linear equation Ry of finite type,
whose symbol at each point is isomorphic to S (see Section 4 [Sea88]). R is a uth or
der involutive differential equation of finite type. Then, we see that the symbol algebra
of (Ro, Do) is isomorphic to m, where Dy is the pullback of the canonical system C*~!
on the (11 — 1)-jet space J*~!. m has the splitting g_; = [_ @ S_, corresponding to
the pseudo-product structure on Ry, where V = [_; and W = §_,. In this way, m is
a symbol algebra of uth order differential equation of finite type, which is called the
typical symbol of type (I, S).

This class of higher order (linear) differential equations of finite type first appeared
in the work of Y. Se-ashi [Sea88], who discussed the linear equivalence of this class of
equations and gave the complete system of differential invariants of these equations,
generalizing the classical theory of Laguerre—Forsyth for linear ordinary differential
equations.

We ask the following question for the pseudo-product GLA g = pez 9p of type
((, S):

When is g the prolongation of m or (m, go)?

Namely we ask whether g exhausts all the infinitesimal automorphisms of the differ-
ential system (Rg, Do) or its pseudo-product structure.

The answer to this question is given in Theorem 5.2 of [YY02] (Theorem 2.3
below), where we can find the classes of parabolic geometries, which generalize the
cases of second and third order ordinary differential equations. More precisely, this
theorem states : For a pseudo-product GLA g = @L=7 u 9p of type (1, S) satisfying
the condition H'(m, 90,0 = 0, g is the prolongation of m = @p<0 gp except for

three cases. Let b be the prolongation of g = b_; @ by, where b1 =S8 and by =
Then the three exceptional cases correspond to cases : (a) dim b < 0o and b1 # 0, (b)
dimb = o0, (c) g is a pseudo-projective GLA (for the detail, see Section 2). In case
(a), b=b_® bo @& b1 becomes a simple graded Lie algebra containing g = b_; @ by
as a parabolic subalgebra. Thus, basically, the case (a) corresponds to the parabolic
geometries that we seek. In fact, in the case of kth order ordinary differential equations
for a scalar function, g> and g3 belong to case (a) and g belongs to case (c) for k = 4.
In Section 2, we will recall the above results from [YY02]. The symbol algebras
of these parabolic geometries will be given in Theorem 2.3 in terms of root space de-
compositions of the corresponding simple Lie algebras. We will describe these symbol
algebras and the model differential equations of finite type explicitly by utilizing the
explicit matrices description of the simple graded Lie algebra b for the classical cases
in Section 3 and by describing the structure of m explicitly by use of the Chevalley
basis of the exceptional simple Lie algebras in Section 4. Finally, in Section 5, we will



164 K. Yamaguchi and T. Yatsui

discuss the equivalence of each parabolic geometry associated with the differential
equations of finite type explicitly described in previous sections.

2 Pseudo-product GLA g = P, g, of type (I, S)

In this section, we will summarize the results in [Y Y02] and explain the prolongation
theorem (Theorem 2.1). We will first discuss the prolongation of symbol algebras of the
pseudo-product structures associated with higher order differential equations of finite
type. Moreover we will generalize this algebra to the notion of the pseudo-product
GLA (graded Lie algebras) of irreducible type and introduce the pseudo-product GLA
g =P,z 9p of type (I, S) and ask when g is the prolongation of m or (m, go), where
m = é <0 9p- In the answer to this question, we will find the classes of finite type
differential equations mentioned in the introduction.

2.1 Pseudo-projective GLA of order & of bidegree (1, m)

We first consider a system of higher order differential equations of finite type of the
following form :

akya

— o L. ym B B
Dy O A Y Y P Py
(lsas=m 1= = Zix S,
ty8 . . . .
where pg iy = dx,?—vdx,e These equations define a submanifold R in k-jets space J*

such that the restriction
p to R of the bundle projection n,’{‘_l : J¥ — J*k=1 gives a diffeomorphism ;

p:R— JE L diffeomorphism. 2.1

On J*, we have the contact (differential) system C* defined by

Ck ={w® = o == zzrl-"l‘,,,iki1 =0},
where
w® =dy* -7 pldx, 1Za<m
wf‘:dp;-x—Z;’_lpf‘jdx], IZa<m1Zi<n)

: (22)

Then C¥ gives a foliation on R when R is integrable. Namely the restriction E of C*
to R is completely integrable.
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Thus, through the diffeomorphism (2.1), R defines a completely integrable differ-

ential system E' = p,(E) on J¥~! such that

CK'=E'@F, F =Ker(nf ).
where n,ﬁ‘__zl . Jk=1 — J¥=2 is the bundle projection. The triplet (J*~1; E’, F’) is
called the pseudo-product structure associated with R.

Corresponding to the splitting D = E @ F = (p~")4(C*~1), we have the splitting
in the symbol algebra of the regular differential system (R, D) = (J*~1, Ck=1) of
type €1 (n, m);

C_1=e¢ePf,

wheree = V,f = WQ Sk=1(v*). At each point x € R, ¢ corresponds to E(x)
(the point in R over x) and f corresponds to Ker (n,f__zl)*( p(x)). Here we recall
(see Section 1.3[YYO02] for detail) that the fundamental graded Lie algebra (FGLA)
¢*=1(n, m) is defined by

lamy=¢, 0 dC e,

where €_; = W, €, = W ® SKtP(V*),¢_; = V& W ® SK=1(V*). Here V and
W are vector spaces of dimension n and m respectively and the bracket product of
=1 (n, m) = €k=1(V, W) is defined accordingly through the pairing between V and
V* such that V and W ® S¥~1(V*) are both abelian subspaces of ¢€_;. Here S"(V*)
denotes the rth symmetric product of V*.

Now we put

G0 = (X € go(€ ' (n,m)) | [X, el Ce,[X,fl Cf}

and consider the (algebraic) prolongation g*(n, m) of (€*~!(n, m), §o), which is
called the pseudo-projective GLA of order k of bidegree (n,m) ([Tan89]). Here
a0(€*~1(n, m)) denotes the Lie algebra of gradation preserving derivations of
ek=1(n, m).

Let Gy C GL(¢*~(n, m)) be the (gradation preserving) automorphism group of
@*=1(n, m) which also preserve the sphttlng ¢_1 =e¢®f.Then G is the Lie subgroup
of GL(C" 1(n, m)) with Lie algebra go. The pseudo-product structure on a kth order
differential equation R of finite type given above, which is called the pseudo-projective
system of order k of bidegree (n, m) in [Tan89], can be formulated as the ég-stmcture
over a regular differential system of type ¢*=1(n, m) ([Tan70], [Tan89], [DKM99]).
Thus the prolongation g*(n, m) of (¢*~1(n, m), §o) represents the Lie algebra of in-
finitesimal automorphisms of the (local) model kth order differential equation Ry of
finite type, where

oty . .
Ry=y ——————— =0 (1<a<m 1< £---Zitr<n);.
axil ~~8x,-k

The isomorphism ¢ of the pseudo-product structure on R preserves the differential
system D = E @ F, which is equivalent to the canonical system C¥~! on J¥~1.
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Hence, by Biacklund’s theorem (cf. [Yam83]), ¢ is the lift of a point transformation on
JO whenm > 2and k > 2 and is the lift of a contact transformation on J! whenm = 1
and k > 3. When (m, k) = (1, 2), ¢ is the lift of the point transformation on J, since
¢ preserves both D and F = Ker (nol)*. Thus the equivalence of the pseudo-product
structure on R is the equivalence of the kth order equation under point or contact
transformations. To settle the equivalence problem for the pseudo-projective systems
of order k of bidegree (n, m), N. Tanaka constructed the normal Cartan connections
of type g*(n, m) ([Tan79], [Tan82], [Tan89]).

It is well known that g¥(n, m) (k = 2) has the following structure ([Tan89],
[Yam93], [DKM99], [YY02]);

(D) k = 2. gz(n, m) is isomorphic to s[(m + n + 1, R) and has the following
gradation:

slm+n+1,R)=g,Dg_1 Dgo D g1 D go,

where the gradation is given by subdividing matrices as follows;

000
go=11000 EeW=R" L,
£00

000
g_1 = x00)|xeVER" AeMm,n=WeV*},
0AO

a00\| 4eR, BeglV), Cegl(W),
g0 = 0BO ,
00C a+trB+trC =0

o ={'X|Xeg} m={'X|Xeg}

where V.= M(n, 1), W = M(m, 1) and M (a, b) denotes the set of a x b matrices.
2)k=3andm = 1. g3 (n, 1) is isomorphic to sp(n+1, R) and has the following
gradation:

spn+1,R) =g 3Bg2Pg- 1D g P g1 g P gs3.
First we describe

spin+1,R) ={X e gl@n+2,R) | 'XJ + JX =01},

where
0 0 01
o o 5o o
J = 0 _In 00 € g[(zn + 2! R)» In - (811) (S g[(”l, R)
-1 0 00

Here I, € gl(n, R) is the unit matrix and the gradation is given again by subdividing
matrices as follows;



Parabolic Geometries Associated with Differential Equations of Finite Type 167

0000
0000
93=1 10000 acRy.
24000
0000
0000 "
82=11c000 FERT=V
07600
00 0 0
x0 00 . o~ 2
g1 = 0A 0 O xeR"=V, AeSymn) = S°(V") ¢,
00 —'x0
b0 0 0
0B 0 0
go = 00 —'B 0 beR, Begl(V) ¢,
00 0 —b

ge={'X1Xegu)(k=1273),

where Sym(n) = { A € gl(n, R) | A = A} is the space of symmetric matrices.

(3) otherwise. For vector spaces V and W of dimension n and m respectively,
ak(n,m) = P ez, 9p has the following description:

g ={0} (k=2), g =V go = gl(V) @ gl(W),

g =Vewes v, g,=westPwn (p<-D.
Here the bracket product in g¥(n, m) is given through the natural tensor operations.

For the structure of g (n, m) in case (3), we observe the following points. We put
[=V®g®g=Vagl(V)® V") ®gl(W)
=~ 5(V) @ gl(W), (2.3)
S=wes'(v, V=ReV.

where the gradation of the first kind; sl(V) = V @gl(V) @ V* is given by subdividing
matrices corresponding to the decomposition V. =R & V. Then

k—1
Sk = @Sf(v*),
=0

and S is a faithful irreducible [-module such that [ = [_; & [p & [; is a reductive graded
Lie algebra, where [_; = V, [y = go, [ = gi. Moreover g*(n,m) = S @ [ is the
semi-direct product of [ by S.
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In the following sections, we will seek to find other parabolic geometries associated
with differential equations of finite type, which are the generalizations of the above
cases (1) and (2).

2.2 Pseudo-product GLA of type (, S)

We will now give the notion of the pseudo-product GLA of type (I, S), generalizing
the pseudo-projective GLA of order k of bidegree (n, m).

Letg=6&p peZ. 9p be a (transitive) graded Lie algebra (GLA) over the field K such
that the negative part m = ®p<0 gp is a FGLA, ie., [gp,g-1] = gp—1 for p < O,
where K is the field R of real numbers or the field C of complex numbers. Let ¢ and { be
subspaces of g—1. Then the system & = (g, (g,) pez. ¢, f) is called a pseudo-product
GLA (PPGLA) of irreducible type if the following conditions hold:

(1) g is transitive, i.e., for each k = 0,if X € g and [X, g_;] = 0, then X = 0.
(2) g1 =e¢®f, [e,e]=1Iffl=0.

(3) [go, el C eand [go, f] C f.
(4) g—2 # 0 and the go-modules ¢ and § are irreducible.

It is known that g becomes finite dimensional under these conditions (see [Tan85],
[Yat88]).

As a typical example, starting from a reductive GLA [ = [_; & [p & [; and a
faithful irreducible [-module S, we define the pseudo-product GLA g = P,z 9 of
type ([, S) as follows: Let [ = [_] @ [p @ [; be a finite dimensional reductive GLA of
the first kind such that

(1) The ideal | = 1@ [l-1, 1] @ I of [is a simple Lie algebra.
(2) The center 3([) of [ is contained in [p.

Let S be a finite dimensional faithful irreducible [-module. We put
S_1={seS|-s=0}

and
S, =ad(l_;)"?7's_; forp <O.

We form the semi-direct product g of [ by S, and put
g=Sol [S,S81=0,

gG=k k20), g 1=01®S51,
gp=Sp (p<-—D.

Namely g is a subalgebra of the Lie algebra 2A(S) = S & gl(S) of infinitesimal
affine transformations of S.
Then we have (Lemma 2.1 [YY02])
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Lemma 2.1 Notation being as above,

() S= @;ﬁ_l Sy, where S_, = {s € S| [I_1,s] =0}.

2) m= @p<0 gp is generated by g_1.

(3) [Sp. 1] = Spi1 for p < —1.

(4) S, is naturally embedded as a subspace of W @ SFP(I_1*) through the bracket
operation in m, where W = S_,.

(5) S—1, S_y are irreducible |y -modules.

Thus m is a graded subalgebra of ¢“~!(V, W), which has the splitting g_; =
[L1 @ S_1,where V =1_1and W = S_,. Hence m is a symbol algebra of jtth order
differential equations of finite type, which is called the typical symbol of type (I, S).
Moreover the system & = (g, (§p)pez, [-1, S—1) becomes a PPGLA of irreducible
type, which is called the pseudo-product GLA of type (1, S).

This class of higher order (linear) differential equations of finite type first appeared
in the work of Y. Se-ashi [Sea88].

2.3 Prolongation Theorem

Let & = (g, (§p) pez, [-1, S—1) be a pseudo-product GLA of type (I, §),ie.,g = SSI
is endowed with the gradation (gp) pez, § = @;__ . 9p given in Section 2.2. g has

also another gradation (b)) yez, g = @p__l b,, given by b_; = § and by = [. Thus
g has a bigradation (gp.4)p gz, Where g, 4 = g, N b,. We have the cohomology
group H*(®) = H™*(m, g) associated with the adjoint representation ofm = g_ on
g, that is, the cohomology space of the cochain complex C*(&) = € C? (&) with the
coboundary operator 3 : C?(®) —> CPT!(®), where C” (&) = Hom(/\” g_, g). We
put

CP(B)s = {0 e CP(B) | 0(@iy jy A+ A Bipjp) C Giyttiptrjittjpts

forall iy,....ip, j1,-...Jp})-

As is easily seen, C*(8), ; = @p C?(8), s is a subcomplex of C*(®). Denoting its
cohomology space by H (8), s = @ H” (&), s, we obtain the direct sum decomposi-
tion
H*(®) = @) H? (®),.5.
p.r.s

The cohomology space, endowed with this tri-gradation, is called the generalized
Spencer cohomology space of the PPGLA & of type (I, S). Note that H'! (&)o,0 =0if
and only if go coincides with the Lie algebra of derivations of m such that D(g,) C g,
(p<0),D(_y) cl_yand D(S_;) C S—1.

From now on, we assume for the sake of simplicity that the ground field is the field
C of complex numbers. For the discussion over R, the corresponding results will be
obtained easily through the argument of complexification as in Section 3.2 in [ Yam93].
Wesetl=I[_1 @[, j]® andu = D(g[([)) then [ = [@u@g(l) D(I) = [®uand
[ 16D [0 @[, where [0 = [I_1, [1],1s a simple GLA. Let us take a Cartan subalgebra
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f) of [such thath C lp. Then hN [ (resp. h Nu) is a Cartan subalgebra of 1 (resp. u). Let

= {ai,...,ag} (resp. A" = {B1, ..., Bn}) be a simple root system of ([, hN [) (resp.
(u, hNu)) such that «(Z) = 0 for all o € A, where Z is the characteristic element of
the GLA [ = [_; @ lp ® [;. We assume that [ is a simple Lie algebra of type X,. We
set A; = {@ € A | ®(Z) = 1}.Itis well known that the pair (X;, A1) is one of the
following type (up to a diagram automorphism) (cf. Section 3 in [Yam93]):

(Ag{oi) (1 =i S [(€+ D/2D), (Be, far}) (€ 2 3), (Ce,{ae}) (€ 22),
(Dg, {on}) (€ 2 4), (De, fae—1}) (€ 2 5), (Es, {n}), (E7, {a7}).

We denote by {1, ..., @} (resp. {71, ..., m,}) the set of fundamental weights
relative to A (resp. A’). Since S is a faithful [-module, we have dim 3(I) < 1. Assume
that 3([) # {0}. Let o be the element of 3(I)* such that o (J) = 1, where J is the
characteristic element of the GLA g =b_; & bo Namely J = —idg € 3(DCbp=1
as the element of gl(S). There is an irreducible [ -module T (resp. 3[([) -module U)
with highest weight x (resp. n — o) such that § = b_; is isomorphic to U ® T as an
[-module, where 1 is a weight of u. Then we have (Lemma 4.5 [YYO02]).

Lemma2.2 H! (8)o.0 = 0 if and only lfj[([) is tsomorphzc to gl(U) and n = m;.
Especially, when D(I) = [ H' (8)0.0 =0 ifand only if | = (1= 3(0), where 3(I) = (J).

Thus, when H'! (6)0,0 = 0, the semisimple GLA D([) is of type (X, x Ap, {o;})
and S is an irreducible D([)-module with highest weight E = x +7; whendim U > 1
and D(I) is of type (X, {;}) and § is an irreducible [-module with highest weight x,
when D([) = [ (i.e., when dim U = 1).

The following theorem was obtained in Theorem 5.2 [YYO02] as the answer to the
following question:

When is g the prolongation of m or (m, go) ?

In the following theorem (a), the simple graded Lie algebra b = § = @,z 8p
is described by (Yyin11, X1) such that g = @1

p=—u 9p is a graded subalgebra of
g= @l;:—u g, satisfying g, = g, for p < 0.

Theorem 2.3 Let & be a pseudo-product GLA of type (1, S) satisfying the condition
H'(®)00=0.Letb = @pez b, be the prolongation of g = b_1 @by, whereb_; = S
and by = (. Then g = €D ¢z, 9p is the prolongation of m = P, _ 9p except for the
following three cases.

(@) dimb < oo and by # 0 (b = b_1 & by & by: simple) (see Table 1). In this
case (Yy4n+1, 21) is the prolongation of m except for (A¢1n+1, {¥1, Ve+1}) and
(Ce+1, {1, Ve+1})- Moreover the latter two are the prolongations of (m, go).

(b) dimb = oo (see Table 2). In the (Cy, {og})-case, u =2

S,=V* S_1=V, [ =S8V,

h=VV'a®cC, [ = S2(V).
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Table 1.
DO =[L10 | A | b1 =S8 | §=Yeinti z
Ag x Ay {a;} | me+m Agtn+l Vi, ve+1}
Ag {o} 2w Ceq1 {vi, ves1}
Ap (6 23) | {oy} | @y Dty is ve+1}
By (¢£22) | {ay} @ By {r2: 1}
Dp(tz4) | {a} @ Dyyq {r2; 1}
Dy (624 | {ag) ] Dyt {ve+1, 71}
Ds {o} w5 Eg {r1, ve}
Ds {as} @5 Eg {v3, v1}
Ds {ag} ws Es {r2, n1}
Es {o} w6 E7 {ve, v7}
Eg {o} (213 Eq {r1, v}
Table 2.
DU | A | by g(m, go)

Ag | ey} | @ | (Aggrs Wi ver1D)

Co | {ag} | @ g

(c) g is a pseudo-projective GLA, i.e., D(I) = (Ay x Ap, {01}), 8 = kwy + 71,
k=22,n21),0r D) = (Ag, {a1}), x = kwy, (k =2 3,n=0)

S_y=W, S,=WeS"*P(V*) (—un<p=<0),

1=V, h=gl(V)®gl(W), [ =V

where u = k+1,dimV = £ and dim W = n+1. In this case g is the prolongation
of (m, go).

By Proposition 4.4.1 in [Sea88], the Lie algebra of infinitesimal linear automor-
phisms of the model equation of type ([, S) coincides with [. Hence the cases (a) and
(b) of the above theorem exhaust classes of the equations of type (I, S), for which
the model equations admit non-trivial nonlinear automorphisms. These cases corre-
spond to the parabolic geometries associated with differential equations of finite type,
which generalize the case of second and third order ordinary differential equations,
mentioned in the introduction. More precisely, in the cases of (Ag+1, {y1, ¥i}) and
(Co+1, {y1, Ye41}), m coincides with the symbol algebra of the canonical system of
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the first or second order jet spaces (cf. Section 4.5 [Yam93]) and go determines the
splitting of g_1, hence the parabolic geometries associated with these graded Lie al-
gebras are geometries of the pseudo-product structures on the first or second order jet
spaces. In fact the parabolic geometry associated with (A, 4+n, {¥1, Yn+1}) 1s the ge-
ometry of the pseudo-projective system of order 2 of bidegree (1, m) and the parabolic
geometry associated with (Cp, 41, {y1, ¥n+1}) 18 the geometry of the pseudo-projective
system of order 3 of bidegree (n, 1) (see the following section).

In the other cases of the above theorem (a), (Y¢+n+1, £1) is the prolongation of
m. This fact implies that the parabolic geometries associated with these graded Lie
algebras are geometries of regular differential systems of type m, which have the (al-
most) pseudo-product structure corresponding to g—1 = S—1 @ [_;. Moreover every
isomorphism of these regular differential systems preserves this pseudo-product struc-
ture. Thus the parabolic geometries associated with (Y441, X1) have the canonical
(almost) pseudo-product structures in the regular differential system of type m corre-
sponding to the splittingg_; = S_; & [_;.

In the following sections, we will calculate explicit forms of typical symbols of
type ([, S) of the above cases and describe the above (almost) pseudo-product struc-
tures as differential equations of finite type.

3 Symbol of the classical cases

In this section we will describe the symbol algebra m = P p<09p explicitly as the
subalgebra of ¢~ 1(V, W), where V = [_; and W = S_,., by utilizing the explicit
matrices description of the graded Lie algebra g of type (Y7, X1). For an explicit ma-
trices description of the graded Lie algebra (Y, X1), we refer the reader to Section 4.4
in [Yam93]. By this calculation, we can explicitly write down the class of differential
equations of finite type corresponding to the pseudo-product structure associated with
the simple graded Lie algebra (Y, X1). In this section, we shall work in the complex
analytic or the real C* category depending on whether K = C or R.

Case (1) [(A¢ x Ap, {a;}), @ + 71, (Agtnt1, (Vis Vet DI (1 < i = €6,n 20, 2 2).

This includes the first case of (b) in the above theorem as the case n = O.
b = b_| @by ® by is described by (Agyna1, {yer1}) and § = @’[fz_ﬂ gp is de-
scribed by (Agyn+1, {Vi, Ye+1}). Hence @ = 2 and we obtain the following matrix
representation of § = b = sl(¢ + n + 2, K):

sll+n+2K)=g 209190001 ©h =SS0 5",
where the gradation is given by subdividing matrices as follows:
000

g2=8,2= 000 AeMn+1,H=Z2URTy ¢,
AO0O

g1 =51® Iy,
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000
S =UT* =1 (000]||BeMmn+1,j)},
0BO
000
L =TT = Co0|| CeM(y,i},
000
; FO 0N Fegl(Ty), Gegl(T-1), H € gl(U),
go=lbdu= 0GO s
00H trF +trG +trH =0

Gi={'X|Xeg}, ={'X|Xegal

where i+ j =L+ 1, U =K' T =Ty®T | =K+, Th) =K', T_; = K/ and
M (a, b) denotes the set of a x b matrices. Thus we have

S=UQT* I[=s(T)®gl(U), and §=sl(T & U).

We will divide the argument into the following two cases. We first consider the typical
case:

Hi=¢22,n=0.
We have j = 1 and n = O in the above matrix description. Hence dim[_; =
dimS_, =¢anddimS_; =1.Weputl_; = S_ = V. Then

000
m=SL,®(S_1®l_)) = x00]|=y+a+xi|x,yeV=M(1,£),acK
yaoO

By a direct calculation, we have [a, X] = (avx) € §,=V,ie,y = ax.Thus §_;
is embedded as the 1-dimensional subspace of scalar multiplications of V ® V* =
S_> ® (I_1)* through the bracket operation in m. This implies that the model equation
of our typical symbol m = g_» @ g_; C €'(V, V) is given by

3yp oy

—= =6y — for 1< p,g <4, 3.1

0xy re dx1 =pP9q= G-
where y1, ..., y; are dependent variables and x1, . . ., x, are independent variables. By

a direct calculation, we see that the prolongation of the first order system (3.1) is given
by

82yp

=0 for 1< p,q,r < 4. (3.2)
0x40x,
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(ii) otherwise.
Wehave S o = UQTy =EMn+1,i),51 =UQT* = Mn+1,j) and
[ =T-1®Ty = M(j,i). Then

m=S,®S_1 b))

000
={|Xx00|=Y+A+X|YeMun+1,i),AcMn+1,j),XeM(,i
Y AO
By a direct calculation, we have [A, )A(] = (AX)V € S_p,ie.,y* = '£=1 a%x", where
y* is the ath row of ¥, x* is the rth row of X and A = (a?). From (i), we see that the
model equation of our typical symbol m = g_» @ g_; C ¢!(I_;, S_,) is given by

ay% ayY
p 1 . .
= =8, for a=1,....,.n4+1, v=1,...,j, 1<p,g=<i,
ax; pa oxy / =pP4q=
(3.3)
where yll, e, yil, ...,y{’“, e yl."+l are dependent variables and xll, e xl.l, el
x{ e, xij are independent variables. By a direct calculation, we see that the prolon-

gation of the first order system (3.3) is given by

azya
ﬁ: for a=1,....n+1, 1<t,v<j, 1<p,qr<i (34
X 0X
q r

Case (2) [(A¢ x Ap, {an}), e + 71, (Aggnt1, (v, veri DI (0 20, £ 2 l)u-

b = b_y @b ® by is described by (Ap4nt1, {ve+1}) and g = B),—_, 8p is
described by (Ag4ns1, {¥1, Ye+1)). Hence = 2 and we obtain § = g>(¢, n + 1). The
matrix representation is given as (1) in Section 2.1.

Wehave S o = W EZMmn+1,1),I.;, =V EZMELID,S ) =WV
M(n + 1, £) and go determines the splitting of g_; = S_; & [_1. Thus the model

equation of our typical symbol m = €!(V, W) is given by

aZya
= for a=1,...,n+1, 1< p,q=t¢, (3.5)
0xp0xg
where y!, ..., y"*! are dependent variables and x1, . .., x; are independent variables.

Case (3) [(A¢, {a;}), 21, (Coq15 {yir veri DI (1 <i S €, £ 2 2).
b=0b_1®by®b; is described by (Cy41, {ye+1}) and § = @’;Z_H g, is described
by (Cy+1, {¥i, Ye+1}). Hence u = 3 and g = b is isomorphic to sp(£ + 1, K). First we
describe
spl +1,K) ={X € gl2¢ +2,K) | 'XJ +JX =0},

where
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0 0 05
o o010 _
T=1 0 gy 00| CWRFLE). L= (6pg) € glik K.
~I; 000

Here Iy € gl(k, K) is the unit matrix and the gradation is given again by subdividing
matrices as follows;

0000
e e ) l0000 .
973_S73_S(T0)_ OOOO Aesym(l) )
A000
0000
e . _Jloooo .
g2=8S2=T1QT) = B 00O BeM(ji) ¢,
0'B0OO
g-1 =581,
0000
@ | 0000 ,
S*l _S (Tfl) - ODOO D esym(]) )
0000
00 0 O
B . _Jlco oo -
L1 =TTy = 00 0 0 CeM(,i)y,
00-'CO
FO O 0
v 0G O 0 . .
90—[0— Oo_tG 0 FGg[(l,K),GEg[(],K) ’
00 0 -'F

Ge={'X1Xegy}) k=1,23),

wherei + j =L+ 1, T =To® T, = K*!, Ty = K, T_; = K/ and Sym(k) =
{A € gl(k, K) | "A = A} is the space of symmetric matrices. Thus we have

S = S*(T"), [=sl(T),and J=sp(T®T).

We will divide the argument into the following two cases. We first consider the typical
case:

()i=1¢22.

We have j = 1 in the above matrix description. Hence dim(_; = S_, = ¢,
dimS_; = 1 and dim S_3 = 1¢(¢ 4+ 1). Then
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m=S385S 2B S_1®y)

00 0O
0 0 0 . . laeKx ek =M(@1,0),
= Ea 0 0 =Y+&+a+x )
Y € Sym(¥)
YE —'x 0

By calculating [é, x] and [[a, x], X], we have

Ypq (= Yap) = Epxg + 5qxp = 2axpxg,

where Y = (ypq). & = (§1,...,&) and x = (x1,..., x¢). From the first equality,
we can embed S_; as a subspace of S_3 ® (I_1)* and obtain the following first order
system as the model equation whose symbol coincides with this subspace:

d d 10
Dt 0 for r#pg L= for ptq, (36)
Xy 0x4 2 9xp

where y,q = ygp (1 = p < g < {) are dependent variables and xi, ..., x; are

independent variables. Moreover, by a direct calculation, we see that the prolongation
of the first order system (3.6) is given by

2 2 2 2
9" Ypq —0 for{rs) % (p.q) 0 ypg _ 10%ypp 137y

= = for .
0,9, bxix, 2%k, 200k, OP7I

(3.7)

From the second equality, we observe that the above second order system is the model
equation of the 1-dimensional embedded subspace S_; in S_3 ® S2((1_1)*). Further-
more, by a direct calculation, we see that the prolongation of this second order system
(3.7) is given by

3
9” Ypq

=0 forl<p,q,r,s,tZ L. 3.8
0X;0X50X; orl=panst= (3.8)

)1 <i<®.
We have §_3 = SZ(TO*) = Sym(i),S—p = T_1®T0* ~ M(j,i),S5_1 = SZ(T_*I) ~
Sym(j) and [y = Ty ® T = M(j,i). Then

m=S38S,0(S_16[_1)

A € Sym(j), X, E € M(j,1i),
Y € Sym(i)

+A+X

[x)«

=Y+

-0 O O

~N o< o
m> oo

=Nl

—'X

By calculating [@, )A(] and [[A, }A(], )A(], we have
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J J
Voq (= Yap) = D_Gpxg +EXG) =2 ) aapxpxf.
a=1 a,f=1

where ¥ = (yp4), E = (S;‘) A = (agp) and X = (xg). From the first equality, we can
embed S_, as a subspace of S_3 ® (I_1)* and obtain the following first order system
as the model equation whose symbol coincides with this subspace:

3Ypq Vpg _ 19ypp
——= =0 for . q, — = —-—— for 39
o r#p.q axd 2 o P#q (3.9
where y,; = ygp (1 < p < g < i) are dependent variables and x, (1 <psi 1 £
a < j) are independent variables. Moreover, by a direct calculation, we see that the
prolongation of the first order system (3.9) is given by

82)7 azy 1 82y 1 32})
—pqﬂ:O for{rvs}7é{p’q}7 pqﬁ ZE pplg = E qqﬂ fOrp?éq
0x%dxg dx30xg dxgox) dxg dxg
(3.10)

From the second equality, we observe that the above second order system is the model
equation of the embedded subspace S_; in S_3 ® S2((I_1)*). Furthermore, by a direct
calculation, we see that the prolongation of this second order system (3.10) is given by

33
— =0 forlSpgrstSi 1Sy <] 3.11)
dx2dxy dx)

Case (4) [(A¢, {a1}), 21, (Copr, {y1, ve1 D1 (€ 2 D).

b = b1 @bg @ by is described by (Cey1, {yer1)) and § = @,__, §p is de-
scribed by (Cyx1, {v1, Ye+1}). Hence u = 3 and we obtain § = g3(£, 1). The matrix
representation is given as (2) in Section 2.1.

We have S_3 = K, S, = V*, [_; = V, S, = S%(V*) and go determines
the splitting of g1 = S_; @ [_;. Thus the model equation of our typical symbol
m= QZ(V, K) is given by

93 y
— =0 for 1< p,q,r <4, (3.12)
0xp0xg0x,
where y is a dependent variable and x, ..., x; are independent variables.

Case (5) [(By, {e1}), @1, (Bet1, {y2, iD] (€ 2 2) [(Dy, {a1}), @1, (Deg1, {v2, v1)]
= 4).
b=0b_1®bo®by is described by (BDy,1, {y1}) and § = @’;:_M g, is described
by (BDy¢+1, {y2, y1}). Hence © = 3 and g = b is isomorphic to o(n + 4). First we
describe
on+4H)={Xegln+4K) |'XJ+JX =0},

where
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00001
00010
007,00
01000
10000

e gl(n +4,K),

I, = (8i) € gl(n, K).

Here I, € gl(n, K) is the unit matrix and the gradation is given again by subdividing

matrices as follows;

0 0000
0 0000
g3=83= 0 0000f|yeKy,
y 0000
0—y000
00 0 00
00 0 00
go2=8_,= E0 0 00]|&6eK'=M®m, 1) ¢,
00 0 00
00-"600
g1 =5S_1®Iy,
000 0 O
b00 0 0
S_| = 000 00)|beKy,
000 0 O
000-b0
00 0 00
00 0 00
[ = Ox 0 00]|xeK'=M(n,1) },
00-'x00
00 0 00
ap 00 0 O
5 0a 0 0 O
go=1l= 00A O O ai,ap €K, Aeo(n) ¢,
000—a O
000 0 —a

={'X|Xegu}) k=1273).

We have dim S_3 =dimS_; = 1 and dim S_» = dim[_; = n. Then
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m=S38S 2B S_1DI_y)

=)7+§+&+)? v,a€eK, x,6£ e K"=M(n,1)

S x OO

0
0
0

t

Il
o< wra o
cococo
cococoo

Q

X
-y l;;: _
From [, %] = (X0, &x;) and [[a, %], §] = (—a Y/_; x7), we have S_, = V*,
putting S_3 = K and [_; = V. Moreover S_; is embedded as the 1-dimensional sub-
space spanned by the unit matrix in Sym(n) = S?(V*) through the bracket operation in

m. This implies that the model equation of our typical symbolm = g_3Pg_>P®g_; C
@2(V,K) is given by

82y 82y
— =68, ——— forl < p,g <hn, 3.13
dxpdxy P4 325, =P9q= (3.13)
where y is a dependent variable and x, ..., x, are independent variables. By a direct
calculation, we see that the prolongation of the second order system (3.13) is given by

83y

———— =0 for1<p,q,r <n. 3.14
0x,0x40x, ol=pgr=n ( )

Case (6) [(D¢, {ae}), @1, (Det1, {yves1}, vy (€ 2 4).

b=1b_1 @ bo @ by is described by (D¢ 41, {y1}) and § = P"__,, §, is described
by (De+1, {ye+1}, y1}). Hence u = 2 and g = b is isomorphic to 0(2¢ + 2). First we
describe

020 +2) ={X € gl2t +2,K) | 'XJ +JX =0},

where
0001
0010
0, 00
1000

J= e glRe+2,K), I =) € gl¢, K).

Here the gradation is given again by subdividing matrices as follows;

0000
0000
y 0 00
0-'y00

g2=S,= yeKi=Me )¢,

g1 =816y,
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00 0O
_ E0 0O ¢
S*l_ 00 0 0 SEK—M(Z31) ’
00—'£0
0000
0000
= 0X00 Xeol® ¢,
0000
a0 0 0
v 0A 0 O
w=lo=1 o0 140 |lack Aacaer .
00 0 —a

={'X|Xeg} (*k=123).
We have dim S_, = dim S_; = ¢,dim[_; = J¢(¢ — 1), [ = 0(2¢) and § = K?*. Then

m=S,® 1)
00 00O

g 8 —5+E+ R |y eeK=ME 1), X €o(0)
_ty

S < U
S OO

3

By calculating [é, X ], we have

¢
Yp = prngv (Xpg + Xgp =0),
g=1

where y ="(y1,...,y0),& ="(&1, ..., &) and X = (xp4). Then the model equation
of our typical symbol m = g_» @ g_; C €!(I_1, S_») is given by

a d a
Ir _ 0 for distinct p,q,r Yp _ O for p,r #gq, (3.15)
0xgr 0X pg 0Xrq
where yi, ..., y¢ are dependent variables and x,, (1 £ p < ¢ < ¢) are independent

variables. By a direct calculation, we see that the prolongation of the first order system
(3.15) is given by

82
_ 9% _0  for 1<p,qurqnr <t (3.16)
0xg,r,0Xg,r,

Case (7) [(A¢, {o}, mo—1, (Deg1, {y1, ver1 D] (£ 2 3).

b=">b_1®bo®b; is described by (D1, {yer1}) and g = @Z:_M g, is described
by (D41, {y1, ve+1})- Hence u = 2 and g = b is isomorphic to o(2¢ + 2). First we
describe



Parabolic Geometries Associated with Differential Equations of Finite Type 181

0(20+2) ={X € gl2t +2,K) | 'XJ +JX =0},

as in Case (6) and the gradation is given again by subdividing matrices as follows;

0000
0000
y 0 00
0-'y00

g2=S,= yeKi=M©, 1) ¢,

g-1=81® 1

0000
0000} | o
S = 0200 Eecol) ¢,

0000

00 0 0
] lx0 00 ¢
Li=3 100 0 of | xeK =M@ ¢,

00-'x0

a0 0 O

v 0A 0 O
gO=[0= 00 —TA 0
00 0 —a

Ge={'X1Xegy} *k=12073).

ack, Aeglt,K) ¢,

We have dim S_, = diml_; = £,dim S_; = %E(K —1),l=5sl(T)and S = /\2 T*.
Then

m=S,®S_1®Il)

00 00
- ’yf 2 g 8 =y+E+%|x,yeK =M, 1), E co(l)
0-"y -'x0

By calculating [E, £], we have

¢
Yp = prqxqv (Epg +Egp =0),
g=1

where y ="(y1, ..., y0),x ="(x1,...,x¢) and E = (§p¢).
Then the model equation of our typical symbol m = g_» @ g_1 C € (I_1, S_») is
given by

d 0
p g

=0 for 1<p<gq <4, (3.17)
oxg  dxp
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where yi, ..., y¢ are dependent variables and xp, ..., x; are independent variables.
By a direct calculation, we see that the prolongation of the first order system (3.17) is
given by

82yp
0x40xy

=0 for 1< p,q,r < 4. (3.18)

Case (8) [(A¢, {a¢}), @e—1, (Det1, {ves ver1 DI = 3).
b=0b_1®bo®by is described by (D41, {ye+1}) and § = @szﬂ g, is described
by (D41, {ye, Ye+1}). Hence u = 2 and g = b is isomorphic to o(2¢ + 2). First we
describe
020 +2)={X €gl2t +2,K) | 'XJ +JX =0},

where

0001
0010
T=10100|€9Q+2K), I =@ e gl¢, K)

1,000

Here the gradation is given again by subdividing matrices as follows;

0000
0000
g2=8,= 0000 Yeol) g,
Yooo
g1 =S16 1,
0 0 00
0 0 00
S_1= £ 0 00 §eM(,0) ¢,
0—'£00
00 0 O
] lx0 00 e
Li=1 {00 0 ofl¥eK =m0},
00-'x0
A0 0O O
v Oa 0 O
go=1l = 00—q O ack, Aegl(t,K) ¢,
00 0 1A

v

G={'X1Xegy} *k=12073).

We have dimS_, = 16(2 —1),dmS_| =diml_; =¢,l =5sl(T)and S = /\2 T*.
Then
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m=S,® 1)

00 00

Jfx0 00, s .

=1le 0 o of=¥YHé+i|xEeK =M1DH. Y eol)
Y - —'x 0

By calculating [é, x], we have

Ypq = §q%p — EpXgs (Ypg + Ygp = 0),
where x = (x1,...,x¢),§ = (§1,...,&) and Y = (ypq). Then the model equation of
our typical symbol m = g_» @ g_; C €!(I_, S_y) is given by
0 0 d
Drd _ o for distinet p,g,r 2244+ 2 _0 for g£pr, (3.19)
0xy 0x, dxy
where y,, (1 < p < g < ¢) are dependent variables and xi, . .., x¢ are independent

variables. By a direct calculation, we see that the prolongation of the first order system
(3.19) is given by

2
9" Ypq

=0 for 1< p,q,r,s L. (3.20)
00Xy 0Xg

Case (9) [(A¢, {a;}), @o—1, (D1, i ver1 DI R <i < £, £ 2 4).

b=">b_1®bo®b; isdescribed by (D1, {yer1}) and g = l;=—u g, is described
by (Dg+1, {¥i, ye+1}). Hence u = 3 and § = b is isomorphic to 0(2¢ + 2). First we
describe

020 +2) ={X € gl +2,K) | 'XJ+JX =0},

where
0001
100170 _
J = 01,00 € g2l +2,K), Ir = (8py) € gllk, K).
I; 000
Here the gradation is given again by subdividing matrices as follows;
0000
0000 .
g-3=583= 0000 Yeo@)},
Yoo0o0
0 0 00
0 0 00|~ ..
9_2:S_2_ E 0 00 GGM(],Z) .
0-"E00
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g1 =816y,
0000
0000 .
Ssi=11oaoo0]||[A€°WD (-
0000
00 0 0
X0 0 0 o
L1=1100 0 of | XEMUD
00—'X0
FO 0 0
. 0G 0 0 . .
0=lbo=1100_rc o ||FeEaiK),Geg(K) ¢,
00 0 —'F

={'X1Xegy) *k=12.73).

Wehavei +j =€+ 1,dmS_3 = %i(i —1),dimS_, =diml_; =ij,dmS_; =
1j(j=1D,l=sK(T)and S = A\*T*. Then

m=S3®S,PDS_1DIl_))

0 0 00
. .~ .| X, EeM(,i), Y €o(@),
_ X0 00 pe AR
g A 0 0 A € o(j)
Y -T2 -'X0

By calculating [Z, X] and [[A, X], X], we have

J J
Ypq (= _qu) = Z(E;xg - gxg) =2 Z aaﬁxgxg,
a=1 o, B=1

where Y = (ypq), B = (E;‘) and X = (xf,‘ ). From the first equality, we can embed S_»
as a subspace of S_3 ® ([_1)* and obtain the following first order system as the model
equation whose symbol coincides with this subspace:

d d d

Dra _ 0 for distinct p, g, r, g + Dar _ 0 forg # p,r, 321
ox¢ axy ax¥
where y,, (1 = p < g = i) are dependent variables and x§ 1 = p = i
a < j) are independent variables. Moreover, by a direct calculation, we see that the

prolongation of the first order system (3.21) is given by

92 92
ypq/3 _ yl’qﬂ =0 for{r,s}# (p,q},
dX%0xg dxgox)
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32 a2
e S for (pg) # (.9). (322)
8x§ dxg 0x%0xg

r

From the second equality, we observe that the above second order system is the model
equation of the embedded subspace S_; in S_3 ® $2((I_1)*). Furthermore, by a direct
calculation, we see that the prolongation of this second order system (3.22) is given by

3
%:0 forl < p,g,rs,t<i, 1<a, By <] (3.23)
dx2axL ax)

Case (10) [(A¢, {e2}), @e—1, (D41, {y2, ve1 D1 (€ 2 3).

b=0b_1®bo®by isdescribed by (D41, {ye+1}) and § = GBZ:—M g, is described
by (D¢y1, {y2, yea1}). Hence u = 3 and § = b is isomorphic to 0(2¢ + 2). First we
describe

020+2) ={X € gl2t+2,K) |'XJ +JX =0},

where
0 0 0 I
|0 0 L O — (8 —
T=101_, 0 ol€9@+2K, L= eglt—1K).

L 0 0 0

Hence the gradation is given as in the case (9) withi = 2 and j = £ — 1. We have
dimS_3 =1,dimS_, =diml_; =2 —1),dimS_; = %(E -1 —-2),1=sU(T)

and § = N> T*.
Then
m=S38S 2B S-1DI_1)
o o0 “—-1,2) )
" . .| X, EeMU—-1,2),Y €0(2),
N T [ AT W
g A4 00 Acol—1)
Yy "B -'X0

By calculating [é, )A(] and [[A, }A(], )A(], we have

=1 =1
y= S EAS HEA =2 Y agpaial,

a=1 a,B=1
y 0 — o o
0—y)’ A = (agp) (agp +agy =0), E = (Ep) and X = (xp).From
the first equality, we have S_, = V*, putting S_3 = K and [_; = V. Moreover, from
the second equality and aqg + agy = 0, we see that the model equation of our typical
symbolm =g 3® g2 ®g_1 C €*(V,K) is given by

where ¥ = <

92 92
yﬁ ﬁy —0 forl<i,j<2, 1<a<B<t—1, (324
8xlf"8xj Bxi8x‘j?‘
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where y is a dependent variable and xll, A xf_l, le, e, xf_l are independent vari-

ables. By a direct calculation, we see that the prolongation of the second order system
(3.24) is given by

83
—,y3=o for 1<i,j k<2 1<a,By<t—1. (3.25)
axf‘axjax;;

4 Symbol of the exceptional cases

In this section we will describe the symbol algebra m = p<0 9p explicitly as the
subalgebra of Q“_I(V, W), where V. = [_; and W = S_,, by first describing the
structure of m = P <0 9p explicitly by use of the Chevalley basis of Y .

We first recall that the graded Lie algebra § of type (Y., X1) is described in terms
of the root space decomposition as follows (cf. Section 3 in [Yam93]): Let us fix a
Cartan subalgebra § of g and choose a simple root system ¥ = {yq, ..., y.} of the
root system @ of g relative to h. For the subset X of X, we put

L
of ={a=) nm@yed | Y n@=kp fork=0,
i=1 Vi€X)

where ®™ denotes the set of positive roots. Then the gradation § is given by

iv=P o« =P @S G= g *=>0),

+ + +
aed; a€D, aed;

where g, is the root space for o € P.

In the following, let us take a Chevalley basis {xy (¢ € ®); h;(1 < i < L)} of
g and put yg = x_g for B € ®T (cf. Chapter VII [Hum72]). We will describe the
structure of the negative part m = Zp<0 gp of (Y, X1) in terms of {yg}geq+. For
the property of the Chevalley basis, we recall that, for o, 8 € ®T,if ¢ + 8 € ® and
a— B ¢ &, then [yy, yg] = £yuyp (see Section 25.2 in [Hum72]).

In this section, we shall treat both complex simple graded Lie algebras (Y7, X1)
and their normal real forms at the same time and we shall work in the complex analytic
or the real C* category depending on whether we treat complex simple graded Lie
algebras (Y7, X1) or their normal real forms.

Case (1) [(Ds, {a1}, @s, (Es, {v1, Y61
For the gradation of type (Es, {y1, ¥6}), We have

+ _ — 11111 — 11111 — 11211 — 11221
(132 —[Ol—7— 0 , 5= 1 , 3= 1 , 01 = 1 s
061212%11, 053212%21, (){5:12‘?21, 067212321},

o =wvluws
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1
w z{nglogoo’ Es= 11000 g 11100

k]

— 11110
E*l— 0

’ s

g = 11100 gy= 11110 fg= 11210 57:12210]

6 _ _ 00001 _ 00011 _ 00111 _01111
v —{ n-7= , N-s s o n—3=""0"" na 0o
— 00111 _ 01111 _ 01211 _ 01221

m=00111 =0 s R e }

where “1 4 g4 % 9 stands for the root o = S a4y € ®F (see Planche V in

[Bou68]).
Thus we have u = 2,

m=g &g and § =51,

where §_» = S_», S_; and [_ are spanned by the root spaces g_pg for g € oF, wo
and W! respectively. Hence dim S_p = dim S_; =dim[_; = 8.

For @1, W' and W°, we observe thato + 8 ¢ ® fora, p € ®F UW! orfora, B €
qni" U WO and that n — £ ¢ @ for n € WO, & € W', This implies that [yq, vgl = 0 for
o, B e CIDZFU\IJ1 orfora, B € CIDZFUlI/6 and that [y, y¢] = £y,4¢ forn € wo £ ew!,
if n + & € &, by the above mentioned property of the Chevalley basis. Hence, from
Planche V in [Bou68], we readily obtain the non-trivial bracket relation among §_; as
in (4.1) below up to signs.

We solve the problem of signs as follows. First we choose the orientation of yg for
B e W' wéand Cb;’ as in the following: We choose the orientation of y,, for simple

roots by fixing the root vectors y; = y,, € g_,,.For& € Ww! we fix the orientation by
the following order;

Ye_; = V1, Yes = [y3, ye_, 1, yey =4, yesl,  Yeo, =[5, ye_51,
Yo = 2, ye_51,  ye =[5, yg 1, Yes = [V4, y&1, Ye; = [y3, yes 1.

For 1 € W®, we fix the orientation by the following order;

Yn_7 = Y6» Yoos = ss yn2l, Yoy = D4 yuosl, yooy = 13 ypsls
Yo =2yl vy =yl s =Dyl v = 1ys, ysl

Finally, for o € @;, we fix the orientation by the following;

Yoo = oy Yes o Yaos = [nss Yeq o Yaos = [Vnss Yer o Yooy = [y, yes1,
Yar = s Yesh Yoy = s Yesl Yas = [Vng Vel Yoy = [y yei 1

Then, for example, we calculate
[n_is e, 1 =113, s, Ye_o 1 = [[y3, Y7 1 yy_s 1+ 103, [Vn_ss e, 11 = [ye_s, yn_s1-

In the same way, by the repeated application of Jacobi identities, we obtain
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Ya_7 = [Yn_i» Ye_71= = [yn_s, Ye_s1=lvy_s, Ye_s1= — [yn_7> Ye_, 1,
Ya_s = [¥n3s Ye 71 == [ns Ye_s] =l s, ye 1 = — [y_4, &1
Yoy = [Viss Ye_71 = = [y Y31 =lyi_ss el = = [y, Yesls
Yoy = [Yn7s Ye_,1 = — [ynys Ye_1 =lvn_s, y&1 = — [n_s» yesls
Yo = [nss Ye_s] == [ynss Yes1 =Ly vl =— [y, vel,
Yoz = 7, Ye_s1 = = [ynss ye_ 1 =lyn 1, vl = — s, ye 1,
Yas = [Vn7, Ye_31 = = [nss Yo, 1 =lyn_is &1 = — s, vl
Ya; = g, ¥ 1 = — [nss el =ynss Yes1 = — [ymy ¥l

A.1)

Thus, by fixing the basis {y,, } of S_> and {y;/.} of [_1,an element A = a; ad(y,_,) +
azad(y,_s) + azad(yy ;) + asad(y,_ ) + asad(yy) + acad(y,;) + azad(y,s) +
agad(y,;) € S_1 C S_o ® ([_1)* = M(8, 8) is represented as the matrix of the

following form;

a—az ap —a; 0 0 0 O
ag—as 0 0 a—a 0 O
a; 0 —as 0 a3 0 —a; O
as 0 0 —das 0 a3 —dap 0
0 a7 —ag 0 agz 0 0 —a
0 ag 0 —as 0 agz 0 —ap
0 0 ag —a7 0 0 ag —a3
0 0 O O ag—ay ag —as

Hence the standard differential system (M (m), Dy,) of type m in this case is given by

sz{wl =w2="'=w_8=0}7
where
w1 = dy| + padx) — p3dxy + prdx; — pidxy,
= dy> + pedx| — psdxy + prdxs — pidxe,
=dy; + p7dx| — psdx3 + p3dxs — pidxy,
w4 = dys4 + pgdx) — psdxs + p3dxe — prdx7,
ws = dys + p7dxy — pedxs + psdxs — pidxs,
= dys + psdxy — pedxs + padxe — pardxg,
w7 = dy7 + pgdx3 — p7dx4 + padx7 — p3dxs,
wg = dyg + psdxs — prdxe + pedx7 — psdxg.
Here (y1,..., Y8, X1,...,X8, P1,-.., pg) is a coordinate system of M(m) = K24,

Thus the model equation of our typical symbol m = §_, @ g_; C ¢'(l_y, S_

given by

o _ o _ s
0x4 dx6 dx7 dxg’

dy _dya e e

dx3  dxs  Odx7  Oxg

2) is
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oy _ Oy _ Oy _ 0y oy _ 95 _ 9y _ 91
dx2 x5 dxe  Oxg’ 9x;  Oxs  dxe  Ox7
dy _ oy _ v _ oy ays s _ by _ by
dxy  Ox3  Oxg  Oxg’ ax1 9x3 oxs  Ox7’ ’
Oys _0ys _ _dy1 _ 9y Oya _ Oys _ 0y1 _ 0ys
8x1 3)62 3)64 8)66 ’ 3)61 8)62 3)C3 3)65 ’
a .
2% =0 otherwise,
3Xj
where yi, ..., yg are dependent variables and xi, ..., xg are independent variables.

By a direct calculation, we see that the prolongation of the first order system (4.2) is
given by
9% yi

— = for 1=4,j,k<8. “4.3)
0x;0xg

Case (2) [(Ds, {as}), @s, (E6, {y3, v1D].
For the gradation of type (Es, {y3, ¥1}), we have

o =wluw’,

3
N :{&:018007 £ =01100 g 01100 g 01110

’

Es= 01110 g 01111 £ 01T g 01210

59201%11’510201%21}7

)

I _ — 10000
= =g

where
[Bou68]).
Thus we have u = 3,

4143 744596 stands for the root o = Z?:] a;y;i € ®1 (see Planche V in

m=g3®gr®g_1 and g1 =S80,
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where g_3 = S_3,§-2 = S_», S_; and [_; are spanned by the root spaces g—p for
B € &, ®F, ! and W3 respectively. Hence dim S_3 = 5,dim S_ = dim[_; = 10
anddim S_; = 1.

For CD;, d>2+, Wl and W3, we observe that o + B¢ fora,B e <I>§r U d>2+ uwl,
E—y ¢ dforé € U3,y € U and that,if n + & € ®F forn € ®F,& € U3, then
n—& ¢ ®.This implies that [yy, yg] = 0fora, B € ®FUDTUW! [y, y:] = £y, 1¢
forf € U3,y e Ul ify +& € ® and [y, ye] = Lyyi¢ forn € ®F,& € W3, if
n+& € &, by the property of the Chevalley basis. Hence, from Planche V in [Bou6§],
we readily obtain the non-trivial bracket relation among g_; and [g_», [—{] as in (4.4)
and (4.5) below up to signs.

We fix the signs of yg for g € o7, <I>;r, W3 and W! as follows: First we choose
the orientation of y,, for simple roots by fixing the root vectors y; = y,, € g_,,. For
£ € W3, we fix the orientation by the following order;

Ve, = V3, Ve, = [y4, g1 Yes = [y2, Y51, Ve, =[5, Y&, 1
Yes = [ys, y&51, Yeo = V6, Yeu 1, Y&, = [y2, Y&l Yes = [V4, yes],
Voo = 16, V&gl Yeio =[5, Vel

For n € ®7, we fix the orientation by the following ;
Yo =1, yg 1 fori =1,2,...,10. 44
Finally, for o € CD;r, we fix the orientation by the following;

Yo, = [Vng> ¥& 15 Yay = [Yngs ¥ 1, Yas = [Vni9> Y 15
Ya, = [ymov yéz]v Yas = [yﬂl()’ y53]'

Then, for example, we calculate

[n,» Ye, 1 = [y, ye, 1 ye,1 = [Iy1, yg, 1, e, 1 = [y, ye, 1~ for 1 = p,q = 10,

and

[Yns»> Y&, 1 = [yys» 4, Ye 11 = [[yys» 4l ye 1 = (1 Yes], yal, ve ]
= [[y1, [Yes» y4ll, y&, 1 = =[y1, Y& 1 y5, 1 = —[yng» g 1-

In the same way, by the repeated application of Jacobi identities, we obtain

Yy = g Ye,1 = —s» el = s Yes1= g Yl = =y Yes1 = [y Yl
Yoy = [Vngs Y1 = —[yim» Yol = [ne» Yes1= [Vnss Vel = — i Yer1 = [y Yol
Yaz = nio» Yar 1= =y, yesl = [yng, Yes1= [ynss Y1 = =y, yer 1= [ynys Yo,
Yag = Wnio» Y= =g, Yel = g, Yeo1= [Vnes Y1 = =y Yeo 1= Yy Yeio 1,
Yas = [Vnio» Yes1= —yno» Yes1 = [yuss Yer 1= [ngs Ve = —Lns Yeol = [Vng Yerol-
(4.5)
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Then, by fixing the basis {yq, }?:1 of S_3 and {ygj}}oz1 of [_q, an element A =
Z}-Ozl ajad(yn;) € S—2 C 53 ® (I_)* = M(5,10) is represented as the matrix
of the following form;

ag —das a4 adz —dap 0 0 al 0 0
ag —aj ag 0 0 a3z —ap; 0 a; O
apg 0 0 —a7 a¢ as —as 0 0 q
0 aigo 0 —ag 0 ag 0 ag —aq ap
0 0 a0 0 —a9 0 ag a7 —as az

Moreover, for y; € S_;, we have

Yoy = 1, ¥, 1 ves] = —[v1-3e,1s yes1 = [y1, y&1, yel,
Ya, = [[y1. Ye 1, Yeol = —[ly1, Y&, 1. y&,1 = (15 y&51s yels
Yas = [[y1, Y&, s Yeol= —[Iy1, ye s ye 1 = (1, yes], veels
Yay = [Iy1, Y6, 1, yerol= —LIy1, Y&, 1, yeol = (1, Yeols yes s
Yas = [[y1. Y&s 1, Yo 1= —[y1, Yes], yeo1 = (1, yer1s vl

Thus S_; is embedded as the 1-dimensional subspace of S_3 ® SZ(([_1)*) spanned by
the quadratic form f,

F(X, X) = (x1x8 — X2X5 + X3X4) Yo, + (X1X9 — X2X7 + X3X6) Ve,
+ (X1X10 — X4X7 + X5X6) Yoy + (X2X10 — X4X9 + X6X8) Yary
+ (X3X10 — X5X9 + X7X8) Yas

for X = Z}Ozlxjygj el_y.

By the above matrix representation, we can embed S_j as a subspace of S_3 ®
(I-1)* = M(5, 10) and obtain the following first order system as the model equation
whose symbol coincides with this subspace:

oy _ 9y _ 9ys _On 9y dya OOy 9ys
B)Cg 3)69 8)61() ’ 8)65 3)67 3)610 ’ 3)64 8)66 3)C10 ’
Oy _ By _ Oy Oy _9y3  Bys Oy dys Oy
3)63 3)67 8)69 ’ 3)62 8x6 3)69 ’ 3X3 8)65 Bxg ’
Ly O3 _0ys oy _ 9y _ 95 92 Oya _ _0ys
dx2 axs  Oxg’ ax;  dxg  0x7 dx1 x4 x5’
0 0 0 oy;
5 ﬁ LA 0 otherwise, 4.6)
0x1 0x2 0x3 0x;j
where yi, ..., y5 are dependent variables and x1, ..., xj9 are independent variables.

Moreover, by a direct calculation, we see that the prolongation of the first order system
(4.6) is given by
PRy ya 9%y %y d%ys
8x13x8 - ax18x9 B 3)618)610 - 3)6108)62 - 3)6108)63




192 K. Yamaguchi and T. Yatsui

%y oty 0%ys o 0%yg 0%ys
- 0x30x¢ - 0x30x4 - 0x40x7 - 0x40x9 - 0Xx90Xx5
%y ¥ty %y dys 0wy
T 9xs0x¢  Oxsdxy  Ox20x7  Ox70xg  Oxgdxe
9%y; .
— =0 otherwise. “@.7
0x,0x4

From the above expression of f, we observe that the above second order system is the
model equation of the 1-dimensional embedded subspace S_; in S_3 ® S2((1Z)).
Furthermore, by a direct calculation, we see that the prolo ngation of this second order
system (4.7) is given by

33y

—_— = for 1<i<5 15 p,q,r Z10. 4.8)
0x,0x40x,

Case (3) [(Ds, {aa}), w5, (E6, {y2, y1})]. For the gradation of type (Eg, {y2, y1}), we
have

+ __ — 12321
5= o= rope)

2
¢;=[n1:l2?21’ pp= 12221 g 11221 12210
s = 11210 o= 12210 5 11210 po 11111
,79:11%10’”10:11}00}’
oF =wiuw!,

2
N :{&:00(])00’ £y =00100 £ _ 01100 g 00110

’

%-5:01}1()’ 56200}11’§7=01111758=01%]0’

59:01%117510:01%21},

1
w ={§1= 10000 p) = 11000 £ 11100 ¢ — 11110
11111
s 0 }
where “1 4 g4 % 9 stands for the root o = Z?Zlai)/i € ®7T (see Planche V in
[Bou68]).

Thus we have u = 3,

mM=g3®F2Dg_1 and g1 =851y,
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where g_3 = S_3,§-2 = S_», S_; and [_; are spanned by the root spaces g—p for
B e o7, CDEL, Wl and w2 respectively. Hence dim S_3 = 1,dim S_» = dim[_; = 10
and dim S_; = 5.

For @, ®J, W! and W2, we observe that ® = {6}, where 6 is the highest root,
a+p ¢ ®fora, p e PTUPTUW! ¢ —& ¢ dforé € W2, ¢ € U! and that n;+& = 0,
n—& ¢ ©E+E ¢ Pandy +& ¢ Pifi £ jfory € ®F and &,&; € ¥?
(i, j = 1,...,10). This implies that [yo, yg] = O fora, B € ®TUPT UYL, [y;, ys] =
Ey4¢ foré e W2 ¢ eV if¢ +£ € ® and that e ye;, 1 = 0, Lyy;» yg;1 = £6ijy0
for n; € CIDE", §.8; € Wy @i, j =1,...,10), by the property of the Chevalley basis.
Hence, from Planche V in [Bou68], we readily obtain the non-trivial bracket relation
among g—; and [g_p, [_1] as in (4.9) and (4.10) below up to signs.

We fix the signs of yg for B € o, CD;, W2 and W' as follows: First we choose
the orientation of y,, for simple roots by fixing the root vectors y; = y,, € g—,,. For
¢ € W!, we fix the orientation by the following order;

Yo = V1, Yo = [)’3, yé'l]v Yoz = [y4v yiz]’ Yoy = [yS? y§'3]v Yes = [y6’ y§4]'

For& e W2 we fix the orientation by the following order;

Y = Y2, e, = e, y4l, ye = e, 3l v = e, ysl,
Yes = [yes, ysl, Yee = [ye,» yel, Ye; = [yes» yel, Yes = [Ves» yal,
Yeo = [Veg» Y61, Yero = [Veg» ¥51.

For 1 € ®7, we fix the orientation by the following order;

Y = Wess Yels Yo = e Yeols Y3 = s Yeol Y = — e Yeols
s = —es Vel e = Ve Y&l Y = e vl vy = gy v,
Yo = —Iers Ve, Ynio = e el

Finally, for 6 € d>;' , we fix the orientation by the following;

Yo = [Ynio» Yerol-

Then, for example, we calculate

[yﬂl()’ yé]o] = [ymov [yft)’ )’5]] = [)’59, [y77107 y5]] = [)’597 [[)’{1 ’ y§3]v )’5]]
= [)’59, [yﬁ ’ [y&’ yS]]] = [)’sg, [y§1 ) y%]] = [yfgv _yﬂg] = [yn99 yEg]v

and obtain
Lynis Ye;1 = 8ijye, -yl = e, ye,1=0  for 1=i,j=10. (49)
Moreover we calculate as in

[eys ye,1 = 4, Yool Y&, 1 = 4, y& 1, yo, 1 = 4, [Ves» y61l, v, ]
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= [[[y4, y&1, y6l, ye,] = [[=ygg» Y61, yo, ] = —[egs Yol = =Yy

and obtain

Yo = ey, y& 1 yeol= =gy vl yeol = [lyeys &1, vl
Yo = [[Vey» Y& 1, Yero 1= —[ver» Yeuls Yol = [[yey» Yeels Vsl
yo = e e 1 e l= — e e, ver 1 = [lyess vesl, veol, (4.10)
Yo = [[yeys ya 1, Yeol = —[[veys Yerls Y, 1 = [lyeys Yes1s Yol
Yo = [[yes, ya 1, yes] = —[eys ¥ar 1, yes] = [lyes, y&s 1, ye,l

From (4.9), we have S_, = V*, by fixing the base of S_3 = K and putting [_; = V.
Moreover, from (4.10), S_; is embedded as the 5-dimensional subspace of SZ(V*)

spanned by the following quadratic forms fi, ..., f5;
S1(X, X) = x3x10 — X5X9 + X7X8, F(X, X) = x2x10 — X4X9 + X6X3,
f3(X, X) = x1x10 — X4X7 + X5X6, fa(X, X) = x1x9 — x2Xx7 + X3X6,

f5(X, X) = x1x8 — x2X5 + X3X4,

for X = Z}gl x;yg € 1. Thus, by fixing the basis {yg} of S_3 and {yg,, ..., yg,} of
[_1,an element A = Zf:l a;ad(y;) € S-1 C S2(V*) = Sym(10) is represented as
the symmetric matix of the following form;

0O 0 0 O a5 a4 a3
0 —das 0 —dy4 0 0 ar
as 0 ay 0O 0 O aq

0 0 0 —-a3 0 —ay O
—a5 0 0 0 a3z 0 0 —a; O

0 a3 0 0 ao 0O O
—a4 0 —az 0 0 0 a
as 0 0 O 0 ar ai 0
aqg 0 0 —d) —aj 0O 0 O
a3 ap ap 0 0 O O O

(=N el )
[l el M)

Hence the standard differential system (M (m), Dy,) of type m in this case is given by
Dn={w=w1=wy=--=w10=0},
where

w =dy — pidx1 — -+ — piodxio,

w1 =dp1 + qs5dxg + qadxo + g3dx19, @2 =dpr — q5dxs — qadx7 + q2dx10,
w3 = dp3 + q5dx4 + qadxe + q1dx10, @4 = dps + qsdx3 — q3dx7 — qadxo,
@s = dps — qsdxz + q3dxe — q1dx9, @6 = dpe + qadx3 + q3dxs + qadxs,
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w7 =dp7 — qadx2 — q3dxs + q1dxg, @y = dpg + qsdx1 + qadxe + q1dx7,
w9 = dpg + q4dx| — qadx4 — q1dxs, @10 =dpio + q3dx| + qadx2 + q1dx3.
Here (x1, ..., x10, ¥, P1,---, P10, 41, - - - » g5) 1S a coordinate system of M (m) = K26,

Thus the model equation of our typical symbolm = g 3@ § > ® §_1 C €2(I_1, K)
is given by

?y ¥y 3%y Py Py 3%y
9x30x10 0x50x9  dx70xg x20x10 0x40x9  Jx60Xg
2 2 2 2 2 2
oy 9y 9%y oy 9y 9%y @11
0x10x10 0x40x7 Ax50x6 0x10x9 0x20x7 9x30x6 ’
2 2 2 2
9%y = - AU 0%y =0 otherwise
3)61 8)68 3)623)65 3)63 3X4 ’ 3)6,' axj' ’
where y is a dependent variable and x1, . .., x1o are independent variables. By a direct
calculation, we see that the prolongation of the second order system (4.11) is given by
3
Fy <
—_— = for 1514, j,k=10. 4.12)
0x;0x;0xg
Case (4) [(Eq, {ac}), @6, (E7, {v6, Y1D].
For the gradation of type (E7, {ys, ¥7}), We have
Q;z{a1=01%221,a2=11%22], a3=12%22],a4=12?221,
a5=12%321,a6=12%221, a7=123321,a8=12‘2‘321,
a9=13‘2‘321,a10=23‘2‘321},
+
®2={n1=0080]1,n2=0081”, py= 001111y 000111
,75:01(1)111’”6:01{111, 777=11(1)111,,]8=11%1117
779:01%111’”10:11%111’ ,711201%211’”12:12%111’
iy = 112211 = 122211 7715=12?2”,7716=12%2”},
o =wvluvwl,
6
w ={‘§1=0080]0’ gy = 000110 £ 001110 g 001110
5= 011110 g 011110 g 111110 g 111110
59201%110’510211%110’ 511201%210’512212%110’
Ei3= 112210 g, 122210 515=12?210,$16=12§210},

7 _ — 000001
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where “1 3 g4 95 96 97 gtands for the root @ = Zz?zl a;y; € ® (see Planche VI in
[Bou68]).
Thus we have u = 3,

m=g3Dg2dg_1 and g1 =S_1 P4,

where §_3 = S_3,§-2 = S_2, S_; and [ are spanned by the root spaces g_g for
B e o, CDI, w7 and WO respectively. Hence dim S_3 = 10,dim S_, = dim[_; = 16
anddim S_; = 1.

For @1, @7, ¥7 and W®, we observe thata + B ¢ ® forar, B € & U D) U W7,
E—y ¢ dforé € W,y € W and that,if n + & € @7 forn € @, & € WO, then
n—& ¢ ®.This implies that [y, yg] = 0fora, B € ®FUDTUW [y, ys] = £y, 1¢
forf € WO,y € W ify +& € ® and [y, ye] = y)i¢ forn € ®F,& € WO, if
n+& € @, by the property of the Chevalley basis. Hence, from Planche VI in [Bou68],
we readily obtain the non-trivial bracket relation among g_; and [§—», [—1] as in (4.13)
and (4.14) below up to signs.

We fix the signs of yg for B € o, CD;, W7 and WO as follows: First we choose
the orientation of y,, for simple roots by fixing the root vectors y; = y,, € g_,,. For
£ € WO, we fix the orientation by the following order;

Y&, sl Y& = [V, yal, Ve, = g, y2l,
Yess y21 Ve, = [Ves, y1ls Ve = g, y2l,
Yo Vil Ye = Deos 51, Ve, = [0 31
Yeizs Y31, Yeis = Deys ¥als Yee = s, y21-

Y& = Y6, Ye, = [
Yes = [Ves y3l, Ve =
Yeg = [yfsv yal, Yero = [
Yei3 = [yfll’ yl]’ Yeu = [
For n € ®, we fix the orientation by the following ;

Yo, = [y7. 55,1 forp=1,2,...,16. 4.13)

Finally, for o € @;r, we fix the orientation by the following;

Yoy = [ ye 1 Yoy = niss Yarls Yoy = [nias Yl Yay = [ymss a1,
Yas = [ymsa yéz]a Yag = [ym(,» yfl], Yoy = [yi]lﬁ’ J’éz], Yag = [yi]167 y?jg]a
Yag = [yme,v )’55], Yayg = [yn167 Y&]

Then, for example, we calculate
[, Ve, 1 = [y7. ye, 1, ye, 1 = [[y7, ye, 1 ye, 1 = [yn,, ye,1 for 1 = p,q = 16,

and

s Y1 = [y7, yei 1 ye, 1 = [1y7, ey 511, ye, 1 = [[[y7, g1, ¥51, ye ]
= [[yng» ys1 y&,1 = [yngs [y5, ye, 11 = —[yng» ¥, 1-

In the same way, by the repeated application of Jacobi identities, we obtain



Parabolic Geometries Associated with Differential Equations of Finite Type

Yoy
Yo
Yoz
Yy =
Yas
Yag =
Yaq
Yag
Yag
Yoo =

Then, by fixing the basis {yq,

1
= [Yi6- Yes]
1=

= [y Y 1 = —[ynes Y&, 1

= Lyns» Yl = =y Ye,l

= [ynias Ye I = =iy Ve
[nis> Yl = =i, ¥l

= [yms’ ySz] = [y7714’ y&]
[Vnis> yar 1=

= [Ynes VeI =

= [Vnie» Yes1 =

[Ynis» Yer
} 10

=g, y&s1 =
=[yng: V&3l =
=lyng, yes] =
=[ynio» Yes1 =
=lynis» Yes] =
—[nias Ye1=lme» Vel =
—[Vnes Ye 1=, yel =
—[mss Ye =, vl =
—[ynis» Yes1=Lyniar Yool =
—Lymis» Yes1=lvn» Yeol=

—Lyns» yel,
—Lyns, ye,l,
—[ynr» Vel
—[yne» Y71,
_[yfm’ }’3,:7],
—Lyne yes1,
—[Yms Vel
=Ly Yerols
—[yni2s Yen s
—Lyms» yel-

—; of S_3 and {yg]} 61 of [_y, an element A

197

(4.14)

Z}; ajad(y,;) € S—2 C S—3 ® (I_1)* = M(I0, 16) is represented as the matrix
of the following form;

air as*

ais

aie 0
0 ais
0 O
0 O
0 O

where a;*

7, &l yey 1=

[y7, Yesls yesl=

Yy =

aiz a*
ais an*
0 ap*
0 a5 ais*

ae
asg
0

0
0
aie
0
0

=
[
[
[
([y7, y&,1, y&51=
(7, y&, 1, yel=
[
[
=
[

a5* 614’k as 0 0 a2* 0 aq
a;® 0 0 a* a3 0 a* O
0 ag a7* ag® as 0 0 O
0 ao 0 ao* 0 a7* as O
0 a3 0 apn* 0 0 O a7
alz* 0 alo 0 ag* ag* ae 0
a14* 0 a3 0 a“* 0 0 ag*
as* 0 0 0 0 azan™ap’
0 aigais* 0 0 as 0 ap®
0 0 0 agas™ 0 as

—[[y7, y&1
[y7, y&, 1, yes1= =7, e, 1,
[v7, ¥, 1, ye l= —1y7, Y6, 1, yer, 1=
7, ye, 1, Yeis 1= —11y7, yes 1, ye, 1=
—[[y7, y&1, ye,,1=
—[[y7-Ye,1, Yep,1
[v7, Y6, 1, yeol= —11y7, ye 1, yeu 1=
[y7: &5 1, Yeyol= —1y7, ye 1. yeis1=
—[[y7, y&l
[y7, y&;,15 yere1= —[[y7, Yl

[
[

[
[

= —a;. Moreover, for y; € S_1, we have

0
0
a*
az™
0
a4*
0
0

ai®
0 az* ax* aip as™* ay

Vel =My7, yes 1, yegl =
Yaol=I[y7, y& 1, yel =
[y7, y&s]s ves] =
[y7, yes], yeol =
([y7, yes)s yes 1 = —1
=[[y7, 51, Y10l =
[y7, Y&, yeis1 =
[y7, Y&, Yei31 =
s Yes1=y7, Yeol, yel = =17, Ye 1 Y s
Ve 1=1y7, yeols veu 1=

0
ai
0
0
as
0
ae
as
0

-l
-

-l
=l

ayg ag™ as

—[ly7-yg,1, yesl,
—[ly7, y&,1, yg 1.
Y7, Vel Yer 1,
V7 Yer1s Yol
Y15 Yer 1, Yy 1s
—[ly7.y&], yel,
V7, Yes 1> Yy 1s
Y15 Yeol, Yey s

—[ly7, ye, 1. yeis -

Thus S_; is embedded as the 1-dimensional subspace of S_3 ® S2((I_)*) spanned by
the following quadratic form f:



198 K. Yamaguchi and T. Yatsui

F(X, X) = (x1x11 — X2X9 + X3X6 — X4X5) Y,
+ (X1X13 — X2X10 + X3X8 — X4X7) Yar,
+ (X1X14 — X2X12 + X5X8 — X6X7) Vo
+ (x1x15 — X3x12 + X5X10 — X7X9) Yoy
+ (X2X15 — X3X14 + X5X13 — X7X11) Vs
+ (X1X16 — X4X12 + X6X10 — X8X9) Vg
+ (x2X16 — X4X14 + X6X13 — X8X11) Yoy
+ (X3X16 — X4X15 + X9X13 — X10X11) Yag
+ (X5X16 — X6X15 + X9X14 — X11X12) Yo
+ (x7X16 — X8X15 + X10X14 — X12X13) Yoy

for X = 2}6:1 XjYe; € L.

By the above matrix representation, we can embed S_, as a subspace of S_3 ®
(I-1)* = M (10, 16) and obtain the following first order system as the model equation
whose symbol coincides with this subspace:

a1 dy  dys  dys _ 9ye
dx;y dx13  dxie dx;s dxie

COyr _ dy»  dys _ dys _ dy7
dxg  dxi0  Ox12  9xi5  Oxie
dyr _ dy2 _ dys _ dys _ dyg
0x6 - dxg - 9x12 - 0X14 - x16

Oy _ 9y _ dys _ dy7 _ 9ys

8)65 BX7 3)612 - 8)614 - 8)615’

_Oyr _dys _ dys _ dys _ dyg
dxs  dxg  Oxj0  0x;3  Oxie
dyr _ dys _ dys _ dy7 _ dy9
dx3  Ox7  Odxio  Ox1z 9x1s
v v iy v
0x4 - 0x6 - 0x9 - 0x11 - 9x16
b _aw v _ow v
3)63 - 3)65 - 3X9 - 8x11 - 3X15’
_Oy_Oya_ Oye _ dys _ Oy9
dx,  dx7  dxg  Oxiz Oxia
_ Oy Oya_O0ys __ 9ys _ yio
dx» x5  dxe  Ox1 Oxya
oy Bys _ Oy Oy 9y9
8)61 a 8)67 a 8xg 3)610 3)(12’

dys _ 0ya _ Oys _ 9y _ dvio
0x3 0x3 0x4 0x11 9x13°



Parabolic Geometries Associated with Differential Equations of Finite Type 199

9y _dys _dy1 _ dys _ 9o

8x1 3X5 - 8)66 - 3XQ - 8)612’
dys  dys  dy; _dy9 _ dyio
FT Tt P PR e
dys dys  dys  dy9  dyio
oxy  dxy  dxs  dxe  oxg
dys _dy7 _dys _dy9 _ 9dyio
dx; dxy  dx3  dxs  dxg
% =0 otherwise, 4.15)
8)CJ'
where y1, ..., y1o are dependent variables and xy, ..., x1¢ are independent variables.

Moreover, by a direct calculation, we see that the prolongation of the first order system
(4.15) is given by

Py Py Aty Py Py 0%y
3)C13X11 - 3)618)613 - 3)613)614 - 3)613)615 - 3)(13)616 - 8)6168)62
Py Py yio . Fys Py
0X169X3 0X169X5 0X160X7 0x70X11 0x70x9
@y Py Py Py 3%
aX7ax6 3)673)64 3)643)612 3X43X14 8)643)615
P Py Py fys o Py g
0x40X5 0x50xg 0x50Xx10 0x50X13 0x130x¢ 0x130x9
@y By ¥y vy 3%ys
8x138x12 3)6128)611 3X128X3 8)6123)62 8x28x15
o *ym %y 9%ye  dfyo 0%ys
T 9x00x10  Ox20x9  Oxgdxg  0x9dxi4  0x140x3
_ @yo %y ¥y ¥y 3Py
3)6148)610 3)6103)611 3)6103)66 8)663)615 8)668)63
¥ ¥y 3%y
9x30xg 0xg9x11 9xg0x15
9%y; .
=0 otherwise. (4.16)
0xp0xg4

From the above expression of f, we observe that the above second order system is the
model equation of the 1-dimensional embedded subspace S_; in S_3 ® S2((I_™).
Furthermore, by a direct calculation, we see that the prolo ngation of this second order
system (4.16) is given by

3yi
0x,0x40x,
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Case (5) [(Eq, {a1}), e, (E7, {y1, v71D].
For the gradation of type (E7, {y1, y7}), we have

CD;F:{9=234 321}’

2

+

<I>2={m=13‘2‘321, 772=12‘2‘321, 773=12§321, 7]4212?321,
,75212%221’ ,76212?221’ ,77:12%211’ 778:12?211’

— 122221 — 122211 — 112221 — 112211

n9 = 1 > Mo = 1 » N1 = 1 » N2 = 1 )
,713:12%111’ ,714:11%111’ 7715=11%111’ 7716=11(1)111}’

of =wvluvw,

1

w ={E1= 100000 g = 110000 g 111000 g _ 111000
Eg= 111100 g 111100 g 111110 g 111110
fg= 112100 g = 112110 g, = 122100 g, 122110
Ely= 112210 £, 122210 g 123210 516:12%210],

w7:{§12008001 4-2:008011 §32008111 §4:OOélll
—_ 011111 —_ 001111 —_ 011111 —_ 012111
§5_ 0 s §6 1 s {7 1 s {8— 1 s

— 012211 012221
é‘g_ 1 ’ 1 }a

S0 =

where “1 43 g4 96 97 stands for the root & = ZZ: 1aivi € ®T (see Planche VI in
[Bou68]).
Thus we have u = 3,

m=g3Dg 2D g1 and g1 =S_1 P,

where §_3 = S_3,g-2 = S_», S_; and [_| are spanned by the root spaces g_p for
B € o7, CD;, W7 and w! respectively. Hence dim S_3 = 1,dimS_» = dim[_; = 16
and dim S_; = 10.

For @7, @7, U7 and W', we observe that ®] = {0}, where 6 is the highest root,
a+p ¢ dfora, p e ®TUPTUVT ¢ —& ¢ dforé € U!, ¢ € W and that n;+& = 0,
n—& ¢ ©E+& ¢ Pandy +& ¢ Oifi £ jforn € ®F and &,&; € ¥?
(i, j =1,...,16). This implies that [y, ys] = O fora, B € ®TUDT UV [y, ys] =
Eyr4¢ for§ € V2 ¢ eV, if ¢ +& € ® and that e ve,1 = 0, Lyy,, g1 = £6ijy0
for n; € CDEL, §,§; € w2 @i, j =1,...,16), by the property of the Chevalley basis.
Hence, from Planche VI in [Bou68], we readily obtain the non-trivial bracket relation
among g1 and [§_7, [_] as in (4.18) and (4.19) below up to signs.
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We fix the signs of yg for g € CIDT*', CD;, W7 and W! as follows: First we choose
the orientation of y,, for simple roots by fixing the root vectors y; = y,, € g_,,. For
¢ € W, we fix the orientation by the following order;

Yo = Y7, Vo = [va y§1]v Yoz = [)’Ss )’;2]7 Yo = [)’4, yCS]»
Yes = [¥3, yeu 1, Ve = [V2, Yeul, Yo, = [y2, yes], Yes = [V4, i1,
Yoo =15, yesls Yoo = e, yol-

For £ € W!, we fix the orientation by the following order;
Y& = V1, Yoo = e y3l, vg =Da.yal, ya = g, 2l
ves = Ve, ysl. vee = e, y2ls ve = Dess vels e = e, y21

[
[
Yeo = e, ¥4l Yeg = Dgo» Y6l Ve, = Dgos ¥31 Ve, = gy Yl
Ve, = Ve, sl yeu = e, 31 yes = e, yal,  yee = [yas, y21

Forn e &7, we fix the orientation by the following order;
ym = =es» Yaiels Yy = =Ives Vel Yz = =g Yeiols vy = s sl
Yns = = Yeiels  Yie = [Veas yeisl, Yir = = Yaels  yus = s veisl

Yo = —[Veas Yl Ymo = —es Yeul, Yy = es Yes 1 Yo = [ers yes
Yz = e Yen s s = —es Yeols  yms = ey yes 1 Yme = —Vers Ve l-

Finally, for 6 € d>;' , we fix the orientation by the following;
Yo = nies Yeis -
Then, for example, we calculate
mes Yeis]l = [=1yers Y& 1 yesl = [=1vers el yer I = [y, yerl
and obtain
Wy Ye,1 = 8pgye,  [yn,-¥u,1 =1y, ¢, 1=0  for1 < p,g=16. (4.18)

Moreover we calculate as in

[ess el = [lys, Yo I, Ye,1 = [1ys, ye 1 yo]l = e, [vens Y511 = e s Yl
= —Yno»

and obtain

Yo =~y Y1 vl = ey Yes1h vais
Yo = —[[yers Yes, yeiel = [[Vers Ve ls Yeys
yo = —llye. ye1. vl = [yess yeul ves
Yo = —[yeys Ye 1, yerg] = [yeys yeul, yey

= —[lygs Yel, e l= e s e | yesls
= —[lye Y&l el = e Yen b yeisls
= —[lyes, yeol, yero ] = [[vess Yeols yeu 1,
= —[[yeys Y&l yeo] = ey Y&l ven 1

— e
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= —[[yess Y&l yerol = yess Y&l vl
= —[lyg Y&, yel = e Yer 1, ve s
—[[yer, yes1 yeol = [lyer, v& 1, vl
—[yeg» yes1 yeg] = [yegs Yesls ver 1,
= [y, y&s 1, yes1 = [y veu 1, yer 1,

= —[lyz0> Y551, yeol = [[yei0- Yeul, yes
(4.19)

yo = —llyes. ye 1 vl = [yes yeul ves
Yo =~y Yol yeis1 = [yee Yes 1, Ve
Yo = —[lyers e, 1, yais1 = ey, yes 1o veys
yo = —llyeg ye 1 yerul = [yess ye, 1. veys
yo = —[lygo: Y&, 1 a1 = [y Y& 1, yeyo
Yo = —[lyei0s Yei I, ye 1= ey Y ls Ve

—_— e e e e

From (4.18), we have S_» = V*, by fixing the base of S_3 = K and putting [_; = V.
Moreover, from (4.19), S_; is embedded as the 10-dimensional subspace of SZ(V*)

spanned by the following quadratic forms f1, ..., fio;
f1(X) = —x7x16 + X8X15 — X10X14 + X12X13,
f2(X) = —x5x16 + X6X15 — X9X14 + X11X13,

f3(X) = —x3x16 + X4X15 — X9X12 + X10X11,
fa(X) = —x2Xx16 + X4X14 — X6X12 + X8X11,

f5(X) = —x1x16 + X4X13 — X6X10 + X8X9,
Jo(X) = —xax15 + x3X14 — X5X12 + X7X11,
f1(X) = —x1x15 + x3X13 — X5X10 + X7X9,
f3(X) = —x1x14 + x2X13 — X548 + X6X7,
fo(X) = —x1x12 + x2X10 — X3X8 + X4X7,
F10(X) = —x1x11 + X2x9 — X3X6 + X4X5
for X = Z}il x;yg € 1. Thus, by fixing the basis {yg} of S_3 and {yg,, ..., yg,} of

[_1,an element A = Z}gl ajad(y;) € S_1 C S2(V*) = Sym(16) is represented as
the symmetric matix of the following form;

O 0 0 0 0 0 0 0 0 0 ajga 0 ag a7 as
0O 0 0 O O O O O app*as® 0 0 ag* 0 ag as
0O 0 0 O 0 a9 0 a O 0 O O aras* 0 as
0 0 O O aip*" 0 ag* 0 0 O O O as*as*az* O
0 0 0 alo* 0 0 0 asg 0 ay 0 ag 0 0 0 ay
0 0 alo 0 0 0 ag* 0 0 as 0 ay 0 0 az* 0
0 0 0 ao® 0 ag* 0 0 a7* 0 ag®* 0 O O O a
0 0 a 0 ag O O O as* 0 a4 0 0 O 1* O
0 ag* 0 0 0 0 a*as® 0 0 O a3 0 ap 0O O
0 ag* 0 0 ay as 0 0 0 0 a3* 0 0 aq 00
ap 0 0 O O O ag*as® 0 az3* 0 0 ax* 0O O O
ag 0 0 O a az 0 0 a3z 0 O O 4 O O O
0 ag*a7*as* 0 0 0 O O O a*a;* 0 0O O O
ag 0 ag*as* 0 0 O O a a O O O O O O
ay  dg 0 a3* 0 az* 0 al* 0 0 O 0 0 0 00
as d4 aj 0 an 0 aq 0 0 0 O 0 0 0 0 0
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where a;* = —a;. Hence the standard differential system (M (m), Dy,) of type m in

this case is given by

Dn={mw=w1=wy=-=w16=0},

where

w =dy — pidx; — -+ — piedxis.

@ = dp1 + qrodx11 + qodx12 + qgdx14 + g7dx15 + gsdxe,
@y = dpr — qiodx9 — qodx10 — qsdx13 + qedx15 + qadxie,
@3 = dp3 + qiodxe + qodxs — q7dx13 — gedx14 + q3dx16,

w4 = dps — q10dxs — qodx7 — q5dx13 — qadx14 — q3dx;s,
@s = dps — qi0dx4 + qsdxs + q7dx10 + qedx12 + q2dx16,
w6 = dpe + q10dx3 — qsdx7 + qsdxio + qadx12 — q2dx1s,
w7 = dp7 — qodxs — qsdxe — q7dx9 — qedxi1 + q1dx16,
wg = dpg + qodx3 + qsdxs — qsdxg — qadx|| — q1dxys,
w9 = dpg — q10dx2 — q7dx7 — qsdxg + q3dx12 + qadx14,
w10 = dp1o — qodx2 + q7dxs + qsdxe — q3dx11 + q1dx14,
@11 =dpi1 + quodx) — gedx7 — qadxs — q3dxi0 — q2dx13,
@2 = dp1a + qodx) + qedxs + qadxe + q3dxg — q1dx13,
w13 = dp13 — qsdxy — q7dx3 — qsdx4 — q2dx11 — q1dx12,
@14 = dp14 + g8dx1 — qedx3 — qadxs + q2dx9 + q1dx10,
@15 = dp15 + q7dx1 + gedx2 — q3dxs — q2dxe — q1dxg,
wi6 = dpie + qs5dx1 + qadxy + q3dx3 + gadxs + q1dx7.

Here (x1,...,x16,Y, P1,---

ap167q1a-~-

,q10) 1s a coordinate system of M (m)

K*3. Thus the model equation of our typical symbol m = §_3 ® §_2 D §_1

€2(I_1, K) is given by

3%y 3%y 3%y 3%y
0x70X16 - _3x88X15 0X100X14 - _8x128x13 ’
82y Bzy 82y 82y
8)653)616 - _8x68x15 3)693)C14 - _3)6113)613 ’
8%y 32y 32y 8%y
8x33x16 - _3X43)C15 3XQ3X12 - _3X103X11 ’
82y 32y 82y 32y
0X2X 16 - _8X48x14 0Xx60X12 - _8)688)611 ’
82y 82y 82y 82y
dx10x16  0x4dx13  9xedX10 - " Bxgdxg
9%y _ 32y 32y _ 8%y
0x20X15 h _BX33)C14 - 0x50X12 - _BX78xll ’

N 1R
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8%y 32y 32y 8%y
9x10X15 -  9x30x13 - dx50x10 -  9x79x9
82y 82y 82y 82y
9X10x14 -  9x00x13 - 9x50xg - " dxedx7’
8%y 32y 82y 8%y
9x10x12 -  9x00x10 - 9x30x3 - C 9x40x7°
82y 82y 82y 82y
8)618)611 - _8x28x9 - 3)633)66 - _BX43X5 ’
3%y .
=0 otherwise, (4.20)
3)(,'3)61'
where y is a dependent variable and x1, . .., x¢ are independent variables. By a direct

calculation, we see that the prolongation of the second order system (4.20) is given by

83y

— =0 for1 <i, j, k <16. “4.21)
0x;0x j0x

5 Equivalence of Parabolic Geometries

In this section, we will discuss the equivalence of each parabolic geometry associ-
ated with the differential equations of finite type explicitly described in Section 3 and
Section 4.

In the following, we will first show a common property of the typical symbol m
of type (I, S). Here m = EB;Z_I gp is a graded subalgebra of ¢V, W), which
has the splitting gy = [_; ® S_y, where V = [y and W = §_,. In particular
S, C W ® S¥tP(V*). Thus we have the notion of the algebraic prolongation p(S,)
of §,, which is defined by

p(Sp) =S, @V NW ® SHPH (v for —pu+1<p<—1.

We will show the following Proposition 5.1 concerning the property of the prolonga-
tions of S, for the typical symbol m of type ([, S).

Letg = @;:_M gp be a pseudo-product GLA of type (I, S).
Lemma 5.1 Let p be an integer with —pu+1 < p < —1.If H'(m, g)p41,-1 = 0,
then the algebraic prolongation p(Sp) of Sp is equal to S,41, where we put So = 0.

Proof. Since the fact S,11 C p(S)) is clear, it is sufficient to prove that p(S,) C
Sp+1- Let ¢ be an element of p(S)). The space p(S)) can be considered as a subspace
of Hom(I_1, §,). We define an element ¢ of C'(m, 9)p+1,—1 as follows:

P =9eX) (X ely), @) =0.

Then we have
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09(X1, X2) = [X1, 9(X2)] = [X2, o(X1)] for X1, X € [y.

Since ¢ € p(S)), we get 3¢ = 0. Also since H'(m, 9)p+1,—1 = 0, there exits an
element s € Sy such that 9s = ¢. Hence p(Sp,) C Spy1. O

For a pseudo-product GLA g of type ([, S), we furthermore assume that the pro-
longation § = P,z §p of (m, go) is a simple graded Lie algebra (SGLA), where
m=g_.

Now we investigate the space H'(m, 9)r,—1. Note that, from g, = g, for p <0,
H'(m, g)._1 = H'(m, §),_1 forr < 1. Also we know that H'(m, g),._; is isomor-
phic to HY_,, S), asa go-module(see Section 5 in [YYO02]). Let ¥ = {y1,..., YL}
be a simple root system of g and let 6 be the highest root of §. Assume that

(i) The SGLA g is of type (YL, {ya, ¥ }):
(i1) [—; is a go-module with highest weight —y,;
(iii) S—p is a go-module with highest weight —y,.

By Kostant’s theorem, H L(m, @)r.—1 is an irreducible go-module with lowest weight
04,(—6 — §) + &, where we use the notation in [Yam93]. Let E be the characteristic
element of the GLA g; then

(0a(=0 =8) +0)(E) = =+ (0, va) + 1.

Hence H'(m, §),_1 # O if and only if r = —u + (8, y,) + 1. From the table in
Theorem 2.1 (a) and [Bou68], we obtain the following lemma.

Lemma 5.2 Under the above assumptions, we have

(1) Assume that (Yr, {Va, Y»}) is one of the following types: (Ag+n+1, {¥1, Ve+1})
(n 20,2 1), (Cesr, {y1, ver1}) (€ Z 1). Then H' (m, g),,—1 # 0 if and only if
r=0.

(2) Assume that (YL, {Ya, vb}) is one of the following types: (A¢sn+1,{Vis Ve+1})
(I <i=te22,n20), Besr, (2. ) (€ 2 2), (Detr, {y2, 1)) (€ 2 4),
(Det1: {ver1, ) € 2 4, (Desrs (v, ver) (€ 2 3), (Devrs {ves ver1))
(€ 2 3), (Dey1, {y2, ver1)) (€ 2 3), (Eg. {y1. ¥6}), (Es. {v2. v1}), (E7, {¥1. v1}).
Then H'(m, g), _1 # 0 if and only if r = —1.

(3) Assume that (Y1, {ya4, vb}) is one of the following types: (Co41, {vi, ve+1}) (1 <
i =60 2 2), Doyt yisven) @ < i < £,6 2 4), (Es. {y3. 1},
(E7,{v6, v1}). Then H'(m, g),._1 # 0 if and only ifr = —2.

By Lemmas 5.1 and 5.2, we get the following proposition.

Proposition 5.1 Under the above assumptions, we have:

(1) Unless (YL, {Va> o)) is (Aggnt1, (1, Ver1)) (n 2 0,€ 2 1) or (Ceq1, {y1, Yer1})
(¢ 2 1), the algebraic prolongation p(S_1) of S_1 is {0}.

(2) Assume that (YL, {Ya, Vb}) is one of the following types: (Cot1, {Vi, Ye+1}) (1 <
i = 68 2 2), (Dep1s{yvisver1) @ < i < £,€ 2 4), (Ee, (3. 1)),
(E7,{v6, v1}). Then p(S—2) = S—1 and p(S—1) = 0.
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Actually we can check these properties by direct calculations in each cases in the previ-
ous sections. By these properties of the typical symbols, we can classify our parabolic
geometries into the following four groups.

(A) The parabolic geometry associated with (Agi,41, {y1, ver1}) 1 20,£ = 1)
is the geometry of the pseudo-projective systems of second order of bidegree (¢, n+1),
i.e., the geometry of the second order equations of ¢ independent and n + 1 de-
pendent variables by point transformations. The parabolic geometry associated with
(Cot1, {1, Yex1}) (€ = 1) is the geometry of the pseudo-projective systems of third
order of bidegree (¢, 1),1i.e., the geometry of the third order equations of £ independent
and one dependent variables by contact transformations.

(B) The parabolic geometries associated with (Agi,a1, {yi, ver1)) 2@ < i <
£,n 20),(Dey1, {Ver1, 1)) (€ 2 4), (D1, {y1, ver1)) (€ 2 3), (Degr1, {ve, Yer1))
(¢ = 3) and (Eg, {y1, Ys}) are the contact geometries of finite type equations of the
first order in the following sense.

In this case © = 2 and the typical symbol m has the following description:
m=g_,®8g_1 C eV, W),where W = S_,and V = [_1.Moreoverg_; = V& S_
and S_; C W ® V*.Let J¥(n, m) be the space of k-jets of n independent and m de-
pendent variables, where n = dim V and m = dim W. We consider a submanifold
R of J'(n, m) such that n& |g: R — J%u,m) is a submersion. Let D be the re-
striction to R of the canonical system C' on J'(n,m) and RV < J2(n, m) be the
first prolongation of R (cf. Section 4.2 [Yam82]). We assume that p(V : RV — R
is onto. This assumption is equivalent to saying that (R, D) has an (n-dimensional)
integral element (transversal to the fibre Ker (718 |r)+) at each point of R. Under this
integrability condition, (R, D) is a regular differential system of type m if and only
if the symbols of this equation R are isomorphic to S_; € W ® V* at each point
of R (see Section 2.1 in [SYY97] for the precise meaning of the isomorphism of the
symbol). In this case, by (1) of Proposition 5.1, integral elements of (R, D) are unique
at each point of R so that p(¥ : R(D — R is a diffeomorphism. Thus (R, D) has
the (almost) pseudo-product structure corresponding to the splittingg_1 =V & S_;.
In fact S_; corresponds to the fibre direction Ker (7101 |r)« and V corresponds to the
restriction to R() of the canonical system C? on J?(n, m). Since § is the prolongation
of m, an isomorphism of (R, D) preserves the pseudo-product structure. In particular
an isomorphism of (R, D) preserves the projection n(} |g: R = J%n, m). Hence a
local isomorphism of (R, D) is the lift of a local point transformation of J°(n, m).

In this class (B), we can discuss the duality of our pseudo-product structures
as in [Tan89]. For example, (A¢int1, {¥n+1, Yutj+1}) corresponds to the dual of
(Agtn+1, i ver1 D

By Theorem 2.7 and 2.9 [Tan79] and Proposition 5.5 [Yam93], we observe that
parabolic geometries associated with (Aptn+1, {Vi> ver1}) @S i S € —1,n 2 2),
(Dgs1, {¥e, vesr1}) (€ = 3) and (Eg, {y1, Y6}) have no local invariants. Hence in these
cases, (R, D), satisfying the integrability condition, is always locally isomorphic to the
model equation given in Case (1), (8) of Section 3 or Case (1) of Section 4 respectively.
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(C) The parabolic geometries associated with (By+1, {y2, v1}) (¢ 2 2), (D41,
{v2. v1) (£ 2 4), (Dey1. {y2. ver1}) (€ 2 3), (Es, {y2. y1}) and (E7, {y1, y7}) are the
contact geometries of finite type equations of the second order in the following sense.

In this case u = 3 and the typical symbol m has the following description: m =
g 3®gr®g_1 C C2(V, W), where W =K,V = [_; and dim V = n. Moreover
wehaveg o = V*, g1 = V@& S_jand S| C S2(V*). In this case, we note that
the standard differential system (Mg, Dg) of type (YL, {y4}) is the standard contact
manifold of type Y7, (see Section 4 in [Yam93]).

We consider a submanifold R of J%(n, 1) such that 7112 |[r: R — Jin, D is a
submersion. Let D be the restriction to R of the canonical systetem C 2 on J3(n, 1)
and RV c J3(n, 1) be the first prolongation of R. We assume that p(" : R(D —
R is onto. Under this integrability condition, (R, D) is a regular differential system
of type m if and only if the symbols of this equation R are isomorphic to S_; C
S2(V*) at each point of R. In this case, by (1) of Proposition 5.1, integral elements of
(R, D) are unique at each point of R so that p(' : R(D'" — R is a diffeomorphism.
Thus (R, D) has the (almost) pseudo-product structure corresponding to the splitting
g—1 = V & S_;. In fact S_; corresponds to the fibre direction Ker (7r12 |R)« and V
corresponds to the restriction to R(!) of the canonical system C> on J3(n, 1). Since
g is the prolongation of m, an isomorphism of (R, D) preserves the pseudo-product
structure. In particular an isomorphism of (R, D) preserves the projection 7112 |r: R —
J'(n,1)and 8D = (nlz);l(Cl). Hence a local isomorphism of (R, D) is the lift of a
local contact transformation of J! (n,1).

By Theorem 2.7 and 2.9 [Tan79] and Proposition 5.5 [Yam93], we observe that
parabolic geometries associated with (Dg41, {y2, vex1}) (¢ = 3), (Es, {y2, y1}) and
(E7,{y1, y7}) have no local invariants. Hence in these cases, (R, D), satisfying the
integrability condition, is always locally isomorphic to the model equation given in
Case (10) of Section 3 or Case (3), (5) of Section 4 respectively. The rigidity of the
parabolic geometry associated with (Dgy 1, {y2, vex1}) (€ = 3) is already discussed in
[YYO02] in connection with the Pliicker embedding equations.

(D) The parabolic geometries associated with (Cy11, {¥i, ye+1}) (1 <i £ £, 2
2), (Det1, is ven) 2 <i < €,€ = 4), (Eg, {y3, v1}) and (E7, {ye, y7}) are the
geometries of finite type equations of the first order in the following sense.

In this case © = 3 and the typical symbol m has the following description:
m=g3®gorDg.| C C(V,W), where W = S_3 and V = [_;. More-
over g = S2,9-1 = V@ S_1,52 C W®V* S, C W® S*V*) and
dimS_, = dim V. In this case we first consider a submanifold R of J'(n, m) such
that 7101 |g: R — J%(n, m) is a submersion, where n = dim V and m = dim W. Let D
be the restriction to R of the canonical systetem C' on J!(n, m) and RV c J 2(n, m)
be the first prolongation of R. We assume that the symbols of this equation R are iso-
morphic to S_» C W ® V* at each point of R and also assume that p(V' : R(D — R
is onto. Then (R, D) is a regular differential system of type m = §_» & §_1,
where §_» = W and §_; = V @ S_;. Here the symbol algebra m is the negative
part of the simple graded Lie algebra of type (Yr,{y.}), i.e., of type (Cet1, {yi})
2=2i=20,Derr,{n)) @ <i < 0), (Ee, {y3}) and (E7, {ye}) respectively. Fur-
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thermore, by (2) of Proposition 5.1, the symbols of this equation R‘") are isomorphic
to p(S_2) = S_1 C W ® S?(V*). Let DI be the restriction to RV of the canon-
ical system C? on J?(n,m) and R® < J3(n,m) be the prolongation of R, We
further assume that p® : R® — R is onto. Under these integrability conditions,
(R, D) becomes a regular differential system of type m. Actually the set of n-
dimensional integral elements of (R, D) forms a bundle over R, which contains RM
as an open dense subset such that D) coincides with the canonical system induced by
this Grassmanian construction (cf. Section 2 in [ Yam82], Section 1 in [Yam99]). More-
over, by (1) of Proposition 5.1, integral elements of (R(), D) are unique at each
point of R so that p@ : R® — RW is a diffeomorphism. Thus (R, D) has
the (almost) pseudo-product structure corresponding to the splitting g_1 =V @& S_;.
In fact S_; corresponds to the fibre direction Ker (p{), and V corresponds to the
restriction to R? of the canonical system C3 on J3(n, m). Since § is the prolonga-
tion of m, an isomorphism of (R, D) preserves the pseudo-product structure. In
particular an isomorphism of (R, D) preserves the projection p(V' : RV — R
and 9D = (p(l));l(D). Thus a local isomorphism of (RM, DMWY induces that of
(R, D) and coincides with the local lift of this isomorphism of (R, D). Hence the local
equivalence of (R, D) is reducible to that of (R, D).

By Theorem 2.7 and 2.9 [Tan79] and Proposition 5.5 [Yam93], we observe that
parabolic geometries associated with (Ce41, {yi, ve+1}) 2 < i < £), (Dey1, {vis
ye+1}) 2 <i <), (Ee, {y3, y1}) and (E7, {ys, v7}) have no local invariants.

Hence in these cases, (R, D), satisfying the integrability conditions, is always lo-
cally isomorphic to the model equation given in Case (3), (9) of Section 3 or Case (2),
(4) of Section 4 respectively.

Remark 5.1 Among the cases in (A) and (C), notable omissions are the parabolic
geometries asociated with (Ag+1, {¥1, Vi+1, Ye+1}) (0 < i < £), which do not show
up in the exceptional lists in Theorem 2.1, but are associated with differential equations
of finite type as follows. In fact the standard contact manifold of type Ay is given by
(Ag+1, {¥1, Ye+1}). Hence the typical symbol m in this case has the same description
as in (C). The model equation in this case, as the second order system, is given by

92y _ 3%y
axilax,-z - ijl asz h

for 15i1,ip<i, and i< ji,jp<f+1,

where y is a dependent variable and x, ..., x; are independent variables.
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Summary. The notion of u-regulated algebras is given in a slightly revised version. Notions
of their localizations, limit localizations and intertwiners among them are defined. A family of
limit localizations parameterized by X is viewed as the space of deformations of expressions
of the algebra obtained by a limit localization. The space has a flat connection defined through
infinitesimal intertwiners. Several examples of localized algebra with finite generator system
are given. In concrete calculation, there appear several strange phenomena such as an element
having two different inverses, or an expression of some elements having sign ambiguity. How-
ever, such phenomena are related with Jacobi’s theta functions, where Jacobi’s theta function is
redefined as the bilateral power series in a x-algebra.
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A little ant digs a tiny hole in a big established bank. No one cares about this tiny
hole. But in some rainy season, this may grow to a big hole to cause the bank itself to
collapse.

In this note, the author wants to propose a rough scenario for the geometrical
quantum theory, which may be acceptable by differential geometers, although not by
topologists, because the underlying object is not a topological space.

Section 1 and the first part of Section 2 up to Section 2.1 are devoted to giving
a short summary of notions and several results which have already appeared in our
papers. At first, a notion of p-regulated algebra is given abstractly in a slightly revised
version.

In Section 2.2 and in what follows, notions of their localizations, limit and extremal
localizations, intertwiners, and infinitesimal intertwiners are defined so as to provide a
new philosophical key to open the quantum world.

The original algebra is understood as a patchwork of a collection of localizations.
However, the collection does not satisfy the cocycle condition. The discordance of
patchwork is defined.
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In Section 3, the parameter space of all limit localizations are viewed as the param-
eter space of possible deformations of expressions of a limit localized algebra. This is
viewed as if it were a moduli-space of a limit localized algebra.

In Section 4, Section 5, we give an example of deformation of expressions of alge-
bra generated only by one variable. It is a little surprising that Jacobi’s theta functions
are expressed simply as bilateral power series of an exponential function.

In Section 6, we treat several examples of localizations which might be interesting
objects for study in the future. However in this paper, we have reached only the front
door of the geometrical quantum world. Detailed description of the inside will be given
in forthcoming papers.

1 p-regulated algebras

In this section we introduce a notion of u-regulated algebras, revised a little from
that given in [17], as an abstraction of the algebra of all pseudo-differential operators
of order 0 investigated in [16]. u-regulated algebras give abstract models of algebras
obtained by non-formal deformation quantizations.

1.1 Primitive axioms

In an associative algebra (O, *), we denote by [a, b] the commutatora x b — b xa. A
topological associative algebra (O, *) over R or C (denote this by K) with the multi-
plicative unit 1 is called a Fréchet algebra, when O is a Fréchet space as a topological
linear space. Here a Fréchet space means a complete topological vector space defined
by a countable system of seminorms. A Fréchet algebra (O, x) is called a u-regulated
algebra, if there is an element u (£0) in O, called a regulator, and (O, u, *) satisfies
the following axioms:

(A:D) [n, 0] C u*xOx*p.

(A2) [0,0] Cc ux0.

(A:3) o * O is a closed subspace and there is a closed linear subspace B of O such
that O = B @ pu * O (topological direct sum).

(A:4) Mappings pux : O—=pu x O, xu : O—0O *x u defined by a—>u xa,a—a * u
respectively are linear isomorphisms over K.

If (O, %) is defined over K = C, we often take an additional axiom
(A:5) There is an involutive anti-automorphism a — a such that ft = por & = —p.

The most typical example of pu-regulated algebra is the symbol calculus of all
pseudo-differential operators (WDO) of order 0 on the cotangent bundle 7'y of a closed
Riemannian manifold N. In this calculus, the regulator u is the symbol of the oper-
ator such as +/1 + A, which plays the role of determining the notion of “order” of
operators.

The simplest example of u-regulated algebra is the space C*°(R) of all C* func-
tions of the variable p with the C*°-topology, where C*°(R) = C @& u *x C*°(R).
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Let Hol(C) be the space of all entire functions on C with the compact open topol-
ogy, and let u be a complex coordinate function on C. Viewing Hol(C) as an al-
gebra over R, we define an associative but non-commutative product *x by request-
ing u" xi = (—=1)"i * w. Then, (Hol(C), *) is a u-regulated algebra such that
Hol(C) = C & u * Hol(C).

Note that u? is a central element and (> 4 1) is the maximal two - sided ideal
such that the quotient algebra (Hol(C), *)/ (12 + 1) is the standard quaternion field,
H, such that u = j,i % u = k.

We next state several facts induced easily by the axioms. By (A.1), we see a * u =
wx(@—bxu),b e O,hence O *xu C u=O.Similarly, we have O x u D u * O.
Thus O * u = w * O, and this is a closed two-sided ideal of O.

By (A.2), (A.3), *-product on O defines naturally a topological commutative alge-
bra structure on the quotient space O/u * O which is identified with B. This commu-
tative algebra is denoted by (B, ).

The symmetric product aob = (1/2)(a * b + b * a) makes (O, o) a special Jordan
algebra. Since

ao(boc) — (aob)oc = =[b, [c,al] € u?* * O, 1)

1
4
the symmetric product induced on O/u? % O is associative and commutative.
The axiom (A:4) is crucial for making it possible to consider the inverse p~
by setting [ ™!

Lofu

cal = —pu " 'x[pw, alxp~!. Let O[n '] be the space of all polynomials

k 1

W kag+---+pu *xa_1+a, ajeO, where wk

(7 S )

The product * on O extends O[] to form an associative algebra. It is easy to see
that

W 'x0,01cO, w'x0,u'x01cu%0.
By these relations we have the following:
Proposition 1 (O[], %) is an associative algebra and ad(jn ™"
of derivations of (O, *).

Q) is a Lie algebra

By the property (A.3), O is decomposed for every positive integer N into
O=B®u+«Bd - du’ 'xBau x0. (3)

Set ad(,u’l)(a) = [u’l, al,and Ad(;fl)(a) = ,u’l *a * (L. According to the decom-
position (3), we may write uniquely as follows for any a, b € B:
axb=m(a, b)+u*mab)+- -+ u" xmab)+--,
ad(u™")(a) = Eo(@) + pw* &1(a) + -+ w & @)+, )
Ad(u™ ") (@) = a+ (@)« pu+ pxEr(@) s+ 4 p* w&@) s+
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Definition 1 A continuous surjective homomorphism p : (O, *) — K such that
p() = 0is called a classical point. Ker p is denoted by Z,,. A continuous homomor-
phism p : (O, %) — K[[u]] with dense image is called a semiclassical point, where
K[[x]] is the formal power series ring [ [, Ku* with the direct product topology.

The totality M of classical points may be viewed as the phase space. The closed two-
sided ideal R = Npem I, is called the radical of O. Every f € O/R is viewed as a
function on M. The topology on M is given in such a way that every f is viewed as a
continuous function.

Definition 2 A topological automorphism v of (O, *) is called a p-automorphism, if
Y O) = u*O.By Aut, (O), we denote the group of all u-automorphisms.

It is obvious that Aut, (O)u * O = u * O, Aut,(O)R = R, and every ¥ € Aut, (O)
induces a homeomorphism of M. Let Aut, (O) be the normal subgroup consisting
of all ¥ which leaves each classical point fixed. Since u %+ O C R, Aut, (O) y acts on
R/ *O.

To consider a smooth structure on M, we have to assume several nice properties
for Aut, (O) and its action on O, which will be given only as an optional assumption:

Option 1 Aut, (O) is a generalized Lie group with the Lie algebra g contained in
ad(u~! % O) as a real Lie subalgebra, and Aut, (O) acts smoothly on O.

A generalized Lie group defined in [16], [18] is not a genuine notion of Lie groups,
but a pair consisting of a topological group and a Lie algebra, which has several
amenable properties as Lie groups and the following conceptual advantage:

Every closed subgroup of a generalized Lie group is a generalized Lie group.
The quotient group of a generalized Lie group by a closed normal subgroup is a
generalized Lie group.

e Finite dimensional Lie groups are generalized Lie groups, and the converse is true
if the exponential mapping gives a local surjective mapping.

We do not repeat the detail, but recall the following fundamental fact:

Lemma 1 If the equation %ft = ad(,uf1 xa)(fr), fo = f,hasareal analytic solution
for every t € R, and the continuity holds for initial conditions, then the fundamental

rad(u~ ' xa)

solution denoted by e 1 (0, %) = (O, %) is a one-parameter subgroup of

Aut,, (O).

1.2 Classical notions defined on B,or B © uB

Recall (B, ) is the commutative algebra over K defined by O/ * O, and my(a, b) =
a- b. Note that the commutator bracket [a, b] is a biderivation of O x O into O. Hence
the skew part 77 of 7y gives a skew biderivation of B x B into B, which is denoted
by {a, b}.
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1.2.1 Characteristic vector fields

The derivation ad( 1) of O is decomposed for a€ B into

ad(u™ (@) =& (@) + -+ uF x & @) +-- - .

&o is also a derivation of (B, -), which is called the characteristic vector field. We easily
have

o({a, b}) = {80(a), b} + {a, 5o (b)} &)

1

and since ™" * O forms a Lie algebra, we see that Liouville bracket

{a. b}L = a&o(b) — §o(a)b + {a, b} Q)
defines a Lie algebra structure on B, i.e., skew-symmetric with Jacobi identity.

Definition 3 A p-regulated algebra (O, %) is called a g-Jacobi algebra, if & # 0.
(O, %) is called a g-Poisson algebra, if [u, O] = {0}.

1.2.2 From g-Jacobi to g-Poisson

Set O, = {a; [t~ ', a] = 0}. Then O,, may be viewed as a g-Poisson algebra. There
is also another way to obtain a g-Poisson algebra from a g-Jacobi algebra.

Let r be the coordinate function of an open interval (1 — €, 1 + €). Let O{r, €},
B{r, €} be Fréchet spaces of all C* mappings from (1 — €, 1 4 €) into a u-regulated
algebra O, and into its subspace B respectively. Give them the C*°-topology. Set
nw = vr~! and treat v as a central element, i.c., [v, Ofr, e}] = 0. It is easy to see
that Ofr, €} = B{r, €} ® vO{r, €}. O{r, €} is v-regulated algebra under the naturally
extended commutation relation [r, f] = v ad(u,_l)( .

By this observation, the case where w is in the center is fundamental. When p is
in the center, one may set u = i/i for any complex number /. This is the procedure
for making the quotient Fréchet algebra O /I, by the closure I; of the two-sided ideal
In =0 (u—ih)of O.

We call O/Ij the restricted algebra at u = ih. However if (1 — %u)_le(’), such
as in the case when 1 is a formal parameter, the quotient algebra collapses O/ = {0}
(cf. [11]).

1.2.3 Z;,-graded structure

Suppose a p-regulated algebra (O; 1) is decomposed into O = O° @ O (= 0 @
0°?) such that

00 c 0%, O'%0O' c ux@°, OO, O'x0° c O', 00! c P?xO°,

where o means the symmetric product (cf. (1)). In this situation, we often use the
graded commutator defined by [a, bl =axb — (— D)@llPlp g, where |a| means the
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parity of a. Fora € O' (i =0, 1), we define D(a)(f) = ax f — (=D fxa. D(a)
is a graded derivation similar to the exterior derivative, i.e.,

D@)(f *g) = D(@)(f) *g+ (=D fx D(a)(g), @)

and in particular if a € ©°?, then D(a)(D(a)(f)) =D@®(f) e n? 0.

2 Deformation quantizations and localizations

Like many other theories, our ultimate aim is the theory of gravity. But here, we give
only few examples by assuming that (B, -) = (C*°(M), -); the space of all C*° func-
tions on a manifold M with the ordinary commutative product: Suppose there are a
derivation &y and a skew biderivation { f, g} on C®°(M). (C*®(M), &, {, }) is called
a Jacobi algebra (cf. [7]), if it satisfies (5) and { f, g}r defined by (6) gives a Lie
algebra structure on C*°(M). A Jacobi algebra with & = 0 is called a Poisson al-
gebra. A Poisson algebra is called a symplectic algebra, if the rank of {, } is dimM
at every point. (C*°(M), &, {, }) is a contact algebra, if &y vanishes nowhere and
rank{, } = dim M — 1 everywhere; M is odd dimensional in particular. For a symplec-

tic algebra (C*°(M), {, }), the theorem of Darboux shows that there is a canonical
local coordinate system xq, ... , Xp, 1, - - - » ¥ On a neighborhood of p such that

{xi,xj} ={yi,y;} =0, {xi,y;} = &j.

Exterior algebra Let (F*(M), A) be the exterior algebra of all smooth differential
forms on a finite dimensional manifold. Let (F*(M)[[]], A) be the algebra defined
naturally on the space F*(M)[[u]] = [ [, F*(M) u* with the direct product topology.
Define a new product x on O = F*(M)[[u]] by

. oA, o or o € FUM),
wrw = / / od
uorew', o and o' € F°(M).

Proposition 2 (F*(M)[[u]], %) is a p-regulated algebra such that B = F¢*(M).

If we want to take a Riemannian structure into account, we have to set dx’ xdx/ =
w?g If M is the cotangent bundle Ty of a Riemannian manifold N, it is possible to
include such a structure in a u-regulated algebra. (See [18].)

We have seen various structures in classical differential geometry that are involved
in the first few terms of the expansions (4). Thus, it is natural to ask the following
(quantization problem):

Do these structures defined by classical terms come from p-regulated algebras?

If this is the sole question, one has only to make a p-regulated algebra where 1 is a
formal parameter, and then the quantization problems would have almost been settled.
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Namely, Kontsevich [10] showed every Poisson algebra is quantizable. (See also [21],
where we proved that all symplectic algebra is deformation quantizable.)

Thus, as a corollary, we see also that every Jacobi algebra is deformation quantiz-
able [11].

However, if 11 is not a formal but a central element of an algebra, then there appear
several anomalous phenomena in the restricted algebra at u = ifi, (75£0), such as the
spontaneous break-down of the associativity (cf. Section 5.4). Some of them have been
discussed in [9], [12], [13] in the case of the simplest Weyl algebra of 2 generators.

2.1 Notion of vacuums and left-regular representations

By putting the traditional quantum theory in mind, a p-regulated algebra has to be rep-
resented by a left-representation « on a fixed Fréchet space W over C with a Hermitian
inner product structure (pre-Hilbert space). This is indeed a left-regular representation
by considering a closed left ideal defined by {a€O; a|0) = 0}. In general, |0) is not an
element of O, but an element of an O-bimodule (cf. Section 2.2.1). |0) is sometimes
called the vacuum.

Writing the quotient space by ¥ = (|0), and assuming there is a closed subspace
W C O representing W, the left-regular representation « is given as an operator

k(a): Y¥|0) — a=|0).

If the complex conjugation is defined and one can set ¥|0) = (0|y*, then x*(a) :
O|ly* — (O|y™* xa gives a right-regular representation as an anti-homomorphism.
In other words, letting L (W) be the space of all continuous linear operators of W into
itself (with a compact open topology), we get that « (resp. k*) become (continuous)
homomorphisms (resp. anti-homomorphisms) of (O, %) into L(W¥). An element ¢y € W
is called a state function.

For the sole purpose of obtaining left-, right-regular representations, one may
choose |0) = 1 € O. However, in the quantum theory it is required that (0|a|0) € C.
Although this is not enough to make an inner product structure, this condition means
in particular that

codim({a; al0) = 0} + {a; (Ola = 0}) = 1.

Remarking that O = ¥ @ {a; a|0) =0} = ¥* @ {a; (Ola =0} and ¥ N V* = C, we
see that the representation space W has approximately half the dimension of O.

For simplicity, we denote « (a) by a,. By such a representation, the p-regulated
algebra (O, *) is represented as a subalgebra O, = {a,; a € O} of L(WV).

For an element H,€O,, the Schrodinger equation is written as %Wt = iH ;.
However, since the fundamental solution exp ¢ H, may not be included in O, , we have
to consider a certain extended system of O, by constructing an exponential calculus
so that the fundamental solution is included.
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2.2 Notion of localizations

It is easy to consider a localization of O, if BEC*(M), (), wk O = {0} and every 7y
and &, appearing in the expansion (4) is respectively a bilinear or a linear differential
operator.

Namely, on every open subset U of M one can make C*°(U)[[u]] a u-regulated
algebra by using the same my, &, k € N. The naturally defined restriction O —
C®(U)[[u]] is an algebra homomorphism. C*°(U)[[]] may be called a localization
of O.

Furthermore, if O = C°(M)[[u]], then the localization theorem given in [16]
shows that one can replace B in the splitting O = B @ p % O of (A.3) in such a way
that ¢, &, k € N in (4) can be replaced by bilinear and linear differential operators.

However, if some of 7y or & are not local operators, or if O® = () X ,uk * O is
a nontrivial two-sided ideal, then there is no such effective notion of localization. In
spite of such difficulties, we want to know the “local generator system” of O in order
to analyze the detailed structure of O.

Recall that in algebraic geometry, the localization of algebra is considered by join-
ing the inverse a~! of the element a called the divisor. The inclusion homomorphism
0O — (’)[a‘l] is naturally defined. The notion of localizations defined in the next
subsection is a mixture of these notions of localizations mentioned above. From my
personal view point, this is similar to the notion of so-called “second quantization” in
quantum physics.

2.2.1 O-bimodules

Here we give the notion of localization of an associative algebra (O, %) with 1. We
consider first another Fréchet space F, and a system {(k;, k,); k € K} of left- and
right-representations of the algebra (O, %) onto F.

(F, ki, k) is called an O-bimodule, if the following conditions are satisfied:

(R:1) Thereis 1 € F such that «;(a)(1) = «,(a)(1) forevery a € O.
R:2) ki (DH(f) = f =x,(1) forevery f € F.

(R:3) kr(a)(k1(b)(f)) = ki1 () (kr(a)(f)).

(R:4) If k;(a)(1) = 0,then k;(a)(f) = kr(a)(f) =0 forevery f € F.

Obviously I, = {a € O; k;(a)(1) = 0} is a closed two - sided ideal. Denote O/ I, by
O, and the induced product by *,. (O, *,) is an associative algebra. We denote by
7% the natural projection (O, x) — (O, *,).

The left- and right-representations (xj, ) of the algebra (O, %) onto F induces
naturally the left- and right-representations (kj, k) of the algebra (O, *,) onto F.
Hence, an O-bimodule (F, k;, ;) is an O,-bimodule. (O, *,) is called the effective
quotient algebra of (O, %).

By denoting left-, right-multiplications by ¢, ¢, (O, t, t,) becomes also an O,-
bimodule. We denote «;(a)(1) = 7% (a) by a,x € Oy, and k;(a)(f), k- (a)(f), respec-
tively, by a, *¢ f, f *¢ ar.
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It is often convenient to regard an (O-bimodule (F, k7, k) as an extension of
the effective quotient algebra algebra (O, *,). In such a case, we denote this by
(F k] OK ’ *K )

Proposition 3 (F, O,, %) has the following properties:

o [ x.gisdefinedif f orgisinO.
e x, are continuous bi-linear mapping of O, X F — Fand F x O, — F.
e The associativity f #, (g ¢ h) = (f % &) *, h holds if two of f, g, h are in Oy.

A concrete example of such an extension will be given in Theorem 1 below. The fol-
lowing shows that there are many examples of O-bimodules:

Proposition 4 If (F, Oy, *,) is an O-bimodule, then the tensor product FQ M (n) with
the matrix algebra M (n), and the dual space F* are O, -bimodules, providing F* is a
Fréchet space.

As for notations for O-bimodules, we often use (F,., Oy, *,) instead of (F, k7, k),
where the suffix « is the label of the representation when we consider a system of O-
bimodules, and (O, *,) is the effective quotient algebra of (O, *).

Definition 4 An O-bimodule (Fy, Oy, *,) becomes a localization of a u-regulated
algebra (O, %, u), if the following holds:

(L.1) By setting u, = 7°(wn), By = 7°(B), (O, *¢, ty) is a p,-regulated algebra
such that O, = B, @ pye*, Ok.

(L2) O is dense in F, and %, Fy, Fie %, are closed subspaces of F.

(L3) py*, : Fe = pux F,and % pu : F, — F*_p are continuous linear isomor-
phisms.

(L.4) The closure 7% (B) in F is a direct summand of (i, *, F.

By continuity, we see [y, Fiel C ek, Fiex, e, [Oc, Fil C e, Fy, and by using
(L.3) for every acQO,, ad(u;l #, a) is defined as a continuous linear mapping of F
into itself.

Let Ko be the set of all localizations of a p-regulated algebra (O, *, w). An el-
ement of K is denoted by (Fy, Ok, *«, ). (O, O, %, ) is a member of Ky as
the trivial localization. Sometimes we denote a member of Ko simply by «, and

1=(0,0,x*,pun.

For two localizations k = (Fy., O, %, i), k' = (Fr, Oyt %7, hyer), We consider
the following:

Definition 5 A continuous bimodule homomorphism ¢ : (Fy, Ok, %) —
(Fyr, O, %) is @ morphism, if the following conditions are fulfilled:

e ¢ induces a continuous homomorphism (O, *,) onto (O, %) such that
V) = 1y, -

e VY (By) is adirect summand of Opr.

e The closure ¥ (By) in F is a direct summand of pu,%, Fr.
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For every k € K we have a morphism 7 : (O, O, x, u) — (F¢, O, *¢, ti),
called the projection. For localizations «,«’ € Ko, we say that «’ is a localiza-
tion of k, and denote k > «’, if there is a morphism 7t,'((/ D (Frey Op, %0y i) —
(Fyry Opr, %41, i) such that n,f,n" =7~

For later use we denote

I =Kern“, IB=BnI I'=@uxO)nI,. (8)

Ko is partially ordered by >. For «,k’ € Ko, let k = (Fy, O, %, i),
k' = (F¢, O, %, ). By definition, we see F, = O =1 etc. Set Oy =
O/Ker N Ker 7%, and consider the O-bimodule (Fe ® Fyr, OpUie’ s *cUk’), Where
*,Ux’ 18 the product which is naturally induced on O/Ker 7" N Ker 7 . Take the clo-
sure O * (1, 1) in the space F @ F,+ and denote this by F,,. Then, it is not difficult
to check that

KUk = (FKUK,v OKUKH KUk’ s MKUK/)a MU’ = the image of 1%

is a localization such that KUk’ > «, k’. Morphisms kUx’ — &, k' are induced by
projections F, & F,v — F, Fs, but one should be careful, for nII((UK/ Feue — Fy
may not be surjective.

« and «’ are called mutually independent, if there is no «” such that «, k€’ > «”.

Recall that a localization k = (F, Oy, ) is defined by a pair of left-, right-
representations («7, k) which makes F, an O/ I,.-bimodule. For an automorphism ¢ €
Aut, (0), the pull-back ¢*k = (p*k;, ¢*k;) is a pair of left-, right-representations
which makes F,, an O/¢~!(I,)-bimodule by defining

a*(ﬂ*(’()f = g(a) * f, f*w*(K)a = f %, @(a), forac®, feF,. ©)]

We define ¢* (k) = (Fpriey» Opr () ¥ ()s o)) EKO by (Fie, O/ e, %4 (e),
71"((,0_1 (1)), where *4+(,) is the product induced naturally on O/(p_1]K.

In this way, Aut,, (O) acts naturally on o as order preserving isomorphisms. We
denote the isotropy subgroup at k by Auty1(O) = {pcAut, (0); ¢* (k) = k}. Note
that ¢* (k) = « if and only if ¢ : O — O induces an isomorphism ¢, : O, — Oy
which extends to an isomorphism F, — F.

2.2.2 Typical examples

For making an example, we have to start with a little more general setting. Let (O; %)
be a u-regulated algebra, and let O[u] be the totality of polynomials of uy, ... , u,
with coefficients in O. O[u] is an associative algebra under the naturally extended
*-product. Here each u; is treated as a central element.

For an arbitrarily fixed (n x n)-complex matrix A, we define the product
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" (§7AAU3L‘—>. I’Lk P . A
Fe, 8= fez(z ® J)g — Z 2 Afn,, .Alk]kauil. . .3uikf ¥ aujl' . '3ujkg'

k
— k12

10)

This defines an associative algebra (O[u], *, ).
In what follows we denote 9,, 9, R dy, by simplified notation 9, ety - It is easy
to see 9y, is a derivation of (O[u], *,).
Equality (10) is also written by a little strange notation
Zﬂfa Aig . 5 Al ’
- k'2k uil~»~uik Mjl“'ujkg

The over left/right arrows indicate to which side the differentiation operator acts.
Let Hol(C", O) be the space of all holomorphic mappings from C” into O. For
every p>0, we set a subspace as follows:

Ep(C", 0) = { f)eHOl(C", O); || fllp,s:5. = sup [ fllre™™!" < 00, V5 > 0}
(11)

where [u? = u% + - 4+ u,21 and || - |[x is the family of seminorms defining the
Fréchet topology of O. The family of seminorms {|| f || .s;}x,s>0 induces a topology
of £,(C", 0).

We denote £, (C", 0) =)
topology.

The following result can be obtained by almost the same proof as in [11], [12], in
which the case O = C has been treated:

4> p €q(C", O) with the intersection (projective limit)

Theorem 1 For every pair (p, p') such that % + # > 1 the product (10) extends to

define a continuous bilinear mapping £,(C", O) x £,/(C", O) — &, (C*, O).

If O is a pu-regulated algebra over C, then £, (C", O) = £,(C", B)®ux,&,(C", O).
Thus, if 0 < p < 2, then Theorem 1 shows that (£,(C", O), *,) is a u-regulated al-
gebra. However, if p>2, then £,(C", O) is only an £,/(C", O)-bimodule for p'>0
such that % + ﬁ > 1. Thus, £,(C", O) is a localization of the p-regulated algebra

£, (C",0).

For another constant matrix A, we define another product on (O[u], *,) by

by A A, W ii xa
- (3 AT, 04) 2
fxg = fe? ATiTg = Z WA”JI cee Al“kauil " NN Bujl ot 8-
— k!

This defines also an associative algebra (O[u], *).

Since A, A are constant matrices, and compositions of matrices are not used in the
calculus, we may exchange the order of differentiations au,,l ey the new product is
written as



i W* ~ W% it i .
fig = Xk: W(A A A (A A Oy g, RO 8-

This may be rewritten as follows:

P e N e
On the other hand, using a symmetric matrix K we consider % (% 3 K, it Y (fx A
g). Splitting this into

W i, girir V(N giig )
> W gk 8u,-1~~u,-,<;(zZK au,.uj) !

p+q+r=kr'
1 s i q
*A {aun“'u/‘r q! (Z ZKUE’WJ‘) g} ’

we have the following useful formula:

" . u . " .
eZ ZK”auiuj ((efj ZKljauiauj f)*A (eszk’Jauiuj g)>

—
uj

By 5% Kk )
= fer X KT ) — pu e (13)

Namely, the new product obtained by using a symmetric matrix does not change the
algebraic structure. Thus, the equality (13) gives:

¥ ki
Proposition 5 ¢ * 2K B 2 (Olul; *,) = (Olul; *, ) is an isomorphism. Namely,
the algebraic structure depends only on the skew symmetric part J of A.

Letk,«" = k + K be symmetric parts of A, A + K respectively, and let J be the

NP
skew symmetric part of A. We call W L= Bujuj e intertwiner, and denote it
by 1.

The following result can be obtained by the same proof as in [11], [12]:

Theorem 2 If p < 2, the intertwiner I,: extends a topological algebra isomorphism
Sfrom (E,(C", O0), *,4.5) onto (E,(C", O), *,14. 7).

2.3 Abstract notion of intertwiners and sogo

These are also the most fundamental notions besides the notion of localization. To give
an abstract notion of intertwiners, we have to take a little smaller subset Ko of Kp
having the following property:

o Ifk, k' > ko, then there is & such that & > «, ¥’ and 7 °F, N n’fE’FK/ = nlgOF,;
holds.

Aut, (O) acts naturally on the partially ordered subset EO preserving the partial order
>.



Toward Geometric Quantum Theory 225

Definition 6 For «,«’ € IE@, a densely defined linear one-to-one mapping I " from
F into F, is called an intertwiner, if:

. I,’j/ 2 (Oks #4, i) = (Or, *,r, ) 18 an isomorphism.

o If ¢ > k, «’, then the equality I,’(‘/n,’z‘(a) = nl’z‘/(a) holds for all a € Fy.

e For K, k' e ﬁ@, suppose k; > k, k' fori = 1,2, ..., m. Then the defining domain
of I must contain the linear hull of 7L, 75 Fy, .

It is clear that (I¢)~! = I}, and 7 = 1. We can find such intertwiners in several
concrete examples (cf. Theorem 2). However, the existence of intertwiners is not so
obvious in general. In general, intertwiners do not satisfy the cocycle condition, i.e.,
51 ”(‘,” I¥ ( f) is not necessarily f. Therefore it should deserve a definition of sogo.

Definition 7 D,/ = I}, 1 ,’(‘,” IX "is called the discordance, or sogo 1.

An example of sogo will be given in Section 4. But, remark that known examples
sogo appear only as multiplicative con-

stants, or additive constants (see [25]). Here
we give only the reason why sogo appears.
Fork,«’, k" € Ko, suppose there are &, &/,
k" such that & > «, k', k" > k', k", k" >
«”, k. Even if the following identities hold
T (f) = 75U, TG () = TS,
7%, (f") = m£(f), we can not conclude

ek T (f) = 7E(f).

of

Proposition 6 Intertwiners have sogo in general, even though these give isomorphisms
between O,’s. Suppose ko > k,k’',k"”. Then D, is a densely defined monomor-
phism which is the identity on tX F,

Ko© KO-+

When a sogo appears in localizations, we have to treat f € F,. such that D, f #
f as amulti-valued, or a set-valued element. Hence the disjoint union [ | « Fic can never
have a vector bundle structure. The notion of bundle gerbe (cf. [3]) may be useful for
that purpose. Although the cohomological aspect is stressed in the notion of gerbes,
we think the idea is based on much more primitive phenomena.

In general, representation spaces of localized algebras may not be glued together
to form a global representation space (cf. [14]).

In spite of this, we have to treat the space of “sections” of | [, F,c in order to con-
struct the field theory. For that purpose we have to restrict the “domain” of localizations
so that the sogo disappears. We shall give later an example of elements whose domain
of localizations are restricted to the complex “right half” space (cf. (49)).

1Sogo means in Japanese the discordance of upper and lower arrangement of teeth.
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2.3.1 Exponential calculus on a localization

In a suitably localized system, it is natural to expect that we have a generator system.

Definition 8 A finite dimensional linear subspace £, of O, is a local generator system
of (O, *,), if the subalgebra generated by £, is dense in O;.

However, since (O, *,) is non-commutative in general, it is difficult to express an
element in a univalent way. In the beginning of quantum theory, this was called the
ordering problem. In fact, there are few concrete examples of algebras given by an ex-
plicit formula of *,-product by using a system of generators. Thus, a non-commutative
algebra with which we are concerned needs to be restricted to the one that is linearly
isomorphic to a certain well-known algebra having univalent expression rule such as
the usual polynomial algebra or Grassmann algebra, on which non-commutative prod-
uct structure is given by a concrete product formula. The ordering problem in the
Weyl algebra has been discussed in [11], and in [13] as K-orderings, but since this
is the same context as localizations, it is better to call them K-expressions. Since K
moves continuously, K may be viewed as a deformation parameter or the parameter
of variations. However, since both “deformation” and “variation” have certain specific
meanings in [12] and [6], we use “deformation of expressions” .

See also Section 4 for its simplest version.

Suppose a localization (Fy, Oy, *,) is given. For every a€Q,, the left-/right-
multiplication f — a %, f,/ f — f %, a are regarded as vector fields on the space
F, . Equations of integral curves through 1 € F. are respectively

%fr(K) =axc fi(K), folk) =1, %gr(/c) = 8i(K) *ca, go(k) =1. (14)
The existence of solutions is not ensured in general, even if @ is a member of £, , but
the uniqueness holds for real analytic solutions.

If f;(k) is a real analytic solution of the left equation of (14), then we see f; (k) *
a = a * f;(k) by the uniqueness and the associativity (a * f;(k)) xa = a x (f; (k) xa).
Using this, we see f;(«) is also the solution of the right equation. We denote the real
analytic solution by e;‘; if it exists in F. . By the uniqueness, the exponential law holds
which will be denoted by

__ _sa ta z+ta __ 7 ta
=e, *ce e =ee., s,t,zeC. (15)

(s+t)a
€ EPal B

e

On the other hand, [a, f] = a % f — f *, a is defined for every aeO, as a

continuous linear mapping of F, into itself. Denote this by ad(a) and consider the
equation

d
Egz(lc) =ad(a)g:(x), golk) =g. (16)

If the solution exists, it will be denoted by ¢/34(®

tad(a)

g. If the solution €} of (14) exists,

then we have the identity e g = el % g *, €', if the associativity (el *, g) *,



Toward Geometric Quantum Theory 227

e[ = e % (g%, e;'“) holds. We denote the right-hand side by Ad(e(?)(g) if this
is the case.

Recall that we do not have a good criterion for the associativity. The way of check-
ing the associativity is mainly based on the fact that the associativity holds when the
regulator p is treated as a formal parameter. Therefore, if the subsystem with which
we are concerned is embedded in another subsystem in which the regulator u is for-
mal, then we obtain the desired associativity. See [18] for detail. However, in a general
setting, one can not say anything further without knowledge of a concrete expression
such as (50) obtained in the sequel by using a generator system.

In the last part of this section, we indicate a strange fact which often appears in the
exponential calculus. (Cf. [12].) Loosely speaking, this is the fact that for “almost all”

elements a€Oy, the integral f_ eldt, and hence ), 7 ;’“ converge in a certain
F (see Section 4 for concrete examples). Since lim;, 10 €/ = 0 in such a case,

these imply that acO,, and e¢ — 1 have two different two—sided inverses respectively:
Namely, we have inverses as follows:

00 0 0
- / elldt, f elddt, Ze D €, (cf. Section 5.4).
0 _

n=—0oo

Lelddt =

For instance, the continuity of a gives a[°_e!%dr = [°_axeldr = [ 4

1, and similarly we see f elfdt xa=1.
These violate the associativity. Recall thata ™! =a~! s (a* (a)™!) = (a7 xa) *

(@)~ = (a’)~! if the associativity holds. In particular, write the last two quantities as
00 1 e 4
na na *
e - a'==
= e ed’ = e —1

to see how the associativity is broken.
However, such a phenomenon is necessary to define a closed left ideal {a € O; a %
|0) = 0}. Suppose |0) = ffooo e!@dt is an element of F,.. Then, we see that

o0
d
a * |0) :/ —el'dt = lim € — lim € =0

o dt t—00 t——00

must hold, but the breakup of associativity makes it possible to avoid collapsing such
that [0) = (™! % a) % |0) = 0.

The main difference of — fo e'dt and Y 2
lations:

n—o €+ appears in the following calcu-

_ i (% 10g> Aoo I’Bkadt i (— lOg) Zenﬁka, (17)

k=1

where (% log) f(B) = f'(B) * f(B)~". For the first one, the integration by parts gives
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fﬁk‘l tkﬁa tﬂka
8,8/ dt =B~ / t(kBa) * ey —B- /

Thus, the first quantity of (17) is Y ;- | B!, and there is no way to avoid divergence.
On the other hand for the second one, the identity

8(:98 Z npBka — ka % Znenﬂka — ka % (Z enﬂka) <Z enﬁka) i

n=0

gives Y oo, (302, eﬁﬁ ka) * ka. This converges under certain K-expressions (cf. -
expression of Section 5.1).

3 Limit, extremal localizations, infinitesimal intertwiners

There are infinitely long series of localizations xo > x| > Kk > . We call such a
series a countable chain of localizations, and denote by C (o) the set of all countable
chains. Countable chains 0 = {k;};, 0’ = {k/}; are said to be co-final, if there is a
countable chain including both o, o’ in an order preserving manner.

Given a countable chain 0 = {«;}; € C(Kp), we consider the following series:

O = O > O — -+, Fgq—>Fe —>Fe,— .

Recall that O,; = O/I;, By, = B/IE, e, O = jux O/I; where I, = Kern*i,
and I, C I . Weset Op = O/N;l;, By = B/N; KB, puxeOp = ux O/ L,
where A is the closure of A in O. Let nl : Or — Og be the natural projection, and
set o = 1 (Jx;). Denote by *, the product 1nduced naturally on O, . Then, we see
that (O, *U, o) 1s a e -regulated algebra.

Recall also Kern,'(C ' C Kern,f H1 Let F = F/N ,>,KernK Then we have an
increasing sequence of Fréchet spaces {F }, Let F, = hm FK = ﬁF the injective
limit. ~ ~ ~

We call the countable chain {k;}; finite type, if Fo = NF,; = F; for some k; so
that F,, is a Fréchet space. Note that this does not necessarily imply that Ni>iKermk =
ﬁjzkz,'Kerﬂ,’((ik .

Let Fo be the subset of C(Kp) consisting of all countable chains of finite type.

Lemma 2 For a countable chain of finite type, we see that (Fy, Oy, %, 7% (1)) is a
localization of (O, %, ). This will be called the limit localization.

Lemma 3 Aut,, (O) acts naturally on Fo.

Proof. Let peAut, (O). Recall that the action of ¢ on an O-bimodule F, etc. is given
by regarding F; as a ¢(O)-bimodule. Hence, everything is traced as ¢ (O)-bimodules.
O
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3.1 Topology and a smooth structure on X

Apparently, we are concerned only with co-final classes of F». We denote the set of
all co-final classes by ¥ = Fp/~. An element o € X is called the co-final point of
the series {«;};.

If we imagine the limit “point” o of such an infinitely long sequence, then totality
of o = lim, x,, may be viewed as a continuum %. For a fixed ¥ we have many count-
able chains of finite type starting with «. Taking all co-final points we have a subset
3, of X. Using the cascade structure on F, we make X a topological space. Namely
for a co-final point o of {«;};, {Z;,i =0, 1,2, ...} gives the basis of neighborhoods
ofo.

Proposition 7 Aut, (O) acts on the set ¥ as homeomorphisms.

For a co-final point o, we denote the isotropy group at o by Aut;(O) =
{peAut, (0); p(0) = o).

If we take Option 1, we can define the smoothness by saying that Aut, (O) acts
smoothly on the set ¥ as “diffeomorphisms”:

Definition 9 A function f : ¥ — R is said to be smooth, if for every one-parameter
subgroup ¢; of Aut, (O), generated by a member of g, f(¢;(c)) is C*° with respect
to ¢ and every derivative is continuous with respect to (¢, o).

Intuitively speaking, ¥ is the underlying space where we have to develop differ-
ential geometry. However, as a matter of fact, this is far from the notion of manifolds.
Here, recall the Option 1 of general Lie groups. Every Aut, (O)-orbit may be viewed
as a manifold.

It is important to remark that X is not viewed as the phase space, but as a parameter
space of limit localizations.

Consider now a neighborhood V,, of o€X. Suppose for a moment that V, =
Véo) X Vém) where Véo) = Vs N Aut, (O)(0). Then, Va(m) is viewed as the param-
eter space of deformations of algebraic system (F,, %4, ito) like the moduli-space.
However, since algebraic systems are mutually isomorphic along Vg(o) , we think what
is deformed along Vé‘)) is the expression of the algebraic system (F,, %, fis) given
by a limit localization of (O, *, u), although the precise definition of deformation of
expressions will be given later.

3.1.1 Infinitesimal intertwiners

Leto = li_r)nfcieZ. For every fng,there is k; (depending on f) such that f € ]T,Z_FK[..

Suppose the intertwiner 111)1 jl,fij (f) is defined for another o’ = 11_) K;GE such
that o’ € X,,. We denote this by

12'(f) = lim ;1) (f). (18)
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If o (¢) is a continuous curve with o(0) = 0 in X. The above observation shows
that for every fei’c , there is € >0 such that Ig(t)(f) is defined for every ¢, |t|<€.

Let ¢; be a one-parameter subgroup of Aut,(O) whose infinitesimal generator
is X : O — O. We denote ¢ = exptX. By definition, exp7X (o) is viewed as a
“smooth” curve in X starting at 0. Since the action is continuous by definition, there
is >0 for any neighborhood V, of o such that exp¢X (0)eV, for every ¢, |t|<e€.

Using (18), we define the infinitesimal intertwiner as follows:

dl,(X)(f) =5—t _Olg’f(“)(f), forall f € F,. (19)

By defining the tangent space T, % at o as the symbolic set {%l,zo exptX(0); g},
dlI,(X) is defined for all X € T, X. The tangent space T, ¥ is more realistic, if we
take Option 1 stated before. However, d I, (X) is not a derivation in general as it will
be seen in Section 3.2.1 and Section 5.3.

On the other hand, let Ff;i be the dual space of F,, . Since Fy, is dense in F, 41> WE
see F,fi OF %+, - Denote the projective limit space Lgnff,j" = ﬂf?:[ by F?. This is the

dual space of F, , and a Fréchet space if F;“I_ is a Fréchet space. By this duality, we see

Lemma 4 The infinitesimal intertwiner d 1, (X) is defined also on F, x.

Remark For a descending sequence Uy D Uy D Uy D - - of open subsets shrinking
to a point o0 €R”, we have the sequence C*°(R") — C*®Upy) — C*®U;) — ---,
hence the inductive limit li_r)nCoo(Uk) is the space of germs of C°°-functions at o.
However, since we take the closure of N;/, in our case, O, is the space of all for-
mal power series. The dual spaces make a projective system Do(M) <« Do(Up) <«
Do(Uy) < --- where Dy(Uj;) is the space of the Schwartz distributions with compact
support on U;, and F} = 1<i£1Do(Ul-)[,u] is also considered. However, our 1:"; is the
space of all polynomials of p with coefficients of distributions supported on a single
point .

Elements of (O, *, ) are represented naturally as a “smooth section” of bimodule

bundles B 5

U(Oav*ovﬂa)v ]_[(Fas*a»,uo)s ]_[(F;v*aaﬂo)~

oeX oeX oeX
Although local triviality does not hold in general, we denote these respectively by Oy,
Fx.,F 3. for simplicity.

Since O contains 1 and C*°(X) is viewed as a subspace of I'(Ox), we can define
a probability measure on ¥ (cf. [27]).

Let I'(Ox), I’ (l~7 ), I"o(f’ ’g) be respectively the space of “smooth” sections of
Oy, Fx,and of F 3. with compact support. Every f € F* may be viewed as a distri-
bution supported only at the point . Such an element f is called a particle function
in [22].

Any field theoretic quantities are expressed by sections of these bundles. The sec-
ond quantization is formulated by setting a family of vacuums on the bimodule bundle

Ugez(oa, *gy o)
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For the computations using distributions, we define the pairing as follows:
(Fo, F¥) = {0}, if o0 (20)

Note that for every “smooth” function ¢ (o), the pairing
. [ doo@11) = [ dotho).9@) ). herEs)
b b
makes sense. Hence fz do¢ (o) f} is defined as an element of I'g (F ).

3.1.2 Extremal localizations

Definition 10 (O, Fyy, %4, ito) is called an extremal localization, if F,, is a Fréchet
space, on which infinitesimal intertwiner d I, (X) is defined for every continuous one-
parameter p-automorphism group exp ¢ X, and there is no further localization of it.

An example of extremal localization. Let C°°(R") be the algebra of all C* functions
with the C*°-topology. Let O = C*°(R")[[u]] be the space of all formal power series
of p with coefficients in C*°(R"). By defining [, x;] = p * x; * u, [x;, x;] = 0,
we can make (O, *, i) a u-regulated algebra. We see that O, = F, is the space of
all formal power series W (n)[[x£]]. Since the direct product topology is the weakest
topology to make projections to each component continuous, we see there is no further
localization.

The classification of extremal localizations are not fixed yet. But, note that even
in an extremal localization o, we may have a nontrivial isotropy subgroup. Suppose
the isotropy subgroup Auty,1(O) of a certain localization x contains ¢ = c/ such as
¢(f) = c¢f,c # 1.Then, the automorphism ¢ : O, — O, must extend to a continuous
linear isomorphism of F, . We see there is no localization of «’ of « excluding ¢ from
the isotropy subgroup, that is, ¢ (k’) # k', because if such «’ exists, then ¢ must not
extend to F/, but this is impossible.

3.2 Infinitesimal intertwiners as a flat connection

As was mentioned before, intertwiners are not defined on the whole space, but in-
finitesimal intertwiners are defined on the whole space. In this subsection, we show
that infinitesimal intertwiners may be regarded as infinitesimal parallel translations of
some flat connections on an algebra bundle over X.

Recall that Aut, (O) acts on the bundle Fs = [yes Fy,where X is the space of all
limit localizations. We regard an infinitesimal intertwiner as a horizontal distribution
H; s defined by

Hy = {(X,d1s(X)(f)); XeT, %), Hy : ToExFy — Fy. @21

Along a smooth curve o (¢) in X, the equation of parallel translation is given by
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O fi = dloy (GO (f1),  fo=f €Fy. (22)

If f; satisfies (22), then f; is said to be parallel along the curve o (t). However, if f is
general, (22) may not have a solution. The following is easy to see.

Proposition 8 The linear connection (21) defined on Fs is a flat connection, and for
everya € O, a, = n°%(a), 0 €X is a parallel section of Fx .

If o is fixed, then a — 77 (a) is only a homomorphism in general. However, as
we take all possible limit localizations, it is natural to think that the mapping a —
{n%(a); o € X} is faithful,i.e., an into-isomorphism.

Fora € O,,{a*,1; 0 € X} gives only a locally defined parallel section defined on
¥ (C X). We may regard g-number functions mentioned in [1] as maximally defined
parallel sections of Fs, (cf. Section 5.1), although the explicit definition is not given in

[1].

3.2.1 The flow of ad(x~1) on

Now, let X be the set of all limit localization of (O, %, 1), and suppose that elements

f € O are represented faithfully as parallel sections (¢g-number functions) of Fy .

. -1y . .
For a while, we assume that ¢'4(*”) exists as a one-parameter automorphism

group of (O, %). This induces a “smooth” one-parameter flow ¢, on the base space X.
e”‘d(’fl) gives an isomorphism of (O, *5) onto (Og(r), *4()) Where o (t) = ¢:(0).
We denote this by 1D () 1 (O, %4) — (O, (o) *4,(c))- In a limit localization,
it is natural to think that ¢;(0)7#0c for every ¢t # 0. Thus, % | (—o%: may be viewed as

ELIN o

a non-vanishing “vector field” Ho, just like the characteristic vector field. We denote
= d
Eo(0) = | _ (o).

Now we have to consider how the family of isomorphisms
—1 ~ ~
M) (0) 2 (Fyy Op, %6) = (Fg,0), Oy (0)s ¥n(0))

relates to the family of intertwiners Iff (@) At this stage, it is natural to consider its in-
finitesimal version by setting (ad(u =) (f))(0) = % \t:O (e’ad(“_l)f)(a), since 13’[ @
is not defined for all .

However, there are many ways to consider derivatives. It depends how F(,(,) is
identified with F,, . As in the classical differential geometry, we define

d

7 (e’ad(“_l)l 50 f)(@), (covariant derivative),

t=0

Vo) fe = (Vg fi) (o) =

where / 50 (f+) is a parallel section defined by / o’

¢(l)(o/)(ﬂ,/). We define also

d

o7 etad( ) (f« (e_’ad(“zl) (0))), (Lie derivative).

t=0

(Lg, fe)(0) =
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Both of them are derivations. However, let us note here the following computation:

d rad(u;!
ail ¢ W (0)(f #0 8)
= 21 (¢ @) (f) o €D (@) (0))
dt t=0
_ (% » etadwk_l)(a)(f)) %o & + f %o <% ~ e’ad(“':])(o)(g))
d
+ E tzof*a(t) 8-

This makes sense, if both O ;) and O, are identified respectively with subspaces of
a common Fréchet space. Here we think that the notion of deformation of expressions
gives this identification.

Here “deformation” means neither the traditional deformation theory of Gersten-
haber (cf. [6] and references therein) nor its noncommutative generalization (cf. [12]).

The usual theory of deformation of algebras mainly concerns deformations of al-
gebraic structures, written in terms of Hochschild cohomology groups. In our theory
of deformation, the underlying algebraic structure is fixed, but this structure plays only
a supplemental role in order to give the univalent expression for elements, and to give
several operations which will be used for the construction of algebras. Algebraic sys-
tems to be considered are given separately by the product formula written by using the
underlying algebraic structure.

We are assuming that (F o) Oa ), *o (1)) is given by a deformation of expressions
of (Oy, *4).

Thus, what is deformed is product formulas written on the space (F », Og).Such a
notion has been extensively discussed in [12],[13].

We denote (Dg, f) = 4| _, e ") # and call this a deformation derivative. In
general D g is not a derivation. The typical example is D? considered in (26) below.

In the case where intertwiners are given on a common underlying algebra, Dz, =
dI.(Ep) gives a typical example. But in general, d1.(Z¢) is a linear combination of
@50 and VEo(a) . 250 .

We see that ad(u ') (o) must satisfy

(Dgy)(0)(f*58)) = Deg (0 (H*eg + [*s(Dr, /)0)(g) +(f. 80 (23)

where (f, g) is the bilinear mapping defined by (f, g)s = %|z:of *6(1) 8-

The polynomial algebra of one variable is very rigid, but even in such a case,
there are many ways of expressions. We discuss such deformations in the next section
together with a more precise definition of (23).

4 Deformation by one variable

So far, we treated the notion of localizations, and limit localizations. In this section, we
give a basic idea of deformation which may appear in such a localization. Especially,
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we want to give a precise meaning to (23). For that purpose we have to start with a
little more generality. The precise meaning of (23) will be given in the last paragraph
of Section 4.1.

4.1 Basic formula

Let (A, %) be a Fréchet algebra and let (F, A, %) be an (A, %)-bimodule such that A
itself is an effective quotient algebra and densely included in F.

Definition 11 A continuous linear mapping D : F — F is a derivation, if D gives a
continuous derivation of (A, %) and D(f*g) = D(f)*g + f*D(g) holds if f or g is
in A.

Given such a derivation D, we define a new product *; by the following formula:

k

frrg=)_ Z—D"ﬁd)"g = £e3 D3 g (secalso (10), (50)  (24)
= 2°k!

where t € C is viewed as the deformation parameter. If T = 0, then %¢ = %. Here we

stress that *-product is used in order to define *;. The usual deformation theory does

not take this formulation.

Under a suitable condition for D ensuring the convergence, (A, *;) is an associa-
tive Fréchet algebra and (F, A, *;) is an (A4, *;)-bimodule. A sufficient condition for
convergence is that {Dk}kzo, 1,2... 1s equi-continuous, i.e.:

Let {|| - [I+}x be a family of seminorms which give the topology of A. {DK}; is
called equi-continuous, if for every || - ||, there are || - ||, and a constant C,_;, such that
ID*allx < C5 ,/llally for every k.

Under the condition that {Dk}kzo,l,gu_ is equi-continuous, the mapping e/ 4? :
A — A is a linear isomorphism. In general, e"/P* does not extend to F. Since A
is dense in F, e,>(f/4)D2 : F — F is only densely defined. However, D?:F— Fisa

continuous linear mapping.
Moreover, by splitting ; (5 D?)¥(f%g) into

r 1 p 1 q
> S (-v (52%) f) D" (—' (527 g) , 25)
pratr=k " p- q:
we see that
I p2 N

er?" (A %) = (A, %) (26)
is an algebra isomorphism. Hence the new algebra (A, ;) is isomorphic to the original
algebra.

Remark Let A’ = {acA; D¥a =0, for some k = k(a)}. Then A’ is a subalgebra of
A and F is viewed as an A’-bimodule. The details about the convergence will appear
in [19]. See also the next section for the simplest example.
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We see that D acts as a derivation of (F, A, *;), and for any other constant 7,
another product formula

2 I,
FeIEDwD g 3 —k‘2ktkaf*TDkg
— !

defines also an associative algebra (A, x;) and (F, A, ;) is an (A, *;)-bimodule.
Since 1, T are constants, this formula can be written as

£ 1D+ D) 1 . N
fet(De Dy = Y r B+ DI R g = e Q)
— k!

Moreover, the same argument as in (25) gives the following formula:
zp2 _ip2 _ip2 3 5]
(I () = feE PPy = friis @B)

This means *,  ;-product is isomorphic to %, -product by the isomorphism eI/H(E-DD?
Hence intertwiners are given as follows (cf. Theorem 2):

Proposition 9 For every T, ©/, the intertwiner is defined by
, 1 / _
I7(f) =exp (Z(’/‘ r)Dz) f =15 U, (29)
and by (28) it gives an algebra isomorphism If, DA )= (A, xp).

4.1.1 Combination with automorphisms
Note that (24) is only a typical example of deformation. One can combine this with

arbitrary automorphisms v : (A; %) — (A; %), ¥’ : (A; *;) = (A; *¢). Namely, we
define

[ ryy & =9 W) % ¥ (9)) (30)
The associativity is checked by noting
f g 8y ) = W U (ORP T (@ 5oy 1) = ¥ W (NHRW () &Y ().

The intertwiner fof of the combined deformation is

() =9 oIf ov(f). 31)
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4.1.2 Relation with limit localizations

Now, go back to the family of localizations (FU @)» Os (1), *o@)) given in the last sec-
tion. This was defined by the one-parameter automorphisms ¥, = e ¢ Aut, (0)
which were temporarily assumed to exist. In the previous section, we viewed v, as in-
ducing deformations of (F +» Os, %5 ). Namely we regard ¢ as a deformation parameter
and set e’ ) (g) = j7O

Taking the derivative at # = 0, we think that ad( ') (o) is given by

ad(u (o) =D*+ X (cf. (39)) (32)

where D, X are derivations of O, one of which is possibly zero.

S The case where D is the ordinary differential

Let Hol(C, Ap) be the Fréchet space of all holomorphic mappings of C into a Fréchet
space Ap. Let || - ||, be the family of seminorms defining the topology of .4¢. For every
p > 0, we define the Fréchet space £,(C, Ao) by (11) replaced O by Ay.

It is easily seen that for 0 < p < p’, there is a continuous embedding &£, (C, Ag) C
Ep (C, Ap) as Fréchet spaces (cf. [4]). Every element of £,(C, Ap) may be written as
an Ag-valued function f(¢), where ¢ is the complex coordinate function of C.

Suppose now that A is a Fréchet algebra with 1 over C. Denote by * the product
defined on Ag. Here, ¢ is viewed naturally as a member of £,(C, Ap) as ¢ — ¢-1.1t
is easy to see (£, (C, Ao), %) is an associative Fréchet algebra.

The theory of deformation can be constructed more concretely by setting D = 9.
The following are the special cases of Theorems 1 and 2:

Theorem 3 For every pair (p, p') such that % + # > 1, the product formula (24)

gives a continuous bi-linear mapping of £,(C, Ag)xEy (C, Ag) — &, (C, Ap).

If 0 < p <2, the product formula (24) extends to make the space (£,(C, Ap), *¢)
a complete non-commutative topological associative algebra over C (cf. [11]), but for
p >2,&,(C, Ap)isonly a &, (C, Ag)-bimodule for every p’ > 0 such that % + % >
1. By taking the limit of the associativity of £,/ (C, Ap), the associativity

Sf#(g#ch) = (f*:8)*ch (33)
holds if any two of f, g, h are in £, (C, Ayp).

Theorem 4 If, gives an algebra isomorphism of (€, (C, Ap), *¢) onto (€,(C, Ap), *¢)
for every p <2 (cf.[12]).

It is easily seen that the following identities hold on &£, (C, Ag), p <2,

"

mrf =1, 15 =1t (34)

T
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Suppose that our algebra (O, *4) is linearly isomorphic to £;+(C, Ap), and F,
is linearly isomorphic to £,(C, Ap) for some p > 2. This implies that if f, g €
&1+ (C, Ap), then the product fx*,g defined by (24) converges, and if one of f(¢), g(¢)
is in £14(C, Ap) and another is in £,(C, Ap), then fx,g converges in £,(C, Ap) .

However, the product *; extends for a fairly wide class of functions. For instance,
Taylor expansion gives the following for every holomorphic mapping f of C into Ag:

ePx, F(C) = e¥ERF(C +57) = X535 £(0). 35)

5.1 g-number functions

By a direct calculation of the intertwiner, we see that ITT/(e“ )y = W/ (' —0)s? st
Hence, we have I,T/(e(l/“)szfexf) = (/DT st

We shall denote the set {e(!/ Ds’T g8 ; T € C} symbolically by s, and we regard
eff as the exponential function in the world of x-product. In this context, eig is called
a g-number exponential function or a x-exponential function. We use also the notation

:r for the 7-expression. : ef :r 1s viewed as the T-expression of eic ,
s¢ 152t s 1s2r4s
ey = ed5 Tt = ed £, (36)

Using the product formula (24), we easily see the exponential law

eS8 w et = ST v e, 37)
This may be written as €5° xe* = ™% Moreover for every 7, : €S’ i is the solution

of 4 7:8(t) = {x;g(r) with initial data g(0) = 1. eff forms a one-parameter group
of elements which are mutually intertwined. By the uniqueness of the real analytic
solution, we obtain a little more general exponential law (15) than (37). In general, we
have the formula

et % ha(Z) o= Tt "h(¢ +51), he&xs(O). (38)
In this context, we may write as follows:
cal+b=at +b, 207 =202 41, 207 =200 +31L,  ete.

Putting Theorem 4 in mind, we set fix = {I;(f); T € C} forevery f € £,(C), p <2,
and call fi a g-number function or x-function. sin, ¢, cos,¢ are defined in this way.

Moreover, any f €€, (C) may be seen as the t-expression of a g-number function
f«. That is, one may write formally : f, :;= f, although : f, :;» may not be defined
fort/ # 7.

We confirm (32) by the following:
2at +a’t 2b(+b2t

ke y

2b 2 2b 2b
€x §+b2 a{*Oe* ¢ + 8t|r:06* C*re* ¢

a'r 0 €x

= aZeia{ *0
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2 2 2 2b 2 2
= @22 xpes”t + b2 woel + 2aber ket

1
= J03(e2we). (39)

We are thinking that if we forget about 1., an extremal localization (Fy, Oy, *¢)
is a system something like

(€0 (C), £14(C), #7),
and the original O is given by the space of parallel sections of [ [, (£14(C), *;).

5.2 Star-exponential functions of quadratics and intertwiners

2
Consider now the exponential function ei * where ;f = ¢ * ¢. Remark that : g“*z =
¢ 24 % Such exponential functions are extensively investigated in [9], [12], [13]. Con-
sider the differential equation

d 2
=gt f=1

Remembering the uniqueness of the real analytic solution, we set : f; :r= g(¢)e®¢ 2,
By using : 5*2 =024+ % and (24), the equation turns out to be a system of ordinary
differential equations for every 7 € C:

d 2

Eh([) = (1 —+ Th(t)) 3 h(O) = 0,
Do) = L) + 080, g0 =1
dtg —27 +1)g(), g0 =1.

Solving this, we have

1c2 g2
teyt ;= ———eT-u> | foreveryt, tt # 1. 40
x T «/]——U y # (40)

¢?

Because of the N in this formula, we have to treat ei as a two-valued element with

+ ambiguity. The reason is as follows: Let () = ¢'?(r — %) + % Then, we see that

2 ot 22
el o= —— : e
Vel —rt1)

2 2
Tracing 6 from O to 27, we see that : eﬁf* R e;{* :r. This gives indeed the sogo
in Zz.
2
b

. t .
In the above tracing, we fix the element e,”* and move the T-expressions, but re-
versing the situation we can fix the expression and move the x-functions. In a sim-

. (2] 2
ilar way, we can make a one-parameter element ef( )% such that a(0) = aQm),

2
a(@) # —1,and : ei(e)z* :_1 is defined but
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2 2
SO e

2
These are not contradictions, but imply that eff* is a two-valued function. (See also
[13] .) Since the solution is real analytic where they are defined, the exponential law

2 2
jf* ’E* = eiﬁt)c* holds by the uniqueness. Rewriting this we have

1 s #2 1 _t 1 s+t ,2
—gl—rx§ %7 —el—rrg = —el—f(ert){ .
V1 —1ts 1 —tt NAEEEACE))
s t

T =4 7oy = b, we have
2 2 1 a+b+abt 2
PSP S S e (41)
V1 —abt?

Note that the 4+ ambiguity of the / can not be eliminated. Note also the following
equalities which can very easily lead to mistakes:

e»%{*z 7= 00, 2,4“* =208
Since g“* and ¢ commutes, we see that etg* Tl _ f* * ey ¢ Hence by (40)
gorne L ot e o L st it e
N N
Multiplying e(1/? 5 to both sides and setting o = s /¢, we have that
ei(§+a)i = 1 1_” TR - ({+a)2 “2)

This confirms that the formula (40) is invariant by parallel translation.

. 2 . . .
Note that functions such as e%¢” are not contained in & (C), but in & (C). Fur-
thermore, for p>2, intertwiners are not defined on the whole space £, (C). However

. . 2 . . .
we can define the intertwiner on the space CeCe of exponential functions of quadratic
forms (cf. [12]). The formulas for intertwiners are obtained by solving the evolution
equation by setting

% (ge™’) = g(1)e1 VS’ g(0)=g€C, q(0)=a e C. (43)

A direct calculation gives 8§(g(t)eq(’)§2) =g(t) (2q (t) + 4q (t)zg“z)eq(t)fz. Thus, we
have
d 2
Eq(t) =4q(1)
P q0) =a, g@0)=g.
780 = 2g(0)q (1)

Hence we have (1) = =4, g(1) =
I

Setting t = zlp we have the intertwiner

8
J1-4at”
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8
V1 —art

This confirms that e}, * is a x-exponential function, but its t-expression is given only
for T # a~! and it is two-valued.

a 2
I§ (ge*) = e =i gel iy 44)

¢}

5.3 Infinitesimal intertwiners viewed as linear connections

Intertwiners may not be defined for f € £,(C), p > 2. However, infinitesimal inter-
twiners are defined.
Define the infinitesimal intertwiner at T € C to the direction t’ as follows:

dI: () (f) =

a Ir+tt (f) = /3 it <(a Df = l{ﬂf) (cf. (19))
dr ' 4 -

(45)

t=0

Infinitesimal intertwiners are defined for all f € £, (C). Define the horizontal
distribution H(f) at the point (t; f) by H; (f) = {(z/, dI;(z")(f)); T € C}. This is
viewed as the linear connection defined on the trivial algebra bundle ]_[re(C Eo0(C). The
curvature of this connection vanishes obv10usly Along a curve 7(¢) in C, the equation
of parallel translation is given by %f = 4 5 f(t)azf If ¢ is a complex variable, this
is written by setting t = t as

DLy (C£.(22).) (46)
azf_4 ¢ e

If f(z, ¢) satisfies (46), then f (¢, ¢) is said to be parallel along the curve 7 (¢). Typical
parallel sections are

eZa{—i—azl" a(4t +¢?) for an arbitrary a € C. (C9))
Hence, for every f € £,(C), p < 2, the set f.(¢) = {Iof(f); 7 € C} is a globally
defined parallel section. However, since one can not solve (46) for all initial elements,
one can not give local trivializations by using locally defined parallel sections.

For parallel sections : f :7,: g« ¢, the product : f iy %; : g« :7 is also a parallel
section, whenever they are defined. This may be written as : fi * g :r, on which the
family of infinitesimal intertwiners dI; = }LBZ acts as a derivation, for d; f, = 4—1‘8? fe
holds for every parallel section. In other Words on the space of parallel sections, the
operator 7 132 is replaced by 9.

Computing the inverse I 0 =(I§)~ I, and the composition Iy Uy 0, we easily see

1

1—a(t' —1)

17 (5o = g et

Proposition 10 Ifa # 0, then me @ is a wo-valued parallel section defined
onD, ={t € C; 1 —at #0}.

Such a monodromic phenomenon gives an example of discordance 17,17, A I v #1
taking place on £ (C). The sign ambiguity of this is called Z,-sogo.
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5.4 Strange phenomena
Since : €T 1 = T/ HEHD) e have easily the following strange fact mentioned
in the last paragraph of Section 2.3.1.

Proposition 11 If Ret <0 and f(s) is a smooth function of exponential growth, then
for every z € C, the integral ffooo f (s)ei(zﬂ)ds converges absolutely for every fixed

¢. Similarly, for every z € C, the bilateral power series Y oo f(n)ez(zﬂ)ds con-
verges absolutely.

By the continuity we see

® Rt ) RNRTERES) RTeans
/ es (z+¢ dt :/ D ey T dt =: / Cy dt .
—00 —00 —00

A little more careful estimate shows that ffooo f (s)ei(zﬂ)ds € &4+ (C) for any t with
Ret <0. It is not hard to see that

00 0
/ ei(zﬂ)ds, / ei(zﬂ)ds e &£4(C).
0 —0o0

Hence by Theorem 3, we see the following:

Corollary 1 Both — [;° &M ds and f?oo & ds are inverses of z + ¢ . Similarly
both Y 5’ et gnd — > e; "0 are inverses of 1 — &&t¢.

However, such a strange phenomenon seems to be necessary for supporting the
multi-valuedness of elements.

. 0 .
Proposition 12 ¢/ ffooo es SGTO 45 does not depend on 0 whenever Re ¢t <0. The
T-expression of this integral is

opoo _poo 62
3 ¢ 4 '
:6’9/ e S@HE) g = e’9/ e e SO g,
—00 —00

Proof. Since the integral converges absolutely, the differentiation by 6 gives
. o . e i0
1-619/ el S(H_C)ds—l-elgf ieles(z—l—{)*ei S(z+§)ds_
—00 —00

The integration by parts gives 0. O

Thus, replacing T by e 297 we see that Ree 2" 1¢%% = Re 1 <0, and therefore

o [ efsero) R U S )
e ex o lds i -nie = e 41T ¢ ST g ('Y s)
—0o0 —0o0

exists for any v # 0. Tracing & = 0 to 7, we see that the parallel transform of :
f_oooo ei(zﬂ) ds :; along the closed curve 7,0 < 0 < 27 of expressions gives
o S s - ato = 2.

—oo €x
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This implies that [ e ds should be treated as a two-valued element. An-
other concrete example is seen in [12], [13].

By a similar proof, we can show also the following:
Proposition 13 There is a closed curve t(t), 0 < t < 2m such that the par-
allel translation of : —fooo ef,;(”{)ds z(0) given in Corollary 1 along t(t) gives
: fi)oo ei(zﬂ)ds royatt = 2.

Note also that Propositions 12, 13 hold for ffooo f (s)ei(ZH)ds when f(s) is an
entire function of exponential order, (precisely f € £14(C)).

However, it is seen in Section 5.5 that two inverses Y 5° ¢} 19 and — 3 % ¢, "<+
of 1 — ¢£™ can not be connected by a parallel translation.

5.5 Theta functions

We show in this subsection that such a strange phenomena relates to elliptic theta
functions of Jacobi. Consider the following bilateral power series:

— . 00 .
01(¢,%) =~ )t = Y DI

n=—oo n=—oo

(48)
= 2ni¢ = 2ni¢
0300 = Y e, 0a(C, %) = ) (—=1)"eM
n=—o0 n=—0oo
Suppose Re 7>0. Then, we see that t-expressions 6;(¢, ) =: 61(¢, %) :; converge

absolutely for every fixed ¢, and these are nothing but Jacobi’s elliptic theta functions

(cf. [2]).

For instance, the T-expression 683(¢, t) of 83(¢, *) is given as follows:

B30, T) =1 63((. %) rp= 3TN 2N g MIE g = 7T (49)

nez nez

The t-expression of the trivial identity e2"* % 03(¢, *) = 65(¢, ) gives the formula of
quasi-periodicity of 83(¢, 7). (Use (35) in order to compute e‘”zf+2"i§>x<,93(§, 7).)

Although 63(¢, 0) diverges, ), "¢ may be regarded as the delta function 8y (¢)
on S'. Hence, 653(¢, %) may be regarded as a %-delta function on S'. The parameter T
in the theory of Jacobi’s theta functions means quasi-period other than 2, but here t
is only a deformation parameter of expressions of s-delta function on S'. This might
imply that 6; (¢, %) is the genuine physical existence of 2w -periodic g-number func-
tions.

The important feature of theta functions 6; (¢, ) is the fact that the domain of t-
expression is restricted to the right half-plane Re t>0. The famous Hadamard’s gap
theorem shows that |¢g| = 1 in the expression (49) is the natural boundary with respect
to the holomorphic function of g. Consequently, 6; (¢, *) are single valued q-number
functions. There is no monodromic phenomenon such as Proposition 13.
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Corollary 2 There is no closed curve of t-expression along which two inverses
Yol eimz and Zl_oo ezm{ of 1 — ei’{ are connected by a parallel translation.

Proof. Note that
o0 i o 5
. § :e*m{ = § :efn re2nz{’
n=0 n=0
and
1 i 00 )
Z e*m€ = Zefn re2nz(f{)‘
n=—oo n=1
: oo eM0n2c 2pietfc
Consider a curve such as ano e e . To ensure the convergence, we have

to keep the inequality Re ¢%?7>0. Hence one can not form a closed curve to obtain
2i0 i0
etV =1,¢e" = —1. O

In general, we define as follows:

Definition 12 For a pair (a, b) of complex numbers, a x-theta function of type (a, b)
is an element f, € £, (C) satisfying

bd
it x Q) = e fu(§), e fu(§) = P fu(¢),  forsome , B € C.
By ®(a, b) we denote the totality of *-theta functions of type (a, b).

The second equality gives the quasi-periodicity f(¢ + b) = e® f,(¢) and the first
equality is rewritten as ei(g_(a/ @) 4 f«(&) = f«(¢). This gives the quasi-periodicity
in the t-expression as follows: e“H(“z/“)f’“f({ + 57) = f(¢). Setting g(¢) =
ex P7% £.(¢), we have g.(¢ +b) = g(¢) and € * g.(¢) = €%g.(¢), and this is

CAHINTT g (¢ 4 JaT) = e*g(0).

Lemma 5 ®O(a, b) # {0}, if and only if ab € 2wiZ.

Proof. Since the product formula is translation invariant, we see ei’(Hh) *g.(C+b) =
€% g, (¢ + b). Hence e%0e? x g(¢) = e*g(¢). It follows that e9? = 1. o

6 Special localizations
In this section we treat the case where a localization x = (F, Oy, *,, i) has certain
nice properties. Roughly speaking, localizations are classified by the property of 1, :

e There exists ¢ € O, such that [u;l, Z]l=i.
o There exists X € O, such that [,u;l, X]=X.
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6.1 Localizations where the canonical conjugate of /L,jl exists

First, we take the case where there is a special element €O, such that [¢, py ]« = @ u% .
In view of Proposition 1, this may be written as [u;l, Cle=1i.

Letop,,{ ={f €O e, flxs =12, fls :0}’andFu,§ ={f e Fe; e, fls =
[¢, f1« = 0}. We denote the restricted product %, simply by %. Here we assume the
following:

Option 2 Set u = u;l , v = ¢ for simplicity. (O, *,) is given by a certain algebra
of O, ¢-valued ordinary (but very restricted in the variable u) C*°-functions f(u, v)
defined on R? with the following product formula, called the Moyal product formula:

. K < — <, —
Fuv) 5 g v) = fuvyexp|{ S 20 = 5, 400 s v, (50)

where # is the product restricted on O,  and the arrow indicates to which side the
derivation operators act. Similarly, F, is given by a certain space of F;, ;-valued ordi-
nary functions f(u, v). Recall again that # may not be a member of O,.

Remark The product formula (50) is not unique for obtaining the algebra (O, *,).
Just as in the previous section, we have seen in [12] that these can be deformed in such
a way that the algebra structure does not change, but the expression changes.

The product f(u, v) * g(u, v) is well-defined at least if one of f, g is an O, .-
valued polynomial, and the associativity (f *, g) * h = f *, (g *, h) holds if any
two of f, g, h are O, -valued polynomials. _

One can define the x-exponential function eﬁ”+’b Y by solving the differential equa-
tion % fi = (au + ibv) %, f;. However, since the product formula (50) gives

(au + ibv) *, glau + ibv) = (au + ibv)g(au + ibv),
the uniqueness of a real analytic solution, and (50) give
ezu—&-ibv eau-i—ibv’ e:u—&-ibv o ei’u+ib’v — e%(ab’—ba’)eia+a’)u+i(b+b’)v. 51

The following formula can be directly proved from (50)
ef2isu72w *, f(u, U) — e*2islt72lvf(u + t, v + S)
= fu,v) % XM g reR (52)

whenever f (u, v) is real analytic. In general, we extend the *,-product by (52).
Let f(u,t) = fR dsf(u, s)e™'" be the partial Fourier transform. f (u, v) is recov-
ered by

fu,v) = / dr f(u, 1)e'”’ = / arfu+ L (53)
R R 2

Now we suppose an element woy = 2“7, called a vacuum, is contained in F.

Consider a closed left-ideal {f € O; f * woo = 0} of O,. By the product formula
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(50) we easily see that v *, @wog = 0. Moreover, using the uniqueness of real analytic
solutions, we see €'’V x, woy = oo, and

€1 e () e 0 = 1+ 5) 5 0,
and
f @, v) ¢ @oo = /Rdff(u - % 1) % woo = f (u, 0) %, woo. (54)
Using (54) to f(u, v) *, ¢ (u) *, @oo, we have
[, v) % @) e w00 = /R arfu+ %,;) #e € ke P () i oo

~ t t

= f dtf(u+ =, )¢ U+ =) xe @oo-
R 2 2

Hence we have the formula for the regular representation ¢ (1) *, @oo — f(u, v) *,

¢ (u) *, wop in the form of pseudo differential operators (WY DO):

fu,v) x¢ ¢(u) * wop = / dlf dsf(u+ i, s)e " (u + L) *c W00-
R R 2 2

6.2 Localization to the periodic phenomena

One can consider a localization where only periodical phenomena are concerned. In
the physical phenomena, the periodicity always means the time periodicity of state
functions. As in the previous subsection, we assume the following:

Option 3 1 '€F,, and there are elements ¢l O, such that [t e = _peint

¢ _ pint ing

for every neZ, that is, u; ' *, ey' s u ! — nel

Setw = u; ' %, el ,and w = e’ so that [w, w] = 1, 4" = w %, w. Note that

w is only a member of F, while whweoO,.

We assume now there is an element @wgy€F, such that pu, %, @woy = woo, and for
every ae(O,, the identity (a*, u;] Yk, W00 = A%, woo holds. (Note that r = X~ Dv
in the notation of (50) satisfies u*, @ = @ .) If the associativity holds, then the identity
(a *, ,u;l) *, WO = A *, oo 18 trivial. But let us first note the following:

Lemma 6 @y can not be in O,

Proof. Suppose an element Qe0O, satisfies /,L;l #, = Q. Then we have w *, Q2 =0
by using p ! e €6 xe @ = [ug!, €%] % Q + ¢ %, Q. Since w!, Q € O, the
associativity gives

Q=W s w) x Q=w"" % (W=, Q) =0.
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It is easy to see the following:
-1
w ke woo =0, (W ke W) *e W0 = W00, W * W0 = W ¢ WO0-

Moreover, we have w’l*,((u) *, wop) = 0, but this does not imply @9 = 0, because
of the break-down of the associativity.

Define a closed left ideal of O, by {a€O; a *, wog = 0}. Then, w, u,, ,u,,jl
disappear in the factor space ¥ = Oy *, wop. Since by the assumption, we have
‘l

—1 —ing -1 —in —ing -1
(Mg *cex ) *c @oo = [y - €x *c W0 + (€x  * U ) ¥ W00

= (n+ Der™ % woo,

(w)" *, wy are eigenstate functions of ,u;l.

By these observations, it is natural to think that W consists of O, ;-valued holo-
morphic functions of w on C — {0}. Since w = e, *this implies every state function
is not only 27 -periodic as a function of ¢ but also a holomorphic function of w.

Note that w *, ¢ (w) *, woo = ¢’ (W) *, weo. Hence, w, w are called respectively
the creation, and the annihilation operators.

Now, in addition to the assumption that ¢ (w) is holomorphic on C — {0}, we
consider the following scale-transformation property for state functions: For some a,
Rea > 0,

d(aw) *, oo = (@w + B)P(w) *, @oo. (55)

Ifo =0,then 8 =a’ € Z and ¢(w) = c(w)’.
To treat the case a0, we first take note of the formula

=1 —1 '
e xe p(w) % woo = A€ ) (P (w)) *y € %, 0.

Since Ad(e"™ < ) (¢ (e')) = (el €D, the equality we have to consider is
¢law)a™ #c woo = (@w + Bp(w) e woo, a=e". (56)
Rewriting this as a function of ¢ by setting ¢ (¢/¢) = ¥/ (¢), we have
Y (E + i) % o0 = € (@€’ + B)Y (L) *¢ Do0-

Thus, such a scale-translation property of state functions gives theta functions.

6.3 Localization where no canonical conjugate of u, I exists

In this subsection we fix a localization k = (F., Oy, u,) of (O, n), and denote this by
k = (F, O, ) omitting the subscript k. Let 3, be the set of all extremal localizations
of k.

Recall the definition of characteristic vector field (5). If its orbit behaves chaot-
ically, it seems impossible to find an element ¢ such that [1~!, ¢] = i. Classical
statistical mechanics is based on such a situation.
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We assume here the convergence and the nontriviality of
lim k=g € ﬂuk x O,
k— 00 k

Hence we have p~!

%f P =ip! )
Thus, Lemma 6 shows that there is no £ €O such that efktge(’) and [u=', ¢] = i.
O
However, we suppose f — Ad(eff“ )(f) is defined for all + € R and a continuous
linear mapping of F into itself for each ¢, and it gives a one-parameter automorphism
group of (O, *).

* oo = oo and by the uniqueness of the real analytic solution of

it it . 2mip~!
* fr, we have e, x wop = €' wop. In particular e, * oo = W00.

-1
Proposition 14 Under the assumption as above, if lim,_, % >0 Ad(ein’k“ )(®)

P
converges in the weak topology to an element X € F, then the identity Ad(ezmu 1(X)
= X holds.

Proof. Let F* be the dual space of F regarded as an O-bimodule. We show for every

P ie,—1
Y e F* that (y|Ad(eZ™™™ )(X)) = (¥|X). Since the continuity of Ad(eX* ) is
assumed, we compute as follows:

(wiad () 0) = <Ad* G )

Jim iAd (e (¢)>

< 2mikp ™!
zojAd (277 <¢)>

= lim l<Ad* (ei’”“")(w)

n—oo n

. 1 o 2mikp~!
— 1im —(y|Y " Ad <e* ) #)
n—00 n :
. 1 ¢ 2mikp~!
= lim w—ZAd e @) ).
n— 00 n 5
[m}
-
Using this, we have a lot of elements X € F satisfying e2"" % (X * woo) =
X * wog.
-
Since wqy € O and eim“ * oo = @00, the continuity of xwpg and the unique-
P
ness of real analytic solutions give X oo = lim,_ o0 rll > 2RI bk 0o Hence
we have

n+1

2ip~! .1 ik

e*mu *(X*w_OO):nanc}o;E e*mu * @ % wop = X * woo.
1
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6.4 Relativistic situation

Suppose the derivation D is given by d;. In this subsection, we show the case
ad(u;l) = 8? might have some relativistic explanation.
We assume that a suitably localized algebra O, is given by a generator system

Uiy oo s UM, V1, oo , Uy

together with the fundamental relation [u;, v;] = A8, [u;,u;l = [vi,v;] = 0.
Suppose now there is an element @y € F, such that v;*, @y = 0.

Consider the case ,u_l =) j gi«/ (u) *v;v; + V(u). The vacuum representation of

-1 -
x-exponential function e,/ is obtained by setting ¥ * woo = €'/ " % Yo

oo and solving the evolution equation

1

|
Y * oo = U * Y * To.

ih
Since !

equation:

* woo = V * @oo, this turns out to be the (nonrelativistic) Schrodinger

0 (2, u) x wop = <—ih Zg”(u)aiaj + %V(u)> Y (t, u) * woo.
ij

Set T = —ift and suppose that the time parameter of Schrodinger’s equation is the

imaginary part of the deformation parameter 7.

In the spirit of g-number functions, a deformation is only a change of expression
of the “same” object. Intuitively, it should be permitted to think that the time evolution
is something like a deformation (24).

Suppose now (¢, u) is always given in the form f(t, 2¢, u) of parallel section
with respect to 7, ¢. That is, we assume that f always satisfies

0 f(7,2¢,u) = Bgf(r, 2¢,u), (cf.(46)).

Thus, replacing d; f by 8? f, we have a relativistic equation

32 f (.2 = a0, — v 2 57
(1@ 20wy koo = (D 8" w)dd; - SV ) f@ 2w ko, (57)
ij
if we regard ¢ as the (universal) time.
At this stage the vacuum wpo can be eliminated from both left- and right-hand
sides. If we set : f.(2¢,u) :r= f(7,2¢,u),then we have

02 2 (2¢,u) = (Z 8" (w)d;9; — %V(m) fo2C.w).
ij

Since t is a deformation parameter, variables involved in the equation are only ¢ and

the variables contained in O. Hence, if g/ or V in the nonrelativistic Schrodinger equa-

tion contain the variable ¢, then these must contain also the variable ¢ in the beginning

so that gij (r,¢,u) and V (7, ¢, u) are parallel sections with respect to t.
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6.4.1 Another application

In the last part, we note that the notion of deformation can be used as a modifier,
a technique that makes everything smooth. Though it is not directly relevant to the
relativity, such technique will be useful especially in the relativity.

Consider the case u;] = p({a,v)) where p(z) is a polynomial of order n and
(a,v) = > a;jv;. The equation we want to solve is

Wt u) x w00 = p((@, v)) * Y (t, w) x B00. (58)
Choose a vector b so that [{(a, v), (b, u)], = i and set

Wit (bou)) = / 2t 5)el* B gy

by the partial Fourier transform.

Here we set ¢ = (b,u) and consider the t-expression of ef,f{ as in Section 5.
Namely, we set
eis(b,u) = e—}tszreis(b,u).
. 2, . . . . .
Since e~(/45°7 is rapidly decreasing whenever Re >0, this makes calculations very
smooth. Thus, we have only to solve

3g(t,s) = pidyg(t, s).

In order to solve this, we set g(z, s) = f p(t, £)e'*s d¢ and consider the equation
oL p(t,&) = pli&)p(t,€), p0,8 =1, (59)

for every fixed £. The solution is given by p(z, £) = ¢'VPU) after fixing a branch of
the 2-valued function /p(i&). Hence, in the form of r-expression such that Re t>0, a
solution of (58) is given by

N
tP( (P) f/ IP(ZE)I/Z ”5 A ,u)dsd&_, (60)

where the path P of integration by & is a curve from —oo to oo chosen in such a
way that this does not hit the branching points of +/p(i€). However, because of the
2-valued character of v/p(i&), we have a lot of such paths of integration. Fixing any
one of them, we easily see that the T-expression is

/2 12 ®.
(P) = // fP(lg) ISS —zS T S u) dsdg

zp(< ).

. . is(b,u
Since the 7-expression : ¢-* &%)

s, so is its Fourier transform

:z with Re >0 is rapidly decreasing with respect to
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[ eisEisbm) g 61)

Thus, if e’p<i5)1/2 is a temperate distribution, (60) is well-defined. Recall that Fourier
transform for temperate distributions is well-defined.

Proposition 15 If p(z) = apz" +a1z" "' + - - - + a, is a polynomial such that ag > 0,
then e'P(®" s g temperate distribution.

Proof. On a domain |z|<2D, e?@"? i3 bounded together with its derivatives. Set
p(@) =z"ao+aiz '+ +az™).q(k) =ao+az”' + -+ ay,z " is bounded
on a domain |z| > D. Hence 19" is bounded together with its derivatives. Taking
a(])/2 as a real number and setting p(iS)l/2 = iaé/zéq(ié)l/z, we see that (3”(";‘5)1/2 isa
temperate distribution. O

Let £ = C(n) be one of such paths P. Then, /p(iC(n) is C* on C. The value
of the integral does not change by any slight move of C in a compact region without
hitting the branching point. However, if C crosses a branching point, this causes the
drastic change of path of integration by switching branches.

Moreover, we have another problem that the Fourier transform (61) has the sign
ambiguity by the same reasoning as in Propositions 12, 13, since ¢!*¢ is an entire
function of exponential order with respect to s. Thus, we see the following important
result, which shows we have to treat many-valued functions:

. 1/2
Proposition 16 The solution given eip(l (brus given by (60) is defined as a 2-valued
parallel section with respect to the deformation parameter T .

We remark now that even for multi-valued functions, one can ask whether it is
holomorphic on a domain which does not contain a branching point.
Now regard the constant term a,, of p(z) in Proposition 15 as a variable and set

. 172
p(2) = po(z) + w. Though ¢/ (61D i a 2-valued parallel section, we have the

following:

, 12
Proposition 17 ei(wﬂ] o (/I o pe defined so that it is holomorphic with
respect to w on a neighborhood of co.
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Summary. We describe irreducible representations, coherent states and star-products for alge-
bras of integrals of motions (symmetries) of two-dimensional resonance oscillators. We demon-
strate how the quantum geometry (quantum Kihler form, metric, quantum Ricci form, quantum
reproducing measure) arises in this problem. We specifically study the distinction between the
isotropic resonance 1 : 1 and the general / : m resonance for arbitrary coprime /, m. A quantum
gyron is a dynamical system in the resonance algebra. We derive its Hamiltonian in irreducible
representations and calculate the semiclassical asymptotics of the gyron spectrum via the quan-
tum geometrical objects.

AMS Subject Classification: 81Rxx, 81Sxx, 53Dxx, 53Cxx.

Key words: Resonance oscillator, averaging, polynomial Poisson brackets, non-Lie commu-
tation relations, irreducible representations, coherent transform, quantum geometry, symplectic
geometry.

1 Introduction

For complicated dynamical systems, it is important to be able to abstract from studying
concrete motions or states and to observe surrounding structures, like spaces, algebras,
etc., which carry essential properties of the variety of motions in the whole.

For quantum (wave) systems, the standard accompanying mathematical structures
are algebras of “observables,’ i.e., functions on phase spaces, and representations of
these algebras in Hilbert vector spaces of “states.” This is the starting viewpoint for the
mathematical quantization theory [1]-[10]. The more complicated systems are studied
the more complicated algebras and phase spaces (symplectic manifolds) have to be
used. Note that for general symplectic and even Kahlerian manifolds the quantization
problem is still unsolved.

*This work was partially supported by RFBR (grant 05-01-00918-a).
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It was demonstrated in [11, 12] that for general symplectic manifolds it is possible
to approximate the symplectic potential by its quadratic part (the oscillator!), then to
use this quadratic part in order to define the standard Groenewold—Moyal [13, 14]
product on the tangent spaces, and to construct a formal *x-product on the original
manifold by a perturbation theory. Such oscillator-generated quantum manifolds were
called the “Weyl manifolds” in [11].

In quantum and wave mechanics, one often meets a situation similar in a certain
sense: the dynamics of a system is, in general, chaotic, but there are some exclusive
invariant submanifolds (for instance, equilibrium points) in the phase space around
which the dynamics is regular and can be approximated by the oscillator motion in
directions transversal to the submanifold. Thus the given system contains inside a built-
in harmonic oscillator plus a certain anharmonic part near the equilibrium:

1
3 Z(p? + w?qu-) + cubic + quartic + - - - . (1.1)

If the frequencies w; of the harmonic part are incommensurable (not in a reso-
nance), then in a small neighborhood of the submanifold the anharmonic part just
slightly perturbs these frequencies, and the whole motion is performed along the per-
turbed Liouville tori. This is the well-investigated situation both on the classical and
quantum levels [15]-[21].

If the frequencies w; are in a resonance then all standard approaches do not work
and the picture occurs to be much more interesting from the viewpoint of quantum
geometry. Here we will follow the works [22]-[25].

First of all, in the resonance case the Liouville tori are collapsed (to a smaller
dimension), and the anharmonic part generates a nontrivial “averaged” motion in the
new phase spaces: in the symplectic leaf 2 of the commutant F,, of the harmonic part.
The new phase spaces represent certain hidden dynamics committed to the resonance.
This dynamics describes a precession of the parameters of the resonance harmonic
motion under the action of the anharmonic part. We call this dynamical system a gyron
(from the Greek word “gyro,” i.e., “rotating”).

In the simplest case of the isotropic 1:1 resonance for two degrees of freedom the
gyron system is just the Euler top system from the theory of rigid body rotations, which
is related to the linear Poisson brackets. For the general [ : m resonance, the gyron is
described by a nonlinear Poisson brackets polynomial of degree | + m — 1, see in
[24, 25].

Of course, in the quantum case the resonance function algebra F,, has to be re-
placed by a resonance operator algebra §, which consists of operators commuting
with the quantum oscillator % 2 135 + w?qu.), where p; = —ihd/dq;. This algebra
is described by nonlinear commutation relations of polynomial type, see in [24, 25]. It
is the dynamic algebra for quantum gyrons.

Note that there is a variety of important physical models containing inside the reso-
nance Hamiltonians like (1.1). The quantum gyrons in these models can be considered
as an analog of known quasiparticles similar to polarons, rotons, excitons, etc.! As the

! Attention to this was paid by V. Maslov.
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simplest example, we mention the models of nano-physics (quantum dots, artificial
atoms, quantum wires, see examples in [24]). Another example is fiber waveguides in
optics; they are described by the Hamiltonian

p*—n*q)., q.peR’ (12)

where n(q) is the refraction index having maximum value along the waveguide axis,
that is, along an arbitrary smooth curve in R3. The quadratic part of n(g) in directions
transversal to this curve is assumed to have commensurable frequencies in a certain
resonance proportion w; : wp = [ : m, where [, m are coprime integers. The quantum
gyron in this model describes certain hidden “polarization” of the light beam along the
given curve in the optical medium, see in [24]. The propagation of such optical gyrons
and their spectrum depend on the anharmonic part of the refraction index, and so one
can control the properties of the gyron waves by changing the geometry of the curve
just by bending the optical fiber.

The aim of the given paper is to describe the quantum geometry of the gyron phase
spaces in the case of the [ : m resonance.

If | = m = 1, then these phase spaces 2 are just homogeneous spheres S?, that
is, the coadjoint su(2) orbits. The quantum geometry in this case coincides with the
classical symplectic (Kéhlerian) geometry generated by linear Lie—Poisson brackets.

If at least one of the integers [ or m exceeds 1, then, as we will see below, the quan-
tum geometry occurs to be unusual. The quantum phase spaces are still diffeomorphic
to S?, but the classical symplectic form is singular on them. The correct symplectic
(Kéhlerian) form and the reproducing measure of the quantum phase space are chosen
from the nontrivial condition that the operators of irreducible representations of the
quantum resonance algebras §, = §,» have to be differential operators, not pseudod-
ifferential (the maximal order of these operators is max(l, m)).

Thus the geometry [26, 27] determining the Wick—Klauder—Berezin x-product on
the gyron phase space has a purely quantum behavior and the *-product itself cannot
be obtained by a formal deformation technique from the classical data.

Note that here we mean the phase spaces corresponding either to low energy levels
of the oscillator (i.e., to the nano-zone near its equilibrium point, in the terminology
of [24]) or to excited levels (i.e., to the micro-zone). Thus one can talk about quantum
nano- or micro-geometry generated by the [ : m frequency resonance.

The distinction between the specific case [ = m = 1 and the generic case
max(l, m) > 1 is the distinction between algebras with linear and nonlinear commuta-
tion relations. We see that the nonlinearity of relations in the algebra §; ,, (the absence
of a Lie group of symmetries) for the resonance oscillator implies the quantum charac-
ter of the phase spaces in nano- and micro-zones near the ground state. The motion in
these spaces is the gyron dynamics. In the nano-zone, this dynamics is purely quantum
and does not have a classical analog at all. In the micro-zone, the gyron dynamics and
the gyron spectrum can be described by semiclassical methods [23, 24] if one at first
fixes the quantum geometry of the gyron phase space.

Applying this theory, for instance, to optical gyrons, we come to the conclusion
that the light beam propagating near the axis of a resonance fiber waveguide cannot
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be described by purely geometric optics and carry essentially quantum properties. This
opens an opportunity to apply such simple optical devices, for example, in constructing
elements of quantum computers.

Also note that the [ : m resonance oscillators, which we discuss here, can be pre-
sented in the form

[+, (1.3)

where [ and 71 are mutually commutating action operators with spectra [ -7Z4 and
m - Z, in the Hilbert space £ = L*(R x R). The operators [ and /@ can be con-
sidered as “quantum integer numbers” and their sum as a quantum sum of integers.
Then the representation theory of the algebra §; ,, and the corresponding quantum ge-
ometry could be considered as a brick for construction of something like “quantum
arithmetics.”

2 Commutation relations and Poisson brackets for / : m resonance

The Hamiltonian of the resonance oscillator (1.3) can be written as
E = [bib; + mb3b,. 2.1

Here [, m are coprime integers, by, by are annihilation operators in the Hilbert space
L, and b}, b are the conjugate creation operators. The commutation relations are

[b1, bil = [b2, b3] = Al,

all other commutators are zero.

In the algebra generated by by, bs, b’f, b;, let us consider the commutant of the
element (2.1). This commutant is a nontrivial, noncommutative subalgebra. We call it
a resonance algebra. It is related to quantum gyrons.

Note that the resonance algebra is generated by the following four elements:

A; =b’by, A; = b3by, Ap = (5T, A_ =A% (22)
Let us define the polynomials

def a !

p(A1, A2) = [ JCA1+ jm) - [ (A2 —sh+ ), 23)

j=1 s=1

def

x(A1, Ar) = A1 + mA>.

Lemma 2.1 Elements (2.2) obey the commutation relations

[A1, A2] =0,
[A], Aj:] = :FﬁmAi, [AQ, Ai] = :IzhlAi, (2.4)
[A_,AL]1=pA1 — him, Ay + hl) — p(Ay, Ap).
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Lemma 2.2 In the abstract algebra §; , with relations (2.4) there are two Casimir

elements
K :%(A13A2)9 C=A+A—_p(A1’A2)

In realization (2.2) the Casimir element C is identically zero, and the Casimir element
Kk coincides with the oscillator Hamiltonian E (2.1).

Note that the operators A, As (2.2) are self-adjoint, but A is not. Let us introduce
the self-adjoint operators Az, A4 by means of the equalities

AL =A;3 Fi Ay.
Then commutation relations (2.4) read

[A1,A2] =0, [A1, A3] = ihmAy, [A1, Ay] = —ihimA3,
[A2, A3] = —ifilAq, [Az2, A4l = iRlA3, (2.42)

i
[A3, A4] = i(P(Al —hm, Ay + hl) — p(Ar, A)).
Let us denote by A; the classical variable (a coordinate on R*) corresponding to the

quantum operator A ;. Then the relations (2.4a) are reduced to the following Poisson
brackets on R*:

{A1, A2} =0,
(A1, A3} = —m Ay, {A1, Ag} = mAs3, (2.5)
{A2, A3} = 1Ay, {A2, A4} = =1 A3,

1 1
(A4, A3} = 5(12A1 —m*Ap) AT AL

Lemma 2.3 Relations (2.5) determine the Poisson brackets on R* with the Casimir

functions
x=1A1+mA;,  C= A5+ A]— AT A,

Lemma 2.4 In the subset in R* determined by the inequalities A1 > 0 and A, > 0,
there is a family of surfaces

Q={x=E,C=0}, E>O0, 2.6)

which coincide with the closure of symplectic leaves Q2 of the Poisson structure (2.5).
These surfaces are homeomorphic to the sphere: Q ~ S2.
The topology of the symplectic leaves Q2 is the following:

— ifl=m=1,then Q= Q;
— ifl=1,m > lorl > 1,m =1, then Qq is obtained from Q by deleting the point
0, £,0,0) or the point (%,0,0, 0);

— ifl > 1,m > 1, then Qq is obtained from Q by deleting both the points (0, n% 0,0)
and (%,0,0,0).
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Lemma 2.5 [fl > 1 or m > 1, then the Kirillov symplectic form wqy on the leaf
Qo C 2 has a weak (integrable) singularity at the point A, = 0 or Ay = 0. The
symplectic volume of Q2 is finite

1 E

— =—. 2.7
2w Qo @ Im ( )

Lemma 2.6 On the subset A1 > 0 the complex coordinate

_ As+iAy

AT

20 (2.8)

determines a partial complex structure consistent with the brackets (2.5) in the sense
of [32]. On each symplectic leaf 2, this partial complex structure generates the
Kdhlerian structure with the potential

lol* / E dx =
‘bOZ/ — 4+ agx) )| —, wo =130Po. (2.9
0 2lm X

Here 0 is the differential by zo and ag = ag(x) is the solution of the equation

(£ +1 (E - (2.10)
X = m odF 2l mog .

with values on the interval —ﬁ <ap < %
The singular points of wg on 2 correspond to the poles

1 (EN"'dx Andg

A =0 = z0 =0, (,()()’\/l—2 7 W as zo — 0, 2.11)
1 (EN""dx Adg

M=0 = = e~ e W 0T

where (x, ) are polar coordinates, zo = x'/% exp{i¢}.
The restrictions of coordinate functions to the surface (2.6) are given by

E 2 E 2
= — —mag(|z0l), Ag| =+ lap(lzol), (2.12)

Al 2
Q

Qo

E 2 n
=20 2—1 —mag(|zo0]7) .
Qo

Note that the properties of classical symplectic leaves of the [ : m resonance alge-
bra, described in Lemmas 2.4-2.6, are a particular case of the topology and geometry
of toric varieties (in our case the torus T! = S! is the cycle); about this see general
theorems in [28]-[30]. The Poisson extension (2.5) by means of polynomial brackets
was first described in [22, 23] for the case of 1 : 2 resonance and in [24, 25] for the
I : m case, as well for the general multidimensional resonances. A type of Poisson
extension was also considered in [31] for some specific class of resonance proportions
(which does not include, for instance, the 1 : 2 : 3 resonance).

(A3 +iAy)
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3 Irreducible representations of / : m resonance algebra

First of all, let us discuss the basic problems in constructing irreducible representations
of algebras like (2.4), (2.4a). Following the standard geometric quantization program
[6] one has to choose a line bundle over symplectic leaves €2p of the Poisson alge-
bra related to (2.4a), that is, the Poisson algebra (2.5). Then this bundle is endowed
with the Hermitian connection whose curvature is iwg, and a Hilbert space Hy of an-
tiholomorphic sections of the bundle is introduced. In this Hilbert space, the operators
of irreducible representation of the algebra (2.4a) are supposed to act and to be self-
adjoint.

However, there are two principle difficulties. First, we do not know which measure
on 2 to take in order to determine the Hilbert norm in the space Hy. The choice of
measure should imply the reproducing property [32,33]

wo =99 Y oy, 3.1)
k

where {(p(gk)} is an orthonormal basis in Hy. For the inhomogeneous case, where the
commutation relations (2.4a) are not linear and no Lie group acts on 2y, the existence
of such a reproducing measure is, in general, unknown. This difficulty was discovered
in [34] (more precisely, it was observed in [34] that the Liouville measure generated
by the symplectic form wy does not obey the property (3.1) in general).

Secondly, even if one knows the reproducing measure, there is still a problem: the
operators of the irreducible representation constructed canonically by the geometric
quantization scheme would be pseudodifferential, but not differential operators. There
are additional nontrivial conditions on the complex structure (polarization) that make
the generators of the algebra be differential operators (of order greater than 1, in gen-
eral). About such highest analogs of the Blattner—Kostant—Sternberg conditions for the
polarization to be “invariant” see in [35, 36].

Taking these difficulties into account, we modify the quantization scheme. From
the very beginning, we look for an appropriate complex structure and the scalar prod-
uct in the space of antiholomorphic functions that guarantee the existence of an Her-
mitian representation of the given algebra by differential operators, and then introduce
a “quantum” Kihlerian form w on €2, a “quantum” measure and the “quantum” Hilbert
space ‘H which automatically obeys the reproducing property like (3.1) (without “clas-
sical” label 0). This approach is explained in [32, 33, 37].

Note that the polynomial structure of the right-hand sides of relations (2.4), (2.4a)
is critically important in this scheme to obtain representations by differential operators.

Denote by P, the space of all polynomials ¢(1) = Y 1 _;¢,A" of degree r > 0
with complex coefficients.

Lemma 3.1 Let f, f— be two complex functions on Z4 such that

f+f->0 on the subset {1,...,r} C Z, 3.2
FoO) = frlr+ 1) =0.
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Then the differential operators
d 1 d
= A— A, _=—f_ A= 33
a; = f+< dk) a-=--f ( dk) (3.3)

leave the space P, invariant and they are conjugate to each other with respect to the
following scalar product in P, :

def f(S) —,
Eo PR

n=0s=1

Any operator f (A%), where f is a real function on Z, is self-adjoint in P, with
respect to this scalar product.

Now we consider a map

Y Rf — RK
and a real function p on R¥. Denote by R, C R the subset of all points ag such that
p(y" ! (a0)) = plav), (3.5)

p(y"(ao)) > plag)  (n=1,....r).
For any a9 € R, we define real functions f; (j = 1,...,k) on Z, by the formula

def . . .
fin) = y"(ag) j»and introduce mutually commuting operators in the space P;:

def d
a; = f,( ) (3.6)
Lemma 3.2 Let ag € R, and let there be a factorization
p(y"(a0)) — plao) = f+(n) f-(n), O<n=r+1, 3.7

where the factors f+ obey the property (3.2). Then the operator a;. (3.3) and a; (3.6)
in the space P, with the scalar product (3.4) satisfy the relations

al =a_, aj:aj (j=1,...,k),
and
[aj,a,] =0, (3.8)
aja; =ayy;(a), a_aj =y;(aa_ J=1,...,k),

[a_,a;] = p(y (@) — p(a).

Lemma 3.3 Consider the abstract algebra § with relations (3.8). The element C =
a,a_ — p(a) belongs to the center of §. If a function x on R is y-invariant, then the
element k = x(a) belongs to the center of §.

In the representation (3.3), (3.6), these central elements are scalar: C = p(ap) - 1,
k = x(ao) - L. This representation of the algebra § is irreducible and Hermitian.

If the map y has no fixed points, then all irreducible Hermitian representations of
the algebra § can be obtained in this way. All such representations of dimensionr + 1
are parameterized by elements of the set R (r =0,1,2,...).
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Now let us return to commutation relations (2.4). In this case k = 2, the function
p is given by (2.3), and the mapping y = I'" : R? — R? is

A1\ def (A] —hm

h 1\ def 1

r <A2> = (A2 +hl> : 39
It follows from (2.2) that we have to be interested in a subset A; > 0, Ay > 0 in

RR2. Also in view of Lemma 2.2, the values of the Casimir element C = p(ag) - I must
be zero. From (3.5) we obtain

p(aog) = p(I'""*V (ag)) =0,
oM@ >0 (n=1,...,r).

Using (2.3) let us factorize:
def T def T-
p=pio—. oW E[JA+0). W)= (A2 —hs +1). 3.10)
j=1 s=1

It is possible to satisfy (3.7) by choosing

fe(m) = pr (T (ap)).

In this case, the set R, C R? consists of all points ap = (h(rn;q—k p )) for which the
pair of integers p, g obeys the inequalities
0<g<l-—1, O<p=<m-—1. (3.11)

The y-invariant function x in our case (3.9) is just x(A) = [A] + mA;. In view
of Lemma 3.3, the value of the second Casimir element ¥k = x(a) in the irreducible
representation (3.3), (3.6) is x(ao) = E; 4,p, Where

Erqp & n(imr +1p + mq). (3.12)

From Lemma 2.2 we conclude that these numbers coincide with eigenvalues of the
oscillator E (2.1).
Also from (3.4) we see that the scalar product in the space P, is given by

—~ (e @ 0D (p+ (¢ —mm)!
N o (I—m)n 7
(w,w)—ni_oh TSy @l (3.13)

Thus the vector space of the irreducible representation depends on the number r only,
but its Hilbert structures are parameterized by the pairs g, p from (3.11). That is why
below we will use the notation P, = P, 4 p.

Let us summarize the obtained results.
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Theorem 3.4 The commutant of the | : m resonance oscillator E (2.1) is generated by
operators (2.2) obeying commutation relation (2.4). The irreducible representation of
the algebra (2.4), corresponding to the eigenvalue E, 4 , (3.12) of the operator E, is
given by the following ordinary differential operators a = (ay, a) and aL:

_ it _ _ l
a=TI"a(ap), a;r =py(a)-4A, a-=- - p—(a). (3.14)

h(rm + p)
hq
defined by (3.10). The representation (3.14) acts in the space Py 4 p of polynomials
in A of degree r, and it is Hermitian with respect to the scalar product (3.13). The

dimension of this representation isr + 1.

Here ay = , the flow T on R? is defined by (3.9) and the factors p+ are

In fact, formula (3.14) determines just the matrix representations of the algebra
(2.4): elements a are represented by a diagonal matrix and a4 by near-diagonal matri-
ces with respect to the orthonormal basis of monomials

® () = pm—Dk/2 q!(p +rm)! v )
et <(q+kl)!(p+(r—k)m)! A (k=0,...,r) (3.15

in the space P, 4, . These matrices are real-valued and determined by the integer num-
bers [/, m (from the resonance proportion) and r, p, g (labeling the representation):

(al)ns = h(P + (r - n)m)sn,Ss (aZ)ns = h(q + nl)‘sn,s,

(@) = ;—l<1+m>/2<(61 +nD)(p + (r — S)m)!>l/28 e
e (6] +Sl)'(p—|—(r_n)m)' n—1,s» A

(a—)ns = (a+)sn .

Here the matrix indices n, s run over the set {0, ...,r} and §, ; are the Kronecker
symbols.

In the particular case I = m = 1, from (3.16) one obtains the well-known Her-
mitian matrix irreducible representations of the “spin” Lie algebra su(2) with cyclic
commutation relation between generators %(Al —A), %(AJr +A), %(AJr —A).

4 Quantum geometry of the / : m resonance

Now we give a geometric interpretation of the obtained representations of the reso-
nance algebra.

It follows from (3.4) that the element p (A)~'(A3 — iAy), in the algebra gener-
ated by relations (2.4), is represented by the multiplication by A in each irreducible
representation (3.14). If we denote

z=(As+iAn)ps (A", (4.1)
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then the conjugate operator z* in each irreducible representation can be taken equal to

the multiplication by a complex variable z:

" =7.

Thus, here we change our notation and use z instead of A. From now on, P, 4 , is
the space of anti-holomorphic functions (polynomials in Z of degree < r) on R?.

Let us assume that the scalar product (3.13) in the space P, 4 , can be written in
the integral form

1 [—
(p.¢) = 37 [y PE@)Y (@) L (a) da, 4.2)
wh R2

where da = |dZ(a) A dz(a)| and a — z(a) is the complex coordinate on R?.

Lemma 4.1 The explicit formula for the density L in (4.2) is

1
RBP4 rm)lgx

o 2 m2\ ! A+ Ap
Arm+PA‘1 o o A rfe dE,
. /0 o\ ) o 2n

where Ay = £—mag(x), Ay = L£+lag (x), o is taken from (2.10), and x = |z(a)|*.

L =
(a) 2

These are first steps to assign some geometry to the quantum algebra (2.4) and its
irreducible representations. The next step is to consider the multiplication operation in
this algebra.

Note that linear operators in P, 4, , can be presented by their kernels. So, the al-

gebra of operators is naturally isomorphic to S;.4, def Prag.p ® 7_3”1, p- The operator
product is presented by the convolution of kernels which is generated by pairing be-
tween Py, , and Py 4 , given by the scalar product (3.13).

The algebra S, ;,, consists of functions in Z, z, they are polynomials on R?. On
this function space we have a noncommutative product (convolution), but the unity
element of this convolution is presented by the function

)
K=Y ¥ ee®, 43)
k=0

where ¢ is the orthonormal basis in Pr.q,p- This function is called a reproducing
kernel [38, 39], it is independent of the choice of the basis {¢®}. From (3.15) we see
the explicit formula for the reproducing kernel

— k(|22 k() %3 pomDn q'(p + rm)! ", 44
K =k(zl), ) nz:(:) G +nD'(p+ - —mm)!” @9

In order to give a Gelfand type spectral-geometric interpretation of some algebra,
we, first of all, have to ensure that the unity element of this algebra is presented by the
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unity function. It is not so for the algebra S, 4 ,. That is why we have to divide the
“kernel elements” from S, 4 , by the reproducing kernel (4.4). The correct function
algebra consists of ratios of the type

Ry

f=— 4.5)

where ¢, ¢ € Prg4,p. The product of two functions of this type generated by the
convolution of kernels is given by

(f1 % f2)(@) = ﬁ /p e e fl@lb) £3 (bla) pa(b) dm (D). (4.6)

Here
dm(b) & L(b)K (b) db, @.7)
pa®) < |K*@lb)PK (@) K (), 48)

and the operation f — f* denotes the analytic continuation holomorphic with respect
to the “right” argument and anti holomorphic with respect to the “left” argument in the
notation f#(-|-). The product (4.6) possesses the desirable property: 1% f = fx1 = f.

Let us look at formula (4.5). Since f is going to be a function on an invariant
geometric space, ¢ and ¢’ have to be sections of a Hermitian line bundle with the
curvature form

w=ihddInK =igd7 Adz. 4.9)

Here 9 denotes the differential by z. Formula (4.9) means that the measure dm (4.7) is
the reproducing measure with respect to the Kahlerian form w in the sense [33].

Note that formula (4.9) defines both the quantum form w and the quantum metric
g =g(Iz*), g(x) = AL (x & (Ink(x))) via the polynomial (4.4).

After the quantum form w appears, the “probability” factor p, in the noncommu-
tative product (4.6) can be written as

Pa(®) =exp{%fz( b)w}. (4.10)

Here ) (a, b) is a membrane in the complexified space whose boundary consists of
four paths connecting points a — bla — b — alb — a along leaves of the complex
polarization and its conjugate [26, 40].

Note that the set of functions (4.10) makes up a resolution of unity:

1

Py padm(a) =1, 4.11)
2mh phase space

and each p, is the “eigenfunction” of the operators of left or right multiplication:
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[ * pa = f(la)pa, pa* f = f(al)pa. (4.12)

The details about such a way to establish a correspondence between quantum algebras
and Kéhlerian geometry can be found in [33].

Let us discuss global aspects of this quantum geometry. The Kéhlerian form w
(4.9) is actually well defined on the compactified plane R2 U {oo} which includes the
infinity point z = oo. To see this, we just can make the change of variables 7/ = 1/z
and observe that  is smooth near 7’ = 0.

Thus the actual phase space is diffeomorphic to S> and we have

1 1

_ =r, — | dm = 1. 4.13
2rh gzw " 2nh Js2 m=r+ ( )

The first formula (4.13) follows from the fact that K ~ const - [z| as z — 00
(see in (4.4)). It means that the cohomology class zn#h[w] is integer, and this is the

necessary condition for the Hermitian bundle with the curvature i over S? to have
global sections [41].
The second formula (4.13) follows from the definition (4.3) which implies

1 r
L i = w2,
- / m k§:0||<p [

where the norm of each ¢® is taken in the sense (4.3) and is equal to 1 by definition.
The number r + 1 in (4.13) is the dimension of the irreducible representation of the
resonance algebra.

We stress that the quantum Kahlerian form w, given by (4.4), (4.9), and the quan-
tum measure dm, given by (4.7) and Lemma 4.1, are essentially different from the
classical form wg (2.9) and the classical Liouville measure dmg = |wg|. The main dif-
ference is that w is smooth and dm is regular at poles while wp and dmg are not. Some
information regarding asymptotics of the quantum objects as # — 0 and asymptotics
near the poles is summarized in the following lemma.

Lemma 4.2 (a) In the classical limit h — 0, E; 4 , — E > 0, out of neighborhoods
of the poles z = 0 and 7 = 00 on the sphere, the quantum geometrical objects are
approximated by the classical ones:

w=wy+ O(h), dm = dmy(1 + O (h)).

(b) The behavior of the quantum reproducing measure near the poles is the follow-
ing:

dx Ndy

dm ~ const - m as X — 0,

dx Ndy

~  —_— —
dm ~ const STFGAD/m as x 00,

(4.14)
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where 7 = x!/2 explip}. Thus the reproducing measure has weak singularities at
poles.
(¢) Near the poles, the quantum Kihlerian form looks as

o em—l+1 (p+rm)lq! .
w~Fh (p+rm—m)!(q+l)!ldz/\dz as z— 0,
! 0! idz Nd
w ~ pl=mH] pig +rD) AL as 7 — oo.

(p+m)lqg+ri—D" |zf*
Thus, near the poles, the asymptotics of w as h — 0 is

w~consth' lidz ndz  (z ~0), 4.15)
idzZ Adz

w ~ consth! ™™ 1
|z]

(z ~ 00).

Comparing (4.14) with (2.11) we see that, near poles, dm is not approximated by
dmgash — 0if g > 0 or p > 0. So, the usual deformation theory (starting with
classical data) cannot be applied to compute the reproducing measure globally on the
phase space.

Formulas (4.15) demonstrate that the quantum w is not approximated by wyp as
h — 0 near the poles; the classical form wp must be singular at z = 0 if / > 1 and be
singular at z = oo if m > 1. This statement is in agreement with (2.11).

Note that the cohomology class of the classical symplectic form wg on the classical
leaf with the quantized energy £ = E, 4 ,, (3.12) is given by (2.7):

1 q

27h Jo, =

+ 2 (4.16)
m

Here r ~ /™! is the main quantum number which controls the dimension of the quan-

tum Hilbert space P 4, ,. The integers ¢, p vary on the intervals (3.11), they control

the fine structure of the scalar product (4.2) in P, 4, p.

In the case of “ground states,” where ¢ = p = 0, the condition (4.16) becomes
standard for the geometric quantization. In the “excited” case where g > l or p > 1,
we observe something like an index contribution to the geometric quantization picture
appearing due to an additional holonomy around the conical poles in €2y. Because of
these “excitations,” the leaves g with quantized energies are distant from each other
by % or % fractions of the parameter /.

To conclude this section, let us discuss what quantum leaves of the algebra (2.4)
are. To each element F of the algebra one can assign the corresponding operator f in
the irreducible representation. This operator acts in the Hilbert space P, 4, , of anti-
holomorphic sections over the phase space. Thus we can compose the function

def 1
= LK), (4.17)

Here K is the reproducing kernel (4.4) and the operator f acts by z. The function f
(4.17) is called the Wick symbol of the operator f, for more details see in [3, 34,42,43].
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The product of symbols in the sense of (4.6) corresponds to the product of operators.
Moreover, one can reconstruct the operator by its symbol using the simple formula

f= £z 2),

where z* is the operator of multiplication by z and z is the conjugate operator.
To generators of the algebra (2.4) we now can assign functions on the phase space:

det 1 . def 1
a; = Eaj(K) (j=1,2), ay = ?ai(K). (4.18)

We can consider them as quantum analogs of the coordinate functions Ay, Ay, Ay =
A3 F i A4 on classical symplectic leaves of the Poisson algebra (2.5).

Theorem 4.3 (a) The quantum coordinate functions obey the Casimir identities

kay +may = E; 4 p,
arxa_ = (ay+h)*---x(ay +mh)*xay*x(ay—h)*---x(a —lh + h).

Here * is the quantum product (4.6).

(b) In the classical limit i — 0 (and r ~ h~' — o0) the quantum coordinate
functions coincide with the classical coordinate functions (2.12) on the closure 2 (2.6)
of the symplectic leaves 2.

Taking into account this theorem, we below identify the quantum phase space S?
with the closure €2 of the symplectic leaf (2.6), where E = E, 4 ,. We will call
endowed with this structure a quantum leaf.

Each element F of the algebra (2.4) can be represented as a polynomial in genera-
tors:

3002 2 1
F=F(A), A=A ALALA). (4.19)

Here F is a function on R*. The operation of multiplication of elements (4.19) deter-
mines a product operation © in the algebra of polynomials over R*:

F(A)G(A) = (F O G)(A)

(see details in [32]).
Following [32, 33], one can define the quantum restriction of the function F onto
the leaves 2:

Floe L rayi (4.20)

From [33] one knows the following assertion.
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Theorem 4.4 (a) The quantum restriction (4.20) F — F

is a homomorphism of

Q
algebras:
(FOG)|,=F|, xG|,.
Q Q
The equivalent formula for the quantum restriction is
F|,=F 1,
& (ax)

where ax are the operators of left multiplication by the quantum coordinate functions
a = (a4, ay,az,a_) (4.18) in the algebra (4.6).
(b) The asymptotics as h — 0 of the quantum restriction can be derived from

F’Q = F(a—ihad_(a) + O(h))1 = F(a) + hie1(F) + O(h*). 421

Here ad_(-) denotes the anti-holomorphic part of the Hamiltonian field: ad_(-) =
ig='9(-)d, where g is the quantum metric (4.9). The h-correction ey in (4.21) is the
second order operator ey = %(R%, %) determined by the symmetric tensor Rj =
N(g~'da;da).

5 Coherent states and gyron spectrum

In the Hilbert space P 4, of anti-holomorphic sections of the Hermitian line bundle
with the curvature iw over the phase space 2 ~ S? we have the irreducible represen-
tation of the resonance algebra (2.4) by differential operators

a; = h(rm + p) — hmz0, ar = hq + hiz0, (5.1
m _ hl l —

ay =h"[[em+p+j—mzd) -z, a_=;1'[<q—s+1+lza>,
j=l1 s=1

where d = 9/9%.

The unity section 1 = z° is the vacuum vector for this representation in the sense
that it is the eigenvector of the operators a;, ap and it is annulled by the operator a_.
Now let us take the vacuum vector By in the original Hilbert space £ = L?(R?) which
corresponds to the representation (2.2):

ABo = h(rm + p) - Po., AxPo = hiq - Po, A_Po=0.

Definition 5.1 The coherent states of the algebra (2.4) is the holomorphic family of
vectors B, € L defined by

r

_ 4! (z\'sn
mz_z(q+ln)!<h’) Ay, zeC

n=0
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For each a € Q let us denote by Il, the projection onto the one-dimensional
subspace in £ generated by B (,). We call I1, a coherent projection.

Regarding these definitions, may be, it is useful to note the following: if one takes
the Hilbert space P, , instead of £ and the vacuum 1 instead of ‘Bp, then instead
of coherent states 3, and the coherent projection IT, one would see the reproducing
kernel K*(-|z) and the probability function p,.

In the following theorem we collect the basic properties of the coherent states ‘I3, .
In the general context of quantization theory, see more details in [32, 33, 34].

Theorem 5.1 (a) The scalar product of two coherent states coincides with the repro-
ducing kernel (4.4):
IBe@l® =K@, aeQ.

(b) One has the resolution of unity by coherent projections:

1
E o l'[a dm(a) = Ir,q,p~
Here 1, 4, is the projection in L onto the Hilbert subspace L, , spanned by all
vectors AL Bo,n =0,...,r.
(c) The whole Hilbert space L is the direct sum of the irreducible subspaces:

L= P Lrgp

r=>0
0=<g<i-1
0<p=m-1

(d) The coherent transform L, 4 p > Pr.q,p defined by

v(y) (@) = (¥, B2), (52)
has the inverse
1
o) =5 ) "p? Y dm. (5.3)

The mappings (5.2), (5.3) intertwine the representations (2.2) and (5.1) of the algebra
2.4).

(e) Let F be an element of the algebra (2.4) realized in the Hilbert space L via the
generators (2.2) as in (4.19), and let f = v o F o v™! be the coherent transformation of
F realized in the Hilbert space Py 4 p. Then the Wick symbol f (4.17) coincides with
the Wick symbol of F given by

f(a) = u(FI,), a€Q.

The operators ¥, f are reconstructed via their symbols using the formulas

2. 21
F=FA) =f (z*, z) . f=F@=/ (z, Z*) : (5.4)

where Z is the operator of complex structure (4.1), a are the operators of irreducible
representation (5.1). The Wick symbol of the coherent projection 1, is the probability
function p, (4.10).
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Now following [36], [44]-[48] we explain how to reduce the coherent transform to
closed curves (Lagrangian submanifolds) in the phase space.
Let A C 2 be a smooth closed curve, which obeys the quantization condition

2711_h E(w—gp)—%ez, (5.5)

where w = igdz Adz is the quantum Kihlerian form (4.9), p = i3 In g is the quantum
Ricci form, and ¥ is a membrane in 2 with the boundary 0¥ = A.

We choose certain parameterization of the curve expressed via the complex coor-
dinate on the leaf as follows:

A={z=z(0)10=<1<T}

and define the following basis of smooth functions on the curve:

. A 1 r, h .
oD (1) = \/z'(t)exp{ - ’E/O (9 — 57)}<p</>(z(t)), i=0,....r. (56)

Here 8 % i9InK and x = idIn g are primitives of the quantum K#éhlerian form

w = dO and the quantum Ricci form p = dx, the integral in (5.6) is taken over a
segment of the curve A, and the monomials <p(j ) are defined in (3.15).

Let us denote by £ the vector subspace in C*°(A) spanned by ) (j =0,...,r)
and introduce the Hilbert structure in £, by means of the following norm:

def 1 4 , 2\1?
Iplla = —( (¢, ¢) ;2| ) , (5.7
S27h ]Z:o k

where the scalar product (-, -); 2 is taken in the L?-space over A.
For any smooth function ¢ € C*°(A) we define

1 - i ! h
n@) == [ ¢<t>¢z(r>exp{g / (G—Ex)}fnzm dr.  (58)

where 8 € L are coherent states of algebra (2.4) corresponding to its (r, g, p)-
irreducible representation.

Theorem 5.2 (a) The mapping up defined by (5.8) is an isomorphism of Hilbert
spaces
pua: La— Lrgp CL.

(b) Under the isomorphism (5.8) the representation of the algebra (2.4) in the
Hilbert space L is transformed to the irreducible representation in the Hilbert space
[:AZ

F—Fa ¥y oFopuy. (5.9)
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(¢c) In the classical limit as i — 0 the Hilbert structure (5.7) coincides with the
L2-structure:

172
¢lla = </A |¢(f)|2dt) + O(h). (5.10)

(d) Let f be the Wick symbol (5.4) of the operator F, then the asymptotics of the
operator (5.9) as h — 0 is given by

Fu = ]-"‘A - ih(u n %div v) + 0. (5.11)

Here F = f— %A f, by A we denote the Laplace operator with respect to the quantum
Kdhlerian metric g, and v = ad (F) | A U8 the restriction to A of the holomorphic part
of the Hamiltonian field ad , (F) = —ig™'3F - 9.

The next terms of the asymptotic expansion (5.11) are also known (see in [36]).

In Theorem 5.2, the curve A is arbitrary except it has to obey the quantization
condition (5.5).

Let us now choose A specifically to be a closed curve on the energy level

A C{F =21}, (5.12)
and choose the coordinate ¢ to be time on the trajectory A of the Hamiltonian field
ad(F). Thenv = ad(f')’A = %,divv = 0, and we have

. d 2
FAzk—zhE—i—O(h ). (5.13)
This formula implies the asymptotics of eigenvalues of the operator F 5 :

2k 5
A+hT~|—0(h ), (5.14)

where T = T (}) is the period of the trajectory A = A(X) (5.12) and A is determined
by the quantization condition (5.5).

Note that the contribution % added to A in (5.14) can be transformed to adding
the number £ to the integer number on the right-hand side of condition (5.5). Thus one

can omit the summand h% in (5.16) without loss of generality.

Corollary 5.3 Let F be an operator commuting with the oscillator E (2.1). Up to

O (h?), the asymptotics of its eigenvalues A is determined by the quantization con-
dition:

1 Aoyl
— ) ez 5.15
2 s (“’ 2”) 2 € (5.15)

Here ¥ is a membrane in 2 with the boundary A = 0% (5.12); the curve A is the
energy level of the function F = f — %A f, where f is the Wick symbol of F and
A is the Laplace operator. The operator A and the forms w, p are generated by the
quantum Kdhlerian metric g (4.9).
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Now we can apply the obtained results in studying quantum gyrons. Assume one
has a Hamiltonian of the type

E + ¢B, (5.16)

where E is the oscillator (2.1) and B is a perturbation presented as a function in oper-
ators b, b*,

B = Zﬂﬂ,ub*”bﬂ. (5.17)

There is an operator averaging procedure [47, 48], which is a unitary transformation
reducing (5.16) (up to O(&")) to the Hamiltonian

E+8B~E+£FN+0(8N), [Fy,E] =0. (5.18)
For instance, if N = 1, then

F| = > B,..ob* bt (5.19)

vi+mvy=lpi+mpo

(see also the Appendix in [25]). For any N > 1 in (5.18), the operator F , commuting
with E, is uniquely determined and can be presented in the form (4.19):

Fy = Fn(A),

and after this in the form (5.4):

21
voFyov™ !l = Fy(@) = fn@E 7). (5.20)

Thus the study of the operator (5.16) up to O(e") is reduced to the study of the
properties of the operator (5.20) in each irreducible representation of the algebra (2.4).
The symbols Fy or fx are gyron Hamiltonians. In the (r, g, p)-irreducible repre-

sentation, the gyron is described by the operator Fy(a) = Fy (g+, :%11 , %2, 211,) acting
in Py 4. p, where the generators a are given by (5.1).

In the semiclassical approximation 7 — 0 the gyron system can be reduced to
(5.11) and even to (5.13) over the trajectory A of the effective Hamiltonian Fy =
v — %A fn 4+ O(#?) on the leaf Q@ ~ S2. The asymptotics of the gyron spectrum was
described in Corollary 5.3 by means of the membrane versions (5.15) of the Bohr—
Sommerfeld quantization condition.

The quantum Kihlerian geometry (via the measure dm and the forms w, p) is
essentially presented in all these results regarding the gyron spectrum.

The gyron is a model. It is very simple, since it arises from the “textbook” oscilla-
tor Hamiltonian. At the same time, it already contains many nontrivial aspects of the
quantization theory and, of course, it has a variety of important physical applications.
About more complicated models of this type and about further ideas on the quantum
geometry we refer to [25, 32, 33], [51]-[63].

Acknowledgements. The author is grateful to V. P. Maslov and E. M. Novikova for
very useful discussions and help.
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Introduction

As is well known, the von Neumann algebras are classified into factors of type I, II and
III. Factors of type III are further classified into type III, (0 < A < 1) according to
the value A determined from the S-set, which is an invariant of von Neumann algebras
introduced by A. Connes. There is a unique hyperfinite factor R; of type III, . There-
fore, it is definitely an interesting problem to study such factors also from a geometric
point of view. In fact the hyperfinite factor of type III; can be constructed from the
Anosov foliation on the unit tangent bundle of a close surface. For 0 < A < 1 there
exists a foliated space (M, F,,) whose foliation W*-algebra W*(M,,, F,,) is isomor-
phic to R; with A = u?. A description of such construction is given in Connes [3].
We shall provide other descriptions of such foliations in Sections 1 and 2, which are
suitable in order to define a new secondary invariant of foliations. We then introduce
a secondary invariant called the k-class in Section 3. We also define a numerical in-
variant of foliations called the K-set, which is a priori a subgroup of R. The K-set
for (M, F,,) is computed in Section 3 and it turns out that the isomorphism class
of foliation (M, F,) can be detected by the K-set. In fact, the K-set for (M, F,)
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is (logA)Z C R with A = w?. On the other hand, the S-set of Ry is known to be
{0, A" | n € Z}. Thus, it seems that the behaviors of these invariants are quite similar
to each other for hyperfinite factors of type III, . This suggests that the K-set can be
considered as a geometric counterpart of the S-set, which plays the central role in the
classification of type III, factors.

1 Foliations that yield type III, factors

Let G denote the special linear group SL,(R) of rank 2 and G the general linear group
GL;F(IR) of rank 2 with positive determinants. We denote by I a cocompact discrete
subgroup of G that is a central Z/2Z-extension of the fundamental group m1(X) of a
closed surface X:

11— 7Z/22 - T - m(¥) - 1.

Namely, I' is the inverse image of 71 (X) with respect to the projection map:G —
PSLy;(R).Given0 < u < 1, we put

k
—~ uk 0 ~
Fore [ 0] reg) ca

which is a discrete subgroup of G.Let M . denote the right coset space F\@ and H
the following subgroup of G:

7= {[6]

Note that translations by H from the right induces a locally free action on M.

a>0,beR}.

Definition 1.1 A foliated space (M,,, F,) forO < u < 1is defined by the locally free
action of H.

Note that M, is diffeomorphic to ST ¥ x S !, where ST X denotes the sphere bundle
of unit tangent vectors in 7 X; see Proposition 2.2. However, foliations F, are not
isomorphic to each other due to the following theorem; see Connes [3] for instance.

Theorem 1.2 The foliation W*-algebra W*(M,,, F,,) associated to (M,,, F},) is iso-
morphic to the hyperfinite factor of type IIl, with A = u?.

According to the S-set, which was introduced by A. Connes [1], type III factors
are further classified into the type IlI; factors where 0 < A < 1. In the present case the
foliation W*-algebra of (M,,, F,,) is isomorphic to the crossed product L (M) x H,
which is isomorphic to the hyperfinite factor of type III; with A = 2. As a conse-
quence, it follows that foliations (M, F,,) are not isomorphic to each other even in a
measurable sense.
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2 Lifted Anosov foliations and foliated 72-bundles

In this section we shall consider the foliation (M, ) from a different point of view.
We recapture (M, F,) as a lifted foliation of the Anosov foliation on ST % and also
as a foliated T2-bundle on X. This point of view will be exploited to define a new
secondary invariant on (M, F,) in the next section.

Let Ry denote the multiplicative group of positive real numbers. Then G is iso-
morphic to G x R via the isomorphism:

-~ cO
¢:G xRy — G, qb(g,c):g[oc].
The inverse map is given by
A _(|1/d 0O
with d = /det g. Take the following subgroup in G:

"= {[g 1]/9a}

We then define a right action of H on G x Ry as

a>0,beR}.

a b
(g,¢)-h = (gh,ca) for h = |:0 1/ai| € H,

where (g, ¢) € G x R;.. We identify the right coset (I" x MZ)\(G x R4) with (I'\G) x
R/ u%). Then the corresponding H-action is nothing but

(g,¢)-h=(gh,cs(h))
forh € H and (g, ¢) € (I'\G) X (R+/MZ), where § : H — R, is a homomorphism
given by §(h) = a. The orbits of the diagonal H-action above yields a foliation on
('\G) x (R+/MZ). This is the description given by Connes [3, p. 58].
Proposition 2.1 The isomorphism ¢ induces an equivariant diffeomorphism

o1 : (T\G) x Ry /u?) — M,

with respect to the isomorphism p : H — H given by

a? ab a b
,o(h)=|:0 1i| for h:[OI/a]GH'

Therefore, (M,,, F,,) is isomorphic to the foliation on (I'\G) x (R+/MZ) given by the
diagonal H-action above.
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Proof. 1t is obvious that ¢ induces a diffeomorphism ¢; . Since we have

a? ab

06,001 = d(gh.ca) = ghac = [3 1 Jac = ¢ [ V] e = ot 00t

it follows that ¢; is equivariant. Hence it yields an isomorphism between those folia-
tions. O

Due to the proposition above we obtain another description of (M, F,,). Recall
that I'\G is diffeomorphic to ST X. It is known that the orbits in I'\G of right trans-
lations by H corresponds to the Anosov foliation on ST X. Thus (M, F,,), which is
isomorphic to the foliation given by the diagonal H-action on (I'\G) x (R4/ u”), can
be considered as a lifted Anosov foliation on STX x S'.

Next we shall describe (M, F,,) as a foliated bundle. Put

J 1
J=3y—€eTS
0x

Y>OL
where 9/dx is the standard tangent vector on S!. Let T, denote the fractional linear

transformation b
Tg(z):az—i— for g= |:a b] e G,
C

cd

which induces the actions on the upper half plane H as well as on S'. Here S! is
identified with the one-point compactification of R. We then define an action of I" x ;%
on H x J such that

7 @) = (Te(). 2T, w)

fory = (g, u¥) e I' x w” and (z, v) € H x J, where A = u2. Here dT, denotes the
differential of T, . We also define an action of I' x w?on G x R such that

V%hd=@hﬁ0
for (h,c) € G x Ry.Let g : G x Ry — H x J be the map defined by
0208, 0) = (Ty(), 2T, ).
where v = 9/dx € TI,S1 and p € S! is the point corresponding to co. Then we have:
Proposition 2.2 The map ¢; defined above is an equivariant diffeomorphism with re-

spect to the (I' x ,uZ)-actions. Furthermore, it induces a diffeomorphism on each H -
orbitin G x Ry onto a slice H x {x} inH x J.

Proof. It is easy to verify that ¢, is a diffeomorphism. We then have

0y - (h,0) = ¢ (gh, ,ukc)
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= (Tgh ), Akcszgh(v)>
=y (Tu(), AdTy(w))
=y (8.0
since Tgy, = T, T),. This proves that ¢ is equivariant. Furthermore, we have
©2((g, ¢) - k) = p2(gk, ca)
= (T (D), Fa2dTy )
= (Tg T (i), cszg(v))

fork =[§ 1?14] € H since dTy (v) = a—2v, which proves the second claim. ]

Let u be the generator of u% and act on J as previously:

m-(z,v) =(z,Av).

Thus the orbit space is J /A%, which is diffeomorphic to the 2-dimensional torus 7°2.
We then define the diagonal action of I on H x J/AZ by y - (z, w) = (Ty (2),dT, (w))
for (z,w) e H x J/ A% . The orbit space turns out to be a foliated bundle

Hx J/3 > %
r

with the typical fiber T2, whose leaves are images of the slices H x {}. Then Proposi-
tion 2.2 claims that there exists an isomorphism from the foliated bundle to the foliation
on (IN'\G) x (R+/MZ) and hence to (M, F,,) as foliated spaces.

Remark 2.3 Taking J instead of J/A% we can construct a foliated bundle

HxJ— X
r

with leaves which are the images of H x {x}, (x € J). As is mentioned previously, the

resulting foliated bundle can be considered as a lift of the Anosov foliation (ST X, F).

The foliation W*-algebra W*(H x J, F) is then isomorphic to the crossed product of
r

W*(ST Z, F) X R with respect to the modular automorphisms {o;} on W*(ST X, F),
and the dual action &; corresponds to the action induced from the translations by R
on J; see Moriyoshi [5] for instance.

3 A secondary invariant associated to (M, F )
Let (M, F) be a C*°-foliation of codimension g . Take a covering space M— M with

IT the deck transformation group, and denote by F the induced foliation on M from
F . Suppose that there exists a differential form w on M with deg @ = ¢ such that:
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T) w is a transverse invariant volume form for .7-’: , namely, it satisfies that
txw =0, Lxw=0

for any vector field X along the foliation F on M and that o is nowhere vanishing
on M. Here Lx denotes the Lie derivative with respect to X.

P) w is projectively invariant with respect to the IT-action, namely, there exists ¢, €
R for each g € IT such that g*w = cyw.

Remark 3.1 In general, a differential form w on M is called F-basic if it satisfies that
txw =0, Lxw=0

for any vector field X along F. Then the condition T) is equivalent to saying that w is
a nowhere vanishing F-basic g-form on M.

Observe that there exists a group homomorphism:

P+ T —> Ry, Pw(8) = ¢g

due to the condition P). It is then verified that log p,, : [T — R is a group 1-cocycle:

dlog pu(g, h) = log py(h) —log p,(gh) +log pu(g) = 0.
Put _
CcP4 =CP(I1, QIM),

where CP:9 is the set of cochains on the group IT with values in the differential
form Q?M of degree g. We then introduce the following double cochain complex
{CP1,d, 5}

cor, B3M) —

I I

cor, QM) —— Cl(T, QM) ——

I I [

cor, Q'M) —— (T, Q'M) —— CX(T, Q'M)

Ja I [
COr, Qi) —— C'I, QM) —— CX(I', M) ——>
Here we denote by 4 the coboundary map for chains of IT and by d the exterior differ-
entiation on 7M. Observe that the double complex is acyclic with respect to § since

the IT-action on M is proper. It then follows that the cohomology group of the total
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complex {C**, d + 8} is isomorphic to the cohomology group of IT-invariant differ-
ential forms on M, which is isomorphic to the de Rham cohomology group Hj,(M):

H*(C**) = Hjp(M).
Recall that log p,, is closed with respect to §. It is obvious that
dlogp, =0

since the value of log p,, is a constant. Thus it yields a 1-cocycle in the total complex
C** and hence a cohomology class in H*(C**).

Definition 3.2 The k-class associated to w is the cohomology class
ko = [log po] € Hjp(M) = H'(C**).

Let w and o' be differential forms on M of degree g satisfying the condition T)
and P) above. This implies that there exists a smooth function f on M with values in
R, such that " = fw. It then follows that

log p.y () —log pu,(g) =log(g* (fw)/(fw)) —log(g*w/w)
=logg*f —log f
= dlog f(g),

namely,
log py — log p, = §log f.
It also follows that

ddlog f =délog f = d(log p,y —logpy,) =0

and hence d log f is a closed 1-form on M that is IT-invariant, which can be considered
as a closed 1-form on M.

dlog f —— 0
a] T
log f — log poy — 10g po,
Given a vector field X along the foliation .7? , We obtain
0=Lxo = (Xflo+ fLxw = (Xfo

since Ly’ = Lxw = 0. Hence we have X f = 0 since w is a transverse volume form.
It then follows that

txdlog f = X(og f) =0
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Lxdlog f =dixdlog f =0,

which implies that d log f is a F-basic closed 1-form on M.
Now we have

ko — ko = [log o] — [log p] = [ log f1 = [~d log f] (1)

in the total complex C**. Observe that the space (M, F) of F-basic forms on M
is a subcomplex of Q*(M) with respect to d. Hence we can take the cohomology
group, which is called a basic cohomology group of foliation (M, F) and denote it by
Hy (M, F). We also denote by EZ(M, F) the image of Hy (M, F) in Hj, (M) via the
natural inclusion from Q7 (M, F) into Q*(M). The identity (1) then proves that the
k-class is independent of the choice of @ modulo ﬁZ(M , F). _
It may appear that it depends on the choice of the preferred covering space M.
Given such a covering space M, we can take a surjective covering projection to M
from the universal covering space M,. We then consider the pullback of w to M,
instead of w. Applying the same argument as above, we can conclude that the resulting
class is also independent of the choice of M. We have thus proved the following:

Theorem 3.3 Let (M, F) be a C*®-foliation satisfying the conditions T) and P) above.
The k-class associated to w is independent of the choice of w and M when it is consid-
ered as the following element:

k = llog po] € Hjp(M)/H,(M, F).

Put
H = ("\kerle : H(M:Z) - R] C H\(M; Z)
o

where « is arbitrary JF-basic closed 1-form on M. We then obtain a numerical invariant
of (M, F).

Definition 3.4 The K-set of C*°-foliation (M, F) is defined by
KM,F)=im[k: H—> R] CR.
If there does not exist w satisfying the conditions, we set K (M, F) = O.

Obviously the K-set is a subgroup of R and an invariant of C°°-foliation (M, F)
satisfying the conditions T) and P). Recall that £ is defined as a de Rham cohomology
class modulo the image of the basic cohomology group of (M, F); however, we note
that k yields a dual map without ambiguity once it is restricted to H .

In general it is not easy to calculate the basic cohomology group of (M, F). How-
ever, the situation is very simple in our case.

Example 3.5 Let (M, F) be the foliated bundle H x J/ A% — % described in Section
r
2. First we shall prove that the foliation F satisfy the conditions T) and P).
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There is a natural identification between the jet bundle J and the product space
Sl X R+I
ya/ox € J C TxS' «— (x,y) € §' x Ry.

Let y denote an orientation-preserving diffeomorphism of S! which acts on J. The
induced action on J is given by

Yoy =0,y ().

Here y’(x) denotes the derivative of y at x € S!, which is a positive real number. The
action is a multiplication. Let @ be a volume form on J given by

dxnrdy
2

w =

It yields
x dy(x)ad(y'(x)y)  dxnady
w = =
Y (x)2y? y?
and follows that w is invariant with the induced action of y on J. Let H x J denote
r

the orbit space with respect to the diagonal action of I". We then take H x J as M,

r
which is a covering space of M with the deck transformation group Z. The translation
A (x,y) = (x,1y) on J gives rise to a generator of Z. Then w yields a transverse
invariant volume form (M, F). Since

dxard
)\,*a) = );‘/2\ 2 y = )‘-_1 ’
y
it follows that
log p,(n) = —nlog A

forn € Z. Let d log y be the Haar measure on R . Note that it yields a closed form on
M. Set

f:HxJ— R, f(z,x,y) =—logy.
r
We then obtain
Sf(n)=n"f — f=—logA"y +logy =—nlogi

and hence
[log pw] = [log p» — (d +8) f] = [dlog y].

Thus the k-class is represented by d log y on M.

With basic differential forms on (M, F), we can prove that there do not exist such
forms on M except for the trivial ones. Thus the quotient group Hyg (M)/H (M, F)
is isomorphic to the de Rham cohomology group and it follows that H = H|(M; Z).
Note that M is diffeomorphic to ST x R, /A%. Obviously the evaluation of the k-
class with homology classes in H (ST X; Z) is trivial. It then yields
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A
(k, TR /32]) = / dlogy = log
1

and hence the K-set is given by
KM, F) = (log))Z.

On the other hand the foliation W*-algebra W*(M,,, F,,) is isomorphic to the hy-
perfinite factor R of type III, and the S-set of R is equal to {0, A" | n € Z}; see
Connes [3] for instance. It seems that these invariants have similar behavior at least for
R, . However, the author does not know whether there is a direct relationship between
the S-set and the K-set at this point.
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1 Epistemological introduction

Our representation of the universe evolved with time, based on experimental data and
the interpretation we gave them. That is particularly true of the concepts of space and
time, around which this text is centered—even if the definition of the word time may
not be quite the same in both instances.

More generally, mathematics arose as an abstraction of our representations of the
physical universe. The language it developed was in turn seminal for a better formu-
lation of that representation, but a Babel tower effect can be perceived almost from
the start. Indeed, as Sir Michael Atiyah said (after Oscar Wilde in 1887 about UK and
US) in his closing lecture of the 2000 International Congress in Mathematical Physics
(with examples taken from algebraic geometry), “Mathematics and Physics are two
communities separated by a common language.” In the best cases, physicists speak
the mathematical language with a distinctive accent that mathematicians may have a
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hard time to understand while, as said by Goethe, mathematicians are like Frenchmen:
they translate everything into their own language, and henceforth it is something en-
tirely different. Being originally a French mathematician, I shall do my best to bring a
counterexample to that affirmation.

Mathematics proceeds by logical deduction: If A, and A implies B, then B. In
other words, A is a sufficient condition for B to hold. As simple as that sentence may
seem, it is often distorted in ordinary life where (for external reasons) one is tempted
to take for necessary a sufficient condition. Schematically that can be expressed as
follows: Given that A implies B, if I find B nice (thus want A because it will give
me B), then A. The subtle logical mistake is perpetrated by almost all in experimental
sciences when building models.

The need for modelling is as old as Science: more and more data are being collected
and it is natural to try and put some order there. So from experimental data E one
imagines a model M that can explain them. Eventually (with deeper intuition) it may
be possible to show that the model M is a consequence of more fundamental principles,
a theory T'. That is the implicit part, taken for granted by experimental scientists (the
part A implies B above).

Now if new data £ D E are found that can also be derived from T ,i.e., B becomes
nice, the model or theory receives experimental confirmation (then A). One does not
argue with success. The confusion between necessary and sufficient conditions may go
as far as saying that abstract entities involved in 7" or M were “directly observed” with
the new data: in fact, what has been observed is only a consequence of these entities in
some model. The confusion is enhanced by the fact that nowadays our interpretation
of the raw experimental data is often made within existing models or theories, so that
what we call an experimental result may, in fact, be theory-dependent.

But it often happens that with a larger data set E’, the new data will not be easily
cast in the existing model. [Cf. a quote attributed [FerW] to Fermi: “There are two
possible outcomes: if the result confirms the hypothesis, you’ve made a measurement.
If the result is contrary to the hypothesis, you’ve made a discovery.”] Then there will
be a need to develop a new model M, if possible deriving from a new theory 7', that
can explain everything observed so far (one should not hope for a definitive theory
of everything). Occasionally a far-sighted scientist may (triggered by some intuition
or logical deduction) imagine the new theory even when there are not yet experimen-
tal data that make it necessary. That can be a dangerous attitude but it may prove
prophetic. A scientist should therefore, even (especially) when everything seems for
the best in the best of possible worlds and many are sure that we can now explain
everything, be always prepared for surprises and have, in the back of his mind, a tune
playing it ain’t necessarily so in relation with the best accepted theories. That is even
more true when trying to block some avenues with “no go” theorems, overlooking the
hypotheses (sometimes hidden) on which they rely or the lack of rigor in their proofs
(see an example in (2.2.2) below).

Towards the end of the XIXth century, with classical Newtonian mechanics and
electromagnetism, many thought we had achieved our understanding of Nature—at
least of Physics. What happened soon afterwards, in particular with quantum mechan-
ics and relativity, shows that deformation theory, developed in an appropriate context,
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can lead us to “deformed” models and theories that fit better newly discovered (or yet
undiscovered) data.

Physical theories have their domain of applicability defined by the relevant dis-
tances, velocities, energies, etc. involved. But the passage from one domain (of dis-
tances, etc.) to another does not happen in an uncontrolled way: experimental phe-
nomena appear that cause a paradox and contradict accepted theories. Eventually a
new fundamental constant enters and the formalism is modified: the attached structures
(symmetries, observables, states, etc.) deform the initial structure to a new structure
which in the limit, when the new parameter goes to zero, “contracts” to the previous
formalism. The question is therefore, in which category do we seek for deformations?
Usually physics is rather conservative and if we start e.g., with the category of associa-
tive or Lie algebras, we tend to deform in the same category. But there are important
examples of generalization of this principle: e.g., quantum groups are deformations of
(some commutative) Hopf algebras.

That is the basis for Flato’s deformation philosophy [F182]. The main mathemat-
ical language for it was developed in 1964 by Gerstenhaber [Ge64] with his theory
of deformation of algebras, though its origin can be traced back to Riemann’s surface
theory in the XIXth century, generalized in 1957 in the short paper by Froelicher and
Nijenhuis [FN57] identifying the infinitesimal deformations that led (the fact is ac-
knowledged in [KS58]) to the monumental works of Kodaira and Spencer [KS58] on
deformations of complex analytic structures.

Since the 1970s we have been developing that philosophy in three interrelated di-
rections. The first one, our main concern here, deals with deformations of the under-
lying space-time geometry. Then, at some point, one has to deal with quantum phe-
nomena: In a nutshell the idea is to deform algebras (a linear structure) of physical
observables from commutative to noncommutative, what we called deformation quan-
tization. Incidentally the strategy of noncommutative geometry [Co94] proceeds in a
similar fashion: the idea is to formulate usual (commutative) geometry in a somewhat
unusual way using algebras and related concepts, so as to be able to “plug in” noncom-
mutativity in a natural way. But one cannot do physics (which requires measurements)
without interactions, and their mathematical expression calls for nonlinearities: The
idea is then to deform (in a generalized sense) mathematical structures such as linear
representations of symmetries into nonlinear ones. That is the third aspect of our tril-
ogy [SO5C]. It has to be tackled also (if not mainly) at the quantized level; that brings
in formidable mathematical questions (even more so in hyperbolic theories, on non-
compact space-times) posed by the need of renormalization —extracting finite results
from quantities that are, at mathematical face value, infinite. Here again, subtle avatars
of the deformation philosophy are proving seminal, see e.g., [Co06].

2 From Atlas to Galileo and Newton to Einstein and Planck

2.1 Deformations

The discovery of the non-flat nature of Earth may be the first example of the appear-
ance of deformation theory in our representation of the physical space. Interestingly at
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first, in contradistinction with the commonly accepted idea until that time (ca. 550 BC),
Pythagoras emitted the theory that all celestial bodies (including the earth) are spheri-
cal. He did that apparently on aesthetic grounds (nowadays we would say that this was
a theoretical prediction). Two centuries later, Aristotle provided (indirect) physical ev-
idence for a spherical Earth. Finally, around 240 BC, Eratosthenes proved experimen-
tally that our Earth is not a plate, carried by a giant called Atlas in Greek mythology,
but is spherical; he even used mathematics (geometry) to interpret the data and eval-
uate its circumference to be 252,000 stades, very close to our present knowledge. So
we have a theoretician who comes up with a revolutionary idea, later indirectly proved
by a phenomenologist and finally confirmed by direct observation. (The case of parity
violation in particle physics is not very different, except for the time scale between
events!)

Closer to us, the paradox coming from the Michelson and Morley experiment
(1887) was resolved in 1905 by Einstein with the special theory of relativity. In mod-
ern language one can express that by saying that the Galilean geometrical symmetry
group of Newtonian mechanics (SO(3) - R3 . R*) is deformed to the Poincaré group
(SO(3, 1) - R*) of special relativity, the new fundamental constant being ¢~ where ¢
is the velocity of light in vacuum. Time has to be treated on the same footing as space,
expressed mathematically as a purely imaginary dimension. Here, experimental need
triggered the theory.

All this is by now well known and a century old, so we shall not develop it any
further. But, interestingly, only after the work of Gerstenhaber [Ge64] was it realized
that the passage from nonrelativistic to relativistic physics can be interpreted as a de-
formation in that precise mathematical sense, even if a kind of inverse (a “contraction”
[IW53, WW00] ¢~! — 0) has been intuitively understood for many years. The fact
triggered strong interest for deformation theory in France among a number of theoret-
ical physicists, including Flato who had just arrived from the Racah school and knew
well the effectiveness of symmetry in physical problems. He was soon to realize that,
however important symmetry is as a notion and a tool in a mathematical treatment of
physical problems, it is not the only one and should be complemented with other (often
related) concepts. The notion of deformation can be applied to a variety of categories
that are used to express mathematically the physical reality.

For completeness, let us give a concise form of the definition of deformations of
algebras, in the sense of Gerstenhaber [Ge64, BGGS] (more general forms exist, see
e.g., [Na98]):

Definition 1 A deformation of an algebra A over a field K is an algebra A (flat) over
KI[[v]] such that A / VA ~ A.Two deformations A and A’ are said to be equivalent if
they are isomorphic over K[[v]] and A is said to be trivial if it is isomorphic to the
original algebra A considered by base field extension as a K[[v]]-algebra.
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2.2 Some facts around symmetries and elementary particle physics
2.2.1 Symmetries and generations

At the same time (if I may write so), i.e., in the mid-1960s, particle physicists were
interested in “internal” symmetries of elementary particles. These were introduced em-
pirically in an attempt to put some order in the increasing number of “elementary” par-
ticles that were discovered in accelerators, a number that was getting so large already
in the early 1950s that one day Enrico Fermi is said [FerW] to have told his student
(and future Nobel Laureate) Leon Lederman: “Young man, if I could remember the
names of all these particles, I would have been a botanist!”

Symmetries (groups and their representations) have proved seminal in a variety of
physical problems, especially since the advent of quantum mechanics [We28]. In this
domain the feedback from physics into mathematics, and vice-versa, has been essential
(cf.e.g.,[Wi39] and the monumental works of Harish Chandra, originally a physicist).
In molecular and atomic spectroscopy the forces are well understood and the symme-
tries dictated by the physical problems studied (e.g., SU (2), the spin group of 3-space,
and finite subgroups associated with crystals, studied by the Racah school [F165]).
The idea was to use similar methods in what can be called particle spectroscopy and
regroup them in “supermultiplets” based on finite dimensional unitary irreducible rep-
resentations (UIR) of compact Lie groups—hopefully as a first step towards a more
dynamical theory.

At first, because of the isospin 7, a quantum number separating proton and neutron
introduced (in 1932, after the discovery of the neutron) by Heisenberg, SU(2) was
tried; then in 1947 a second generation of “strange” particles started to appear and in
1952 Pais suggested a new quantum number, the strangeness S. (See a nice account of
the situation in the early 1960s in [Sa64]; in 1975 a third generation was discovered,
associated e.g., with the 7 lepton, and its neutrino v, first observed in 2000.) In the
context of what was known in the 1960s, a rank 2 group was the obvious thing to try
and introduce in order to describe these “internal” properties; that is how in particle
physics theory appeared the simplest simple group of rank 2, SU (3), which subsists
until now in various forms.

2.2.2 Space-time and internal symmetries

A natural question was then to study the relation (if any) of this internal world with
space-time (relativity). That was, and still is a hard question. (E.g., combining the
present Standard Model of elementary particles with gravitation is until now some
quest for a Holy Grail.) Negating any connection, at least at the symmetry level, was
a comfortable way out—especially when one has to convince politicians to fund the
expensive apparatus needed in high energy physics (which turned out to have very
positive if unexpected by-products, from medical physics to the World Wide Web).
For many, the proof of a trivial relation was achieved by what is often called the
O’Raifeartaigh Theorem [OR65], a “no go theorem” stating that any finite-dimensional
Lie algebra containing the Poincaré Lie algebra and an “internal” Lie algebra must
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contain these two as a direct product. The proof was based on the nilpotency of the
Poincaré energy-momentum generators but implicitly assumed the existence of a com-
mon invariant domain of differentiable vectors, something which Wigner was careful
to state as an assumption in his seminal paper [Wi39] and was proved later for Ba-
nach Lie group representations by (in his own words) “a Swedish gentleman” [G&47].
Indeed one has to be careful with no go theorems. Shortly after [OR65] a couple of
trouble-makers showed in a provocative Letter [FS65] that the result was not proved in
the generality it was stated, then exhibited a number of counterexamples [FS66, FS69].
In the latter paper we also mention that another, more sophisticated, attempt to prove
a direct product relation [CM67] contained an implicit hypothesis, hidden in the nota-
tion, that basically presupposed the result claimed to be proved.

We know at present that the situation is much more complex, especially when
dynamics has to be introduced in the theory. Nevertheless one cannot and should not
rule out a priori any relation between space-time and internal symmetries. We shall
sketch in Section 3 some recent and ongoing research based on such a nontrivial subtle
relation.

2.2.3 Infinite-dimensional groups

The above mentioned counterexamples are basically infinite-dimensional groups, ei-
ther generated by the one-parameter groups of “local” (i.e., nonexponentiable to rep-
resentations of the corresponding Lie group) representations of finite-dimensional Lie
algebras containing the Poincaré (inhomogeneous Lorentz) Lie algebra, or explicitly
infinite-dimensional Lie algebras exponentiable to Banach or Fréchet Lie groups. In
spite of the fact that fields with an infinity of components are known to exhibit some
problems, they appear recurrently in theoretical physics in a variety of contexts.

Interestingly that period (the second half of the 1960s) saw a strong renewal of
interest, from a variety of perspectives, in infinite-dimensional Lie groups, a subject
that had been more or less dormant since the fundamental works of Lie and Cartan at
the beginning of last century. See for instance (in the Lie—Cartan line) [GS64, Ri66],
the now classic Kac—-Moody algebras [Ka68, Mo68] and their many avatars, and the
very original works by Omori from the same time, a nice exposition of which can be
found e.g., in [Om74].

2.3 Quantization as a deformation

The need for quantization appeared for the first time around 1900 when, faced with
the impossibility to explain otherwise the black body radiation, Planck proposed the
quantum hypothesis: the energy of light is not emitted continuously but in quanta pro-
portional to its frequency. He wrote & for the proportionality constant which bears
his name. This paradoxical situation got a beginning of a theoretical basis when, in
1905, Einstein came with the theory of the photoelectric effect. Around 1920 Louis de
Broglie was introduced (among other things) to the photoelectric effect in the labora-
tory of his much older brother, Maurice de Broglie. This led him, in 1923, to his discov-
ery of the duality of waves and particles, which he described in his celebrated Thesis
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published in 1925, and to what he called ‘mécanique ondulatoire’. Physicists pub-
lishing in German, in particular Weyl, Heisenberg and Schrodinger, and Niels Bohr,
transformed it into the quantum mechanics that we know, where the observables are
operators in Hilbert spaces of wave functions—and were led to its probabilistic inter-
pretation that neither Einstein nor de Broglie were at ease with.

Intuitively, classical mechanics is the limit of quantum mechanics when # = %
goes to zero. But how can this be realized when in classical mechanics the observables
are functions over phase space (a Poisson manifold) and not operators? The deforma-
tion philosophy promoted by Flato shows the way: one has to look for deformations of
algebras of classical observables, functions over Poisson manifolds, and realize there
quantum mechanics in an autonomous manner. That is what we have done since the
1970s and is now called deformation quantization. Some recent reviews on the sub-
ject including its many avatars, from various perspectives with appropriate details, can
be found in [DSO1, SO5A, SO5C, SO5L]. We shall not repeat them here. Among its
avatars are quantum groups, noncommutative geometry [Co94] and quantized mani-
folds. These are a central theme in the program, much of which remains to be devel-
oped, that we shall sketch at the end of the next section.

3 Possible quantized anti de Sitter structures in the microworld

3.1 The context and an overview

At our distances, for most practical matters, the theory of special relativity is rele-
vant. The corresponding space-time is Minkowski space, a 4-dimensional flat space
R* endowed with a hyperbolic metric. A natural question is therefore to ask whether
that structure can be deformed. General relativity, introduced by Einstein in 1916, has
done just that, somewhat like the passage from flat to spherical Earth but with differ-
ent motivation (incorporating gravitation): Space-time is a curved Lorentzian mani-
fold. Those with constant nonzero curvature are of special interest. At cosmological
distances, there is at present reasonable experimental evidence that the curvature (or
cosmological constant in Einstein equations) is positive. If constant, that is called a de
Sitter universe and the Poincaré group of special relativity is deformed to the de Sitter
group SO(1, 4), one of the two simple groups it can be deformed to, and “the buck
stops there” in the category of Lie groups or algebras.

Elementary particles are traditionally (since Wigner [Wi39]) associated, in Min-
kowski space, with UIR of the Poincaré group (massive or massless). In these the
energy operator (generator of time translations) is bounded below, as it should be. That
does not happen with SO (1, 4) but it does with the ultrahyperbolic version SO (2, 3),
symmetry of anti de Sitter universe AdSs with negative curvature. We (and others)
have therefore suggested that, at least at “small” distances, our universe might have
a tiny negative curvature. At both the kinematical and dynamical levels this brings
in very interesting new features, such as the possibility of considering the photon as
composite of more fundamental particles (the Dirac singletons) in a manner compatible
with Quantum Electrodynamics [FF88], and maybe also e.g., the leptons [Fr00].



294 D. Sternheimer

But we know that, in the category of Hopf algebras, algebras of functions over
a simple Lie group or their topological duals, completed universal enveloping alge-
bras (see e.g., [BGGS]) can be deformed to quantum groups. It is thus tempting to
try and introduce the quantum group SO, (3, 2). It turns out that again new features
appear, such as the existence of finite-dimensional UIR for ¢ an even root of unity
[FHT93, Sc98]. One is thus tempted to deform also space-time once more, to a quan-
tum analogue of AdS4, an ultrahyperbolic version (to be developed) of the quan-
tum spheres recently studied extensively by Connes and Dubois-Violette (see e.g.,
[CoDV]). It is in line with recent attempts aiming at developing field theory on quan-
tized space-time, which could be the structure needed at very small distances, e.g.,
around the Planck length (~ 10732 ¢m). That is the program we shall now present.

3.2 Deforming Minkowski to anti de Sitter

In line with our deformation philosophy one is led to consider the possibility that
our Minkowski flat space-time is deformed with a tiny curvature. In the spirit of the
strategy of deformation quantization and noncommutative geometry, albeit here in the
commutative context, that intuitive geometric notion may be expressed by deforming
in a subtle way (because the Harrison cohomology can be trivial) as in [FrO1] the co-
ordinate algebra A = Co[x?, ..., x*] of polynomial functions over Minkowski space
without constant term into a subalgebra of the coordinate algebra of polynomial func-
tions on AdS4. Such an approach could be useful in quantizing AdS4 (see (3.3) below).

However, dealing with elementary particles, it is natural to see first what happens
with the UIR of the Poincaré group, especially those associated with free particles as
described by Wigner [Wi39]. As we have explained above, there are problems with
that interpretation when a positive curvature is introduced. This does not contradict
the fact that a positive curvature can be present at cosmological distances, e.g., due to
the presence of matter; it only means that a group like SO (1, 4) does not have a good
particle interpretation, consistent with the flat space limit.

It turns out that with the negative curvature deformation, not only these problems
do not appear, but there are significant advantages (see e.g., [AFFS, FF88, FFS99,
Fr00]). The strategy is the following. SO (2, 3) group representation theory shows
us that the UIR which, for many good reasons (see e.g., [AFFS]), should be called
massless, are (in contradistinction with the flat space limit) composed of two more
degenerate UIR of (the covering of) SO (2, 3), discovered by Dirac [Di63] who called
them singletons. We denoted them Di and Rac, on the pattern of Dirac’s “bra” and
“ket”. They are the massless representations of the Poincaré group in 142 dimensional
space-time, where SO (2, 3) is the conformal group (AdS4/CFT3 correspondence).

3.2.1 Kinematically composite massless particles in anti de Sitter space

More precisely, we denote by D(Ep, s) the minimal weight representations of the
twofold covering of the connected component of the identity of SO(2, 3). Here Ej
is the minimal SO (2) eigenvalue and the half-integer s is the spin. These irreducible
representations are unitary provided Eg > s+1fors > 1 and Ep > s+% fors = 0 and
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s = % The massless representations of SO(2, 3) are defined (for s > %) as D(s+1,5s)
and (for helicity zero) D(1, 0) @ D(2, 0). At the limit of unitarity (when going down in
the values of Ey) the Harish Chandra module D(Ey, s) becomes indecomposable and
the physical UIR appears as a quotient, a hallmark of gauge theories. For s > 1 we get
in the limit an indecomposable representation D(s + 1, s) — D(s +2, s — 1), a short-
hand notation [FF88] for what mathematicians would write as a short exact sequence
of modules.

Fors =0ands = %, the above mentioned gauge theory appears not at the level of
the massless representations D(1, 0)® D(2, 0) and D(%, %) but at the limit of unitarity,
the singletons Rac = D(%, 0) and Di = D(1, %). These UIR remain irreducible on
the Lorentz subgroup SO(1, 3) and on the (1+2)-dimensional Poincaré group, of which
SO (2, 3) is the conformal group. The singleton representations have a fundamental
property: (Di & Rac) ® (Di & Rac) = (D(1,0) & D(2,0)) & 2@;’11/2 D(s +
1, s). Note that all the representations that appear in the decomposition are massless
representations. Thus, in contradistinction with flat space, in AdS4, massless states are
“composed” of two singletons. The flat space limit of a singleton is a vacuum and,
even in AdSy4, the singletons are very poor in states: their (£, J) diagram has a single
trajectory (hence their name). In normal units a singleton with angular momentum J
has energy E = (J + %) p, where p is the curvature of the AdS4 universe. This means
that only a laboratory of cosmic dimensions can detect a J large enough for E to
be measurable. Elementary particles would then be composed of two, three or more
singletons and/or anti singletons (the latter being associated with the contragredient
representations). As with quarks, several (at present three) flavors of singletons (and
anti singletons) should eventually be introduced to account for all elementary particles.

3.2.2 Quantum Electrodynamics with composite photons

Dynamics require in particular the consideration of field equations, initially at the first
quantized level, in particular the analogue of the Klein—-Gordon equation in AdS4 for
the Rac. There, as can be expected of massless (in 1+2 space) representations, gauges
appear, and the physical states of the singletons are determined by the value of their
fields on the cone at infinity of AdS4 (see below; we have here a phenomenon of
holography [tH93], in this case an AdS4/CFT3 correspondence).

We thus have to deal with indecomposable representations, triple extensions of
UIR, as in the Gupta—Bleuler (GB) theory, and their tensor products. [It is also de-
sirable to take into account conformal covariance at these GB-triplets level, which
in addition permits distinguishing between positive and negative helicities (in AdS4,
the time variable being compact, the massless representations of SO(2, 3) of helicity
s > 0 contract (resp. extend in a unique way) to massless representations of helicity
=+s of the Poincaré (resp. conformal) group.] The situation gets therefore much more
involved, quite different from the flat space limit, which makes the theory even more
interesting.

In order to test the procedure it is necessary to make sure that it is compatible
with conventional Quantum Electrodynamics (QED), the best understood quantum
field theory, at least at the physical level of rigor since from the point of view of
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strict mathematical rigor there is still work to be done. [Only recently was classical
electrodynamics rigorously understood; by this we mean the proof of asymptotic com-
pleteness and global existence for the coupled Maxwell-Dirac equations, and a study
of the infrared problem; that was done [FST97] with the third aspect of the trilogy
mentioned at the end of Section 1, a theory of nonlinear group representations, plus a
lot of hard analysis using spaces of initial data suggested by the group representations.]

One is therefore led to see whether QED is compatible with a massless photon
composed of two scalar singletons. For reasons explained e.g., in [FFS99] and refer-
ences quoted therein, we consider for the Rac, the dipole equation (] — % 0) 2¢> =0
with the boundary conditions rl/ 2(]) < oo as r — 00, which carries the indecom-
posable representation D(%, 0) - D(%, 0). A remarkable fact is that this theory is a
topological field theory; that is [FF81], the physical solutions manifest themselves only
by their boundary values at r — oo: lim r'/2¢ defines a field on the 3-dimensional
boundary at infinity. There, on the boundary, gauge invariant interactions are possible
and make a 3-dimensional conformal field theory (CFT).

However, if massless fields (in four dimensions) are singleton composites, then sin-
gletons must come to life as 4-dimensional objects, and this requires the introduction
of unconventional statistics (neither Bose—Einstein nor Fermi-Dirac). The requirement
that the bilinears have the properties of ordinary (massless) bosons or fermions tells
us that the statistics of singletons must be of another sort. The basic idea is [FF88]
that we can decompose the Rac field operator as ¢ (x) = Ziooo ¢j (x)a; in terms
of positive energy creation operators a*/ = a_ ;j and annihilation operators a; (with
J > 0) without so far making any assumptions about their commutation relations. The
choice of commutation relations comes later, when requiring that photons, considered
as 2-Rac fields, be Bose—Einstein quanta, i.e., their creation and annihilation operators
satisfy the usual canonical commutation relations (CCR). The singletons are then sub-
ject to unconventional statistics (which is perfectly admissible since they are naturally
confined), the total algebra being an interesting infinite-dimensional Lie algebra of a
new type, a kind of “square root” of the CCR. An appropriate Fock space can then be
built. Based on these principles, a (conformally covariant) composite QED theory was
constructed [FF88], with all the good features of the usual theory —however about 40
years after QED was developed by Schwinger, Feynman, Tomonaga and Dyson.

3.2.3 Composite leptons and massive neutrinos

After QED the natural step is to introduce compositeness in electroweak theory. Along
the lines described above, that would require finding a kind of “square root of an
infinite-dimensional superalgebra,” with both CAR (canonical anticommutation rela-
tions) and CCR included: The creation and annihilation operators for the naturally
confined Di or Rac need not satisfy CAR or CCR; they can be subject to unusual
statistics, provided that the two-singleton states satisfy Fermi—Dirac or Bose—Einstein
statistics depending on their nature. We would then have a (possibly Z-)graded algebra
where only the two-singleton states creation and annihilation operators satisfy CCR or
CAR. That has yet to be done. Some steps in that direction have been initiated but the
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mathematical problems are formidable, even more so since now the three generations
of leptons have to be considered.

But here a more pragmatic approach can be envisaged [Fr00], triggered by recent
experimental data which indicate that there are oscillations between various flavors of
neutrinos. The latter would thus not be massless. This is not as surprising as it seems
from the AdS point of view, because one of the attributes of masslessness is the pres-
ence of gauges. These are group theoretically associated with the limit of unitarity in
the representations diagram, and the neutrino is above that limit in AdS: the Di is at the
limit. Thus, all nine leptons can be treated on an equal footing. One is then tempted to
arrange them in a square table and consider them as composites, writing Lg = RAD B.-
(We know, but do not necessarily tell phenomenologists in order not to scatter them
away with a high brow theory, that they are Rac-Di composites.) In this empirical
approach, the vector mesons of the electroweak model are Rac-Rac composites and
the model predicts a new set of vector mesons that are Di-Di composites and play
exactly the same role for the flavor symmetry Ur (2) as the weak vector bosons do for
the weak group Uw (2). A set of (maybe five pairs of) Higgs fields would have Yukawa
couplings to the leptons currents and massify the leptons (and the vector mesons and
the new mesons.) This attempt has been developed in part in [FrO0] (Frgnsdal and I are
still pursuing that direction) and is qualitatively promising. In addition to the neutrino
masses it could explain why the Higgs has so far escaped detection: instead of one
“potato” one has a gross purée of five, far more difficult to isolate from background.
Quantitatively however its predictive power is limited by the presence of too many free
parameters.

Maybe the addition to the picture of a deformation induced by the strong force and
of the 18 quarks, which (with the nine leptons) could be written in a cube and also con-
sidered composite (of maybe three constituents when the strong force is introduced),
would make this “composite Standard Model” more predictive. But introducing the
hadrons (strongly interacting particles) brings in a significant quantitative change that
could require a qualitative change, e.g., some further deformation.

Moreover it is one thing to explain abstractly that matter is composed of initially
massless particles that are massified by some mechanism, and another to describe
where, when and how that baryogenesis occurs. In the next subsection we shall sketch
a framework in which these questions could be addressed.

3.3 Quantizing locally anti de Sitter

Since around 1980 and until now, 't Hooft has been interested in combining quantum
mechanics and black holes, using tools that a theoretical physicist can understand; see
[tH85, tHOS5] among many. The first time I heard about it was at a conference in Stock-
holm in September 1980 when, dry jokingly, he called that “quantum meladynamics.”
In contrast with what was (until recently) conventional wisdom, he came early to the
conclusion that one can get some information on black holes by communication at their
surface, albeit with information loss. (“That is what we found about Nature’s book
keeping system: the data can be written onto a surface, and the pen with which the
data are written has a finite size” [tHOO].) This has lead him to two important notions,
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also in which he was a pioneer. The first is the principle of holography [tH93, tHO0],
which tells us that in some circumstances physics “in the bulk™ is determined by what
happens at the boundary; the AdS/CFT correspondence is a manifestation of it, being
a very elaborate version of the fact that the anti de Sitter group SO (2, n) is the con-
formal group of (1 + n)-dimensional space-time (we have seen it above for n = 3; it
was given that name after its appearance in String Theory, for n = 4, conjectured by
Maldacena in 1997 and proved in part by Witten in 1998, see also [FF98] in a form
closer to our context). The second is the idea (shared with many) that at very small
distances, space-time should be quantized, see e.g., [tH96].

Until now we have seen a number of instruments making use of various aspects of
deformation theory. For the “finale” of this paper we shall play all of them together—
hopefully in a way that will reflect Kepler’s Harmonia Mundi. At this stage the mo-
tivation (like that of Pythagoras, if I may use the comparison) is essentially aesthetic.
Some may call it Science Fiction.

One Ansatz is that, at least in some regions of our universe, our Minkowski space-
time is, at very small distances, both deformed to anti de Sitter and quantized, to g AdS.
These regions would appear as black holes, from which matter would emerge. That
matter could then be responsible, at very large distances, for a positive cosmological
constant, consistent with recent data. For cosmological experimental reasons, there
would be few (if any) such black holes in our extended neighborhood of the universe.
But there could be many of these at the edge of our expanding universe. In line with
't Hooft’s ideas, we would get an idea of what is inside through interactions at the
boundary.

Another Ansatz is that “inside” these g AdS black holes, some kind of singletons
would exist or be created. At their boundary (where both ¢ — 1 and curvature would
vanish) massless 2-singleton states would interact with dark matter which according
to what is now believed constitute about 23% of the universe, and/or with dark energy
which constitutes 73% of it (the matter that we know representing only 4%). In a way
similar to the Higgs mechanism, that would massify these states and create matter. It
is a picture of a universe in constant creation.

There are a number of mathematical questions, interesting in themselves, to ad-
dress in order to make this “double deformation theory” plausible. First, one should
study the ultrahyperbolic version g AdS4 of the 4-spheres considered in [CoDV]. That
is in progress (in particular with Pierre Bieliavsky and coworkers); first indications are
that the theory could be simpler than in the case of quantized spheres. One should look
more closely at the representation theory of the quantum group SO, (2, 3), in particular
study what becomes there of the singletons and what are those special finite dimen-
sional UIR (when g is even root of unity). The existence of the latter suggests that
these quantized spaces g AdS4 might be considered in some sense as “g-compact” or
“g-bounded” (in general topological vector spaces the two notions are not equivalent).
That also needs to be studied more carefully, as well as what happens at the double
limit.

On the physical side, a possibly new field theory has to be developed in relation
with the above deformed and quantized space-time. It could be that “inside” (whatever
that may mean) these ¢ AdS black holes are the extra dimensions of String Theory and
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other higher dimensional theories, the field theories of which would need to be adapted
to the present construct. It may even be that most of our present ideas on black holes
will have to be revised, as in the challenging approach which is now being developed
by Frgnsdal [FrO5]. The attempts made to a field theory of singletons would also need
to be adapted to the g-deformed context. The hope, of course, is that deforming and
quantizing space-time would reduce the ambiguities and infinities of the usual theories.
That is easier said than done, but these problems are worthy of attack—and are likely
to prove their worth by hitting back. Whatever the physical outcome is, some very
nice mathematics can be expected. That’s enough for us (dayenu in Hebrew, as is
traditionally said at Passover).
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1 Introduction

The aim of this paper is to show that deformation quantization provides us with a new
geometric idea going beyond classical geometry. In fact, there have been several at-
tempts to describe “quantum objects” in a geometric way (cf. [3], [5], [6]), although no
treatment has been accepted as definitive. Motivated by these attempts, we produce a
description of objects which arise from the deformation of algebras, as one approach to
describing quantum mechanics mathematically is via deformation quantization, which
is a deformation of Poisson algebras. Through the construction of the star exponential
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functions of the quadratic forms in the complex Weyl algebra, we found several strange
phenomena which cannot be treated as classical geometric objects (cf.[9], [11], [12],
[13]). Our main concern is to understand how to handle these objects geometrically,
and we hope that our results are a step toward quantum geometry. However, similar
questions arise even for deformations of commutative algebras, as in the case of defor-
mation quantizations. For this reason, in this paper we deal with the simplest case of
the deformation of the associative commutative algebra of polynomials of one variable.

In §2.1, we construct an algebra C,[¢] whose elements of C[{] are parametrized
by the indeterminate « .

Motivated by deformation quantization, we introduce associative commutative
products on C[¢] parametrized by a complex number k (cf. Definition2.1), which
gives both a deformation of the canonical product and a representation parameterized
by « of C.

Our standpoint formulated in § 2.1 is to view elements in the abstract algebra C,[¢]
as a family of elements. The deformation parameter « is viewed as an indeterminate.

One method of treating this family of elements as geometric objects is to introduce
the notion of infinitesimal intertwiners, which play the role of a connection. In fact,
elements of C,[¢] can be viewed as parallel sections with respect to this connection.
These elements are called g-number polynomials.

In §2.2 and §2.3, we extend this setting to a class of transcendental elements such
as exponential functions. In this setting, the notion of densely defined multi-valued
parallel sections appears crucially. We also call these g-number functions in analogy
with [1]. However, the only geometrical setting possible is to extend the infinitesimal
intertwiners to a linear connection on a trivial bundle over C with a certain Fréchet
space of entire functions.

In § 3 we investigate the moduli space of densely defined parallel sections consist-
ing of exponential functions of quadratic forms. We show that the moduli space is not
an ordinary bundle, as it contains fuzzy transition functions. This has similarities to
the theory of gerbes (cf. [2], [8]).

However, our construction has a different flavor from the differential geometric
point of view, since gerbes are classified by the Dixmier—Douady classes in the third
cohomology over Z, while our example is constructed on the 2-sphere or the complex
plane. We prefer to call this fuzzy object a pile, although Z;-gerbes have been proposed
as similar notions (cf.[14]).

We run into a similar situation in quantizing non-integral closed 2-forms on man-
ifolds. As for integral symplectic forms on symplectic manifolds, we can construct a
prequantum bundle, which is a line bundle with connection whose curvature is given
by the symplectic form. We attempt the prequantization of a non-integral closed 2-
form by mimicing our examples describing the moduli space of densely defined multi-
valued parallel sections. We note that Melrose [7] proposed a method handling a type
of prequantization of non-integral closed 2-forms, which seems closely related to our
approach.

In § 5, we give a simple example for treating solution spaces of ordinary differential
equations with movable branch singularities. We introduce an associative product on



Geometric Objects in an Approach to Quantum Geometry 305

the space of parallel sections of exponential functions of quadratic forms, but this
product is “broken” in the sense that for every «, there is a singular set on which the
product diverges. Thanks to the movable singularities, this broken product defines an
associative product by treating « as an indeterminate. This computation provides a
novel aspect of the noncommutative calculus. We also hope that our attempt will help
with the study for solutions of ordinary differential equations with movable branch
singularities.

In the end, our work seems to extend the notion of points as established elements
of a fixed set to a more flexible notion of elements.

2 Deformation of a commutative product

We give an algebra C,[¢] whose elements of C[¢] are parametrized by the indetermi-
nate « . For convenience, we denote by * the product on the algebra C,[¢]. The algebra
C,[¢] is isomorphic to the algebra C[¢] of polynomials in ¢ over C, but we will view
C«[¢] as a family of algebras which are mutually isomorphic.

2.1 A deformation of commutative product on C[¢]

We denote the set of polynomials of { viewed as a linear space by P(C). We introduce
a family of product %, on P(C) parametrized by « € C as follows.

Definition 2.1 For every f, g € P(C), we set
Freg=) 7(3) 01 @) 0800,

Then (P(C), *,) is an associative commutative algebra for every ¥ € C. Since putting
k = 0 gives the algebra C[¢], the family of algebras {(P(C), *,)}.ec gives a defor-
mation of C[¢] within associative commutative algebras. We note the following.

Lemma 2.2 For every ik, k' € C, the algebras (P(C), %) and (P(C), /) are mutu-
ally isomorphic. Namely, the mapping TK", : P(C) — P(C) given by

o0

/ 1 1,1
1 () = (exp 50 =00 F©) = Y 7 (50 =) @FVF©) ()
=0 "

satisfies TS (f . g) = T (f) % TX (g).

Definition 2.3 The isomorphism T,f/ given by (1) is called the intertwiner between
the algebras (P(C), *,) and (P(C), *,).
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Taking the derivative in «’ for TX " defines an infinitesimal intertwiner. Namely, for
k € C we set

tx(u)(f)Zd o T () = —u3 1 2

The infinitesimal intertwiner gives a realization of C,[¢] as follows. Let 7 : CxP(C) —
C be the trivial bundle over C, and I'(Cx P(C)) the set of sections of this bundle.
Using the infinitesimal intertwiner defined by (2), we introduce a connection V on
['(CxP(C)): For a smooth curve c(s) in C and y € I'(CxP(C)), we set

d ) . d
Vey(s) = a)/(C(S)) — Ie(s) (¢(s))(y (c(s)), where ¢(s) = £C(S)- 3)
Definition 2.4 A section y € I'(CxP(C)) is parallel if Vy = 0. We denote by

S(CxP(C)) the set of all parallel sections y € I'(CxP(C)).

Let us consider an element f, € C,[¢]. Corresponding to the unique expression of an
element f, € C[¢] as

Zal {* -x¢  (finite sum), a; € C,

tlmes

we set the element f, € P(C) for k € C by

fK_Za]{*K- *, ¢ (finite sum), a; € C.

j-times

The section yr, (k) = fi gives a parallel section of the bundle 7 : CxP(C)—C.
Using the product formula %, , we define a product x on S(CxP(C)) by

V1*72) (1) = y1 (&) *¢ Y2(k), 1, 2 € S(CxP(C)). 4

Lemma 2.5 (S(CxP(C)), %) is an associative commutative algebra.

This procedure gives an identification of the algebra (S(CxP(C)), *) with C,[¢]. El-
ements of (S(CxP(C)), x) will be called g-number polynomials. Although the space
of parallel sections could also be defined as the space of leaves of a foliation, we at-
tempt to give examples via deformations as alternative geometric objects.

2.2 Strange exponential functions

We now extend this procedure to exponential functions. For f, € C,[¢], we want to
describe the star exponential functions exp,, fx, which may be a highly transcendental
element.

Let £(C) be the set of all entire functions on C. For p > 0, we set
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Ep@) ={f €EC) | Ifllps = suge—‘”“'ﬁf(m < 00,V8 > 0}, o)
e

and also set £,1.(C) = Ny> & (C). Then (£,(C), *,) is a Fréchet commutative as-
sociative algebra for p < 2 (cf. [11]). Recalling the intertwiner T,f, given by (1), we
have the following [12]:

Lemma 2.6 Let p < 2. The intertwiner TK’(/ in (1) canonically extends to a map TK"/ :
Ep(C) — &E,(C) satisfying

TE (f % 8) = T (f) %0 T (8)  for every f, g € £,(C). (6)

We note that while the product *, does not give an associative commutative product
and the intertwiner T,* " does not extend to £ »(C) for p > 2, the notion of the connec-
tion V is still defined.

Namely, we consider the trivial bundle 7 : Cx&(C) — C over C with the fiber
E(C), and the set of sections I'(Cx&E(C)). For y € TI'(Cx&(C)), we define a co-
variant derivative V;:y as the natural extension of (3). It is easily seen that V is well
defined for I'(Cx &, (C)) and I'(Cx &, (C)) for every p>0. As before, we denote by
S(Cx&,(0)), S(CxE,4(C)) the sets of parallel sections.

We wish to treat the star exponential function exp, fi for fi. € Ci[¢]. Asin §2.1,
we have the realization { fi },cc of fi € Ci[¢], where f,, € P(C).Fixing the *, prod-
uct gives the star exponential functions of f, € P(C) with respect to *, as follows.
We consider the evolution equation
{8zFK(l) = fie(§) #¢ Fie (1), )

F.(0) = 8-

If (7) has a real analytic solution in 7, then this solution is unique. Thus, we may set
exp,, fi = Fi(1) when (7) has an analytic solution with F(0) = 1.

By letting « vary in C, the totality of the star exponential functions {exp, fi}ceC
may be viewed as a natural representation of the star exponential function exp,, fi.

As an example, we consider the linear function f(¢) = a¢, where a € C. Then
the evolution equation (7) is expressed as

{ 0 Fe(t) = at Fe + 5ad; Fy, ®)

F.(0) =1.
By a direct computation, we have

Lemma 2.7 The equation (8) has the solution F,(t) = exp(at{ + %aztz). Thus, we
may set

K 2
exp,, ¢ = exp(r§ + Zf ) 9

which is contained in £14(C) for every k € C.
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Since the intertwiner T,f/ is defined on &4 (C), and T,* /(exp*l{ af) = exp, ,af, we
see that {exp, al}cec is an element of S(Cx&4+(C)). As in §2.1, it is natural to
regard {exp, al}.cc as the star exponential function exp, a¢, which may be called a
g-number exponential function.

From the star exponential functions exp, a¢, we construct a type of delta function
via the star Fourier transform: Namely, we call

8, () = / exp,, i1¢ d1 (10)

the *,-delta function. Using (9), we have

Lemma 2.8 The x-delta function 6, (¢) is well defined as an element of £,4(C) for
every k € C such that Re(x) > 0.

Using integration by parts, we easily see that
e? / exp,,, ¢itc dt, Ree? k>0
—00

does not depend on 6 whenever Re(e%?k) > 0. This allows us to define 04, (C) €
&4 (C) for k € C —{0}.

Lemma 2.9 The mapping 8, : C—{0} — &4 (C) defined by k — 8., is double-valued.

Proof. We set

o
5(z: el i) = elf’/ explie®te — £e202)qr. (11)
—oo 4
Setting « = T gives that S(C;em,e”)
0 is well defined on the strip bounded by
6 = —7% £ 7 given in Figure 1. Note that

8(¢; €', k) depends only on t in this strip
—n/2<t+20<m/2and 8(¢; €', k) is a par-

T allel section with respect to k. By varying 6,
we may move T from O to 27 such that (z, 6)
is contained in the strip as indicated in the
figure. Moving along such a path from 7 =0
to T = 2m gives

Figure 1

8(¢;1,0) = f exp(it¢ — %ctz)dt = —/ exp(—itl — %ctz)dt =—68(¢;1,0).

Let us consider the trivial vector bundle over C — {0}. Lemma 2.9 tells us that 8,(¢)
can be viewed as a double-valued holomorphic parallel section over C — {0}. Note that

8(¢;1,¢0)= %3_%52, and lim._,0 6(¢; 1, ¢) gives us the ordinary delta function.
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As seen in the construction of the star delta functions, the notion of densely defined
multi-valued parallel sections arises naturally, which could be handled as leaves of
a foliation. However, as mentioned in §2.1, we prefer to interpret this object as an
alternative geometric notion.

2.3 Star exponential functions of quadratic functions
We set

PP(©) = {f(&) =at*+bla,beC),

CPel = {f2(6) = agx¢ € Cul¢l]a € C).
Thus, we view al*¢ as the section y (k) = a¢? + %K e I'(Cx PP (C)), where 7 :
Cx PP (C)—C is the trivial bundle over C with fiber P®(C). We now attempt to
give a meaning to the star exponential function exp, a¢*¢, a € C along the argument
in §2.1.

We consider a quadratic element f, € (Ciz) [¢]. Then the corresponding polynomial
f is given by

fe = xel =§2+§. (12)

As in §2.1, we view {f¢}cec as a parallel section of Cx P (C). We consider the
following evolution equation.

0 Fe () = fic(§) % Fie(1),  Fe(0) = g, 13)

where f, can be given by (12). (13) is rewritten as

2
K K
0 Fe(t) = @+ D) Fe + kL0 Fe + 07 Fey - Fe(0) = g (14)

We assume that the initial condition g, is given by the form g, = p,0exp aK70§2,
where p. 0 € Cx = C — {0} and a, ¢ € C. Putting g, = 1 gives the star exponential
function exp,., [ (©). To solve (14) explicitly, we assume that F. is of the following
form:

Fe(®) = pe(1) expa ()¢, (15)
Plugging (15) into (14), we have

da, = 14 2a,k + a,%/cz,
dpe = 5(1 +rac)p, (16)
a,(0) = a0, Pk 0) = Pk,0-

Proposition 2.10 The solution of (16) is given by

a0 +1(1+kae)
1 —xt(1 4+ kac ) ’

Px,0
V1 —kt(1+kagp) '

ac(1) = pic(t) = an
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where we note the ambiguity in choosing the sign of the square root in (17). We define
a subset £ (C) of £(C) by

ED(©) ={f = pexpat?|p € Cx, a € C}.

Identifying f = pexpat? € EP(C) with (p, a) gives E@(C) = C, xC. Note that
E@(C) is not contained in £ (C) but in £ (C), on which the product %, may give
rise to strange phenomena (cf. [12]).
Consider the trivial bundle 7 : Cx£® (C) over C with fiber £ (C). In particular,
putting a,.0 = 0, pr,0 = 1 and ¢t = a in Proposition 2.10, we see that
1 a 2
XP., ALHE = e eXP T L (18)
where the right-hand side of (18) still has an ambiguous choice for the sign of the
square root.
Keeping this ambiguity in mind, we have a kind of fuzzy one-parameter group
property for the exponential function of (18). Namely, for g, = exp, b{*(, where
b € C, the solutions of (14) yield the exponential law:

1
eXp*K aé‘*,(é- Ky eXp*K bé‘*,(é- = m

atb 4-2
e-@® =exp, (a+b){*c¢,
19)
where (19) still contains an ambiguity in the sign of the square root.

Recall the connection V on the trivial bundle 7 : Cx&(C)—C. It is easily seen
that the connection V gives a specific trivialization of the bundle 7 : CxE® (C)—C.
According to the identification £? (C) = C, xC, we write y (k) = p(k) expa(k)¢>
as (p(k), a(x)). Then the equation Vy,y = 0 gives

da(t) = a(®)?,
20
{ hp() = Sp(nai. 20

We easily see that (18) gives a densely defined parallel section. As seen in [12], it
should also be considered as a densely defined multi-valued section of this bundle.
Thus, we may view the star exponential function exp, a*¢ as a family
{Fe(t) = ——— exp ——¢2)
‘ V1 —ax 1—ax> 1

This realization of exp,, a{*¢ is a densely defined and multi-valued parallel section
y() = plk)expa(x)? of the bundle 7 : CxEP (C)—C. In the next section, we
investigate the solution of (20) more closely.

3 Bundle gerbes as a non-cohomological notion

The bundle 7 : Cx&(C)—C with the flat connection V gave us the notion of parallel
sections, where we extended this notion to be densely defined and multi-valued sec-
tions. This is in fact the notion of leaves of the foliation given by the flat connection
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V. We now analyze the moduli space of densely defined multi-valued parallel sections
of the bundle 77 : Cx £ (C)— C with respect to the connection V. The moduli space
has an unusual bundle structure, which we would call a pile. We analyse the evolution
equation (20) for parallel sections as a toy model of the phenomena of movable branch
singularities.

3.1 Non-linear connections

First, consider a non-linear connection on the trivial bundle ]—[KE(C C =CxCoverC
given by a holomorphic horizontal distribution

H; y) ={(; yzt); t € C} (independent of «). 21

The first equation of parallel translation (20) is given by Z—Z = y2. Hence, parallel

sections are given in general by
1 —1
= e ). (22)
—K 1—clk

There is also the singular solution («; 0), corresponding to ¢~1 = 0. Note that («, —%)
is not a singular solution. For consistency, we think that the singular point of the section
(x, 0) is at o0.

Let A be the set of parallel sections including the singular solution («, 0). Every
f € A has one singular point at a point ¢ € S = C U {cc}. The assignment of f € A
to its singular point o (f) = ¢ gives a bijection o : A—S$% = C U {oo}. Namely, A is
parameterized by S? by

(5 y(x)) = </<;
C

6(f)=0©f=('€,cil(>» o(f) =00 & f=(k0)eA (23)

In this way, we give a topology on A.

Let T,f, () be the parallel translation of («; y) along a curve from « to «’. Since
(21) is independent of the base point «, TKK/(y) is given by

y TKK/(OO) —

T =—, .
e ) 1— vy —k) Kk — k'

We easily see that TX = T,f,//T’( /

T =1.Every f € Asatisfies TS f(k) = f(k)
where they are defined.

3.1.1 Extension of the non-linear connection

We now extend the non-linear connection H defined by (21) to the space CxC? by
giving the holomorphic horizontal distributions
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H(k; y,2) = {(t; yzt, —yt);t € C} (independent of «, 7). 24)

Parallel translation with respect to (24) is given by the following equations:

d dz
d_y =2, = =—y. (25)
K

For the equation (25), multi-valued parallel sections are given in both ways

1
K,L,zﬂog(l—ak) . |«, —— wHlogk —b)|, (a,beC)
1 —ax b—«k
(26)

although they are infinitely valued. The singular solution (k; 0, z) occurs in the first
expression. The set-to-set correspondence

(a,z+27iZ) <= (b,w +27iZ) = (a~ ',z +loga + i + 27iZ) (27)

identifies these two sets of parallel sections, which gives multi-valued parallel sections.
However, because of the ambiguity of loga, we can not make this correspondence a
univalent correspondence (cf. Proposition 3.1).

Denote by A the set of all parallel sections written in the form (26). Denote by
3 . A— A be the mapping which forgets the last component. This is surjective. For
every v € Asuchthato(v) =b =a"! € §%, we see

na—l(v):{(/{,bix,w—}—log(/c—b));we(C}

:{(K,L,z—i—log(l—ak));ze(C}.
1—ax

Since there is one-dimensional freedom of moving, 75~ (v) should be parameterized
by C. However, there is no natural parameterization and there are many technical
choices.

3.1.2 Tangent spaces of A
For an element f = («, ﬁ, z+log(l—axk)) = («, ﬁ, w+log(k —b)), the tangent
space Tf.%i of Aat f is

Ty A= i a(S)_ ) + log(1 — a(s) : (a(0), z(0)) =
f o dS s=0 1 — a(S)K', Z(S Og( ats K)) ) (a( 5 < ) = (a, Z)

a ak
_ . aeC
<(1—alc)2’Z 1—a1<)’a’ze }
—b b o
= <m,w—m),b,w€((j}.
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b —a~201T4 . -
[w:| = |: fq 1] [g} = (d)(a,z2) [i} , and TfAZ 2.

Consider now a subspace Hy of Tffi obtained by setting z = 0 in the definition of
TffI. Then, {Hy; f € A} is defined without ambiguity 2777, and obviously Hy = C.
We regard {Hy; f € A} an unambiguously defined horizontal distribution on 73 :
A— A

The invariance in the vertical direction gives that {Hy; f € A} may be viewed as
an infinitesimal trivialization of 73 : A— A

Hence

Parallel translation /£ " for (25) is given by

I(y,2) = <+ z+log(l — y(k" — K))) ,
1 —yk —«)

1 (28)
= _1—,z+logy+10g(y_1—/<'+l<) ;
y -k +«k

which is obtained by solving for (25) under the 1n1t1al data («, y, z).
By definition we see I = I, and I,’f =1 " I «'as a set-to-set mapping Every

fe A satisfies I,’(‘/f(/c) = f(x’) where they are defined.

Proposition 3.1 Parallel translation via the horizontal distribution {Hy : f € A}
does not give a local trivialization of 73 : A — A.

Proof For a point g = (« ) of A, and a small neighborhood V, of a, V, =

a’ € V,} is a neighborhood of f in .A. Consider the set

’luK

{1 a’K>
1,5 a ’ ’
(V) = K,m,z—i—log(l—a/c) ;a eVy, zeCh.

The horizontal lift of the curve £(3)K a'(s) = a + s(a’ — a) along the infinitesimal

trivialization is given by solvmg the equation

d (@ —a)x

= = 0) € log(1 — .

752 o) 2(0) € log(1 — ax)
Hence z(s) = log(1 —(a+s(a’ —a))«),and z(1) = log(1 —a’«). Thus it is impossible
to eliminate the ambiguity of log(1—a’«) on V,, no matter how small the neighborhood
V, is. O

Proposition 3.1 shows that 73 : A = Ais not an affine bundle. In spite of this,
one may say that the curvature of its connection vanishes.
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3.1.3 Affine bundle gerbes

Although 73 : .Z—>A does not have a bundle structure, we can consider local trivial-
izations by restricting the domain of «.

(@) Let Voo = {b; |b|>3} C S? be a neighborhood of co. First, we define a fiber
preserving mapping p_, ,, from the trivial bundle 77 : Voo xC — Vg into 3 : A — A
such that m3p_, , = o~ 7 by restricting the domain of « in a unit disk D: Consider
(K, 72—, 2 + log(1 — ax)) for (k, a~') € Dx V. Since |ax|<1/3, log(1 — ax) is
defined as a univalent function log(l — ax) = log|l — ax| + i@, —w <6 <m on this
domain by setting 1 — ak = |1 — ax|e’? , which will be denoted by log(1 — AK) DX Vs -
We define

a
Pap(b;) = (6, ——— 2 +log(l —aK)), @' =beVu, z€C (29
where log(1 — ak) in the right-hand side is the analytic continuation of log(1 —ax) =
log(1 —ax)pxv,,-

(b) We take a simple covering of the
domain |z| < 3 by unit disks Vj_,, ...,
Vo_i» Vg Vi - -+ Vi, asinFigure 2, and
fix a unit disk D’ apart from all V. We
define a fiber preserving mapping pVb,~= o

from the trivial bundle 7 : Vp, xC — V),
to the bundle 73 : A — A such that
TPy, = o'z by restricting the do-

Figure 2 main of k in a unit disk D’.

We see that setting k — b = |k — b|e!?, log(k — b) is defined as a univalent function
on the domain D’xV}, as log |k — b| + i0, —w <6<, which is denoted by log(k —
b)D’xVbi .

Consider (k L w+ log(k — b)) for (k, b) € D' xVp,. We define

9 b—K’
1
Py, b, w) = (K, oV + log(x — b’)) , (', w) e V,xC  (30)

where log(k — b) on the r.h.s. is the analytic continuation of log(x — b) Vi XD -

(c) Suppose ¢ € VNV, and PVh,-,D’(Cv w) = PV;,J.,D’(Ca w’). Then we see that

there exists a unique n(i, j) € Z such that w' = w + 2xin(, j). For the above
covering, we see n(i, j) = 0 for every pair (7, j).

Let ¢ € Vj,,NV and py, p(c, w) = poo,p(c, 2). To fix the coordinate transfor-
mation, we have to choose the identification of two sets of values log(k —b) prxy, and
log(1—ak)pxv,, - For b;,except b1, we identify these through the analytic continuation
along the (lower) curve ¢; joining D and D', but for by, we identify log(x — b) D'xVp,
and log(1 — ak)pxv,, through the analytic continuation along the (upper) curve c,
joining D and D’.
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Therefore there is a positive integer n(i, 00) such that w’ = z + 2win(i, o) by the
same argument. For the above covering we see in fact that if n(1, co) = m fori = 1,
then n(i, c0) = m + 1 forevery i # 1.

These give coordinate transformations. However, the collection of these local triv-
ializations do not glue together, for these do not satisfy the cocycle condition on the
triple intersection marked with the triangle in Figure 2.

We denote by | [, .2 Cp the collection of these local trivializations. Thus we have
a commutative diagram

Lpes2 Co A
T 3 (31

2 <2 A.

One can consider various local trivializations of the bundle-like object of the left-hand
side. | [, <52 Cp is not an affine bundle, but an “affine bundle gerbe” with a holomorphic
flat connection (cf. [8]). However, the geometric realization of a holomorphic parallel
section is nothing but an element of .4 given by (26).

3.2 Geometric notions on A

Recall that the discordance (the Japanese word sogo is the term used in [10]) of patch-
ing of three local coordinate neighbourhood occurs only on the small dotted triangle
in Figure 2.

In this section, we construct two examples which give almost the same phenomena
as in the previous section for gluing local bundles.

3.2.1 Geometric quantization for a non-integral 2-form

Consider the standard volume form dV on S? with total volume 47 . Let  be a non-
integral, closed smooth 2-form (current) on $2 such that f 2 §2 = 47, and with the
support of €2 concentrated on a small disk neighborhood of the north pole N. For
{Ui}ier a simple cover of $2, on each U;, Q is of the form Q = dw;, and hence
wij = wj —wjonU;; = U; NUjis aclosed 1-form (current), and is written by
w;j = df;;j on U;; for a smooth O-form (current) f;;.

Now we want to make a U (1)-vector bundle using e¥=11ij as transition functions.
However, since on U;jx = U; N U; N Uy we only have

VUi VUit V=1 fii = oN=1Uij+fitt i)

e¥=1/ii cannot be used as patching diffeomorphisms. In spite of these difficulties, we
see that the horizontal distributions defined by w; glue together.

Thus, we can define a linear connection on such a broken vector bundle, which
is precisely the notion of bundle gerbes. Since Q2 = dw;, the curvature form of this
connection is given by €. Note that we can make a parallel translation along any
smooth curve c(z) in S2.
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The support of €2 is concentrated in a small neighborhood Vy of the north pole N.
Therefore any closed curve in S> — Vi can be shrunk to a point in S> — Vy . In spite
of this, the homotopy lifting of parallel translation does not succeed, because of the
discordance (sogo) of the patching diffeomorphisms.

If U; does not intersect Vi, then we have a product bundle U; x C with the triv-
ial flat connection. Since w; = d loge’, the integral submanifold of the horizontal
distribution of w; is given by log e . This looks like a pile. Thus, even if the object
is restricted to S — Vi, we have a non-trivial bundle gerbe which is apparently not
classified by a cohomology class.

We note that this gives also a concrete example of the local line bundles over a
manifold treated by [7].

3.2.2 A simple example

The simplest example of objects we propose in this paper is given by the Hopf-fibering
53 il) S%. Viewing §° =[] ges? S; (disjoint union), we consider the ¢-covering S (} of
each fiber S ;, and denote by S3 the disjoint union | | ges? S‘; We are able to define
local trivializations of S 3|Ui ~ U; xS! naturally through the trivializations S 3|Ui given

on a simple open covering {U; };cr of $2. This structure permits us to treat $> as a local
Lie group, and hence it looks like a topological space. On the other hand, we have a

projection
o S’3=]_[§;—>S3=]_[S;
ges? qes?
as the union of fiberwise projections, as if it were a non-trivial £- covering. However
S§3 cannot be a manifold, since S> is simply connected. In particular, the points of §3
should be regarded as £-valued elements.

We now consider a 1-parameter subgroup § I of $3 and the inverse image 7~ (S1).
Since all points of S* are “¢-valued”, this simply looks like a combined object of
S x 7, and the € covering group, i.e., in some restricted region, this object can be
regarded as a point set in several ways. In such a region, the ambiguity is caused
simply by the reason that two pictures of point sets are mixed up.

3.2.3 Conceptual difficulties beyond ordinary mathematics

Let P, be the parallel translation along a closed curve. Let ¢, (¢) be a family of closed
curves. Suppose ¢ (0) = ¢s(1) = p and c; () = p. We see that there is (p; v) such that
P (p; v) # v. Therefore there must be somewhere a singular point for the homotopy
chasing, caused by the discordance. However the position of singular point can not be
specified.

Even though the parallel translation is defined for every fixed curve, these parallel
translations are in general set-to-set mappings when one-parameter families of closed
curves are considered.

Thus, we have some conceptual difficulty that may be explained as follows: a paral-
lel translation along a curve has a definite meaning, but when we think this in a family
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of curves, then we have to think suddenly this is a set-to-set mapping. Recall here the
“Schrodinger’s cat”.

Such a strange phenomenon is caused in A by movable branch singularities. In
§3.1, we considered a non-linear connection on the trivial bundle S>xC, and an
extended connection to treat the amplitude of the star exponential functions of the
quadratic form.

4 Broken associative products and extensions

In this section we give an example where such fuzzy phenomena play a crucial role in
defining a concrete algebraic structure. We consider the product bundle [ [, .~ C, and
we define in each fiber an associative product which is broken in the sense that each
product is not necessarily defined for all pairs (a, b).

4.1 Associative products combined with the Cayley transform

First of all, we give such a product on the fiber at k = 0. Let S? be the 2-sphere
identified with C U {oo}. Consider the Cayley transform Cy : §2—82,Co(X) = %
and define the product by

a+b

TTab " Cy ' (Cola)Co(b)). (32)

aoob:

Here ~ means algebraic equality where defined: an algebraic procedure through the
calculations such as follows:

— e (t+ad+b—(1-a(1-b a+b
—b

I+ 22 A+ +h)+ A -a)1—b)  1+ab

—|—

The product is defined for every pair (a, b) such that ab # —1, and is commutative
and associative whenever they are defined. Note also that

a+b a ' +bp7!

—1 —1
- b1, 33
T+ab 1+@h)t ¢ % (33)

aeyb=

Hence we set oo e b = b1, o oo 0o = 0, in particular.
One can extend this broken product to pairs (a : g) € CxC as follows:

(a:8)e0(b:g)=(aeob:gg'(1+ab)).

This is an associative product, which follows from ( 32).

b+c a+b
1+b0) (1 — (1 1 + ab).
I+ C)< +“1+bc) < +1+abc)( +ab)

It is worthwhile to write this identity in the logarithmic form
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b+c
log(1+b 1 1
og(l + bc) + og< +a1+bc)

b
—tog (1422 ¢) +log(l +ab), mod2riZ (34)
14+ab

although the logarithmic form uses infinitely-valued functions. If one sets C(a, b) =
log(1 + ab), then (34) is the Hochschild 2-cocycle condition:

C(b,c)—C(aegb,c)+C(a,begc) —C(a,b) =0, mod2wiZ.
We extend the product as follows:
(@:g) e (b:g)=(aegb:g+g +log(l+ab)). (35)
This is associative as a set-to-set mapping. By using (27), (35) is rewritten as
@ ') e, b g =@ egb g+ g +logl +a" b7 h).

Next we define a family of products defined on each fiber at «. To define such a
product, we use the twisted Cayley transform defined by C, ~ Cy T,?, where T,? is
given in the equality (1). The result is

I—y(—x)
C = 36
«(¥) Ty +5) (36)
and we define
a+ b+ 2abk 1
a e, b= m ~ CK (CK (a)C,((b)) (37)

The point is that the singular set of the product depends on «x. a e, b is defined for
every pair (a, b) such that ab(l — x?) # —1. In other words, for an arbitrary pair
(a,b) € C2, the product a e, b is defined for some « in an open dense domain.

For the parallel sections given in (22), we see that

a b a+b
[ ) = .
l—ax “1—bk 1—(a+bx+ab

(38)

In particular,

. 1 1

Tk b—x

For simplicity, we denote by f (k) the section f of the bundle 7 : S> x C — §°.

Proposition 4.1 For parallel sections f (k), g(k) defined on open subsets, the product
f (k) o, g(k) is also a parallel section where defined.
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4.1.1 Extension of the product
Using (35), one can extend the product a e, b by the formula
(a: 8) o (b3 8) ~ I§ (1) (@: 8)) oin (I (a3 §)))-
Indeed, we see how the algebraic trick works:

(a:8) e (b:g)=(aecb:g+g +log(l+ab(l —«?))
_ a+b+2abx
S \l4ab(1—«2) "

39
g+gﬁ+mg1+aM1—K%0. &9

Proposition 4.2 The extended product (a : g) e, (b : g') is defined with a 2rwiZ
ambiguity. However, the e, product is associative where defined.

The point of such a fiberwise product is the following:

Proposition 4.3 For parallel sections f(k), g(k) defined on open subsets, the product
f (k) o, g(k) is also a parallel section where defined.

Proof. We have only to prove I" (f o h) = IK (f) o I" (h).
For f = (1 — log(l —ak)), h = (=5 bK,log(l — b/{)) we see that

a+b
h = ,
f o (1—(a+b)/c+ab

a b 2
log((l—alc)(l—b/c)<1+1_aK1_bK(1—K )))

a+b
- (1 —(a—i-b)K—i-ab’lOg(l_(a+b)K+ab)>_

It is easily seen that I" (f o h) = (m, log(1 — (a + b)x’ + ab)). O

S The notion of g-number functions

Using Propositions 4.1, 4.3, we define a multiplicative structure on the sets .4 and Aof
parallel sections. A notion of g-number functions which describe quantum observables
was introduced in [1], and our notion of parallel sections is stimulated by this idea.
From this point of view, we may employ the notation : f :, for a section f of the
bundle 7 : [[,.c C — C.

For f € .A we view k as an indeterminate. For every f, g € A, excluding the pair
(f,e) = K, 1+K) we define an element f e g € A by

D fegu= flk) e g(k). (40)

Some product formulas on A are given as follows:
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T O I S
*IEL ST 15k T 1l—k’ 1+K. T4k’

where O stands for the singular solution («, 0). These formulas say that % acts like O
or 0o. Hence A is viewed naturally as the Riemann sphere with standard multiplicative
structure such that a0 = 0, aco = 00, but 0co is not defined. By the definition of e,
we have C (f o g) = Ce (f)Ci(8)-

Here the correspondence is given by the family of twisted Cayley transforms
[liec Cc : A—>CU{oo}. We view A as a topological space through the identifica-

tion [ [, ¢ C«.
The table of correspondence is as follows:

—1 1 —1 1—
A 0 « T« T4« l—aak 1—K+azl1+/<) f )
1— 1—fx)(1=«)
ImageC, |1 -1 0 oo 72 a TGO (1F6)
. . 1 1+
singular point | co 0 1 —1 7 = -
Note that
Cola) = L=a N e E o)
K 1—«x+4+a(l+«k) ] — =2, 00

is a parallel section, and % is independent of k for every parallel section f.

5.1 A product on A

Let A be the space of all parallel sections given in (26), and consider the product e on
Ais given by the product formula (39). For f, f' € A, we set f = (k, y), z(x)),
f = (k, ¥ (k), 7 (k)). f e g is defined as a parallel section defined on the open dense
domain where y(k), y' (k) # oo.

Note that
2 log(l — ax) L og(1 10
K,l_aK,Og aK [ ] K,1+K,Og K

—1
= (K', m, log(l — a) +10g(1 +K)> .

1
K, L, log(l —ax) | e |k, ——,log(1 — k)
1 —ax 1—«

1
= (K, 1 ,log(1 +a) + log(1 — K)> .
—K

Although l"fF—IK plays the role of O or oo, the third component depends on a.
For simplicity, we denote in particular



Geometric Objects in an Approach to Quantum Geometry 321

1 1 —1 1
w’C:(K;m,C—i—lng(l_K‘)), w__L‘:(K; m,c+10g§(l+K)>
41)

It is easy to see that
W 8 W = Weye, We® W = Wey,
but @, e w. diverges.

Let A, be the subset of A excluding the parallel sections (x; lijlK , ¢ +log(1F«k)).
We also set

AO =-/Zl>< U {w.}, vz{oo ZAX U (.}

Proposition 5.1 A is closed under the extended product e, where defined. In partic-
ular, Ay, Ao Aco are each closed respectively under the e-product.

5.2 The infinitesimal left action

Note that the singular solution 1 = (x,0,0) € A is the multiplicative identity. A
neighborhood of 1 is given by (k, 1=, g + log(1 — a«)) by taking (a, g) in a small
neighborhood of 0. For g = 0, we set f;, = (k, 1=, log(1 — a«)). For a parallel

section h = (k, y(«), z(k)) € A, the product f, e h is given by

a+yk)+ayk)k
1 —ax +ay@)(1 —«?2)

faoh=< ,z+log(1—aK+ay(/<)(1—K2))),

Consider the infinitesimal action

d
| fas e 002 = (@1 + 236 = Y21 =P + y(1 = kD).
Define for every fixed « the invariant distribution

Le(y,2) = {(@((1 + y)* — y»), a(—« + y(1 — k*))); a € C}.

By Proposition 5.1, we have dI(’)‘ ZOI,?(y, 7) = i,(.

5.3 The exponential mapping

The equation for the integral curves of the invariant distribution L, through the identity
(0,0) is

d
00, 20) = @((1+y0K)> =y (1)), a(—k+y () (1—k2)), (¥(0), z(0)) = (0, 0).

For the case «k = 0,a = 1, we have (y(¢), z(¢)) = (tanh¢, logcosh?).
We define Exp, : C — Ay by the family of Exp, :
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sinh ¢
cosht — (sinh#)k’
sinh ¢
cosht — (sinh t)k )

Exp,t = T, (tanht) =

Exp,r = (k; T{ (tanh 1)) = ( 42)

For a fixed ¢, Exp,? is a parallel section with the exponential law

Exp,s e Exp,t = Exp,(s + 1), and Exp,(s + 27i) = Exp,s.
For the extended product, let Efl;(i)o t = (tanht; logcosht), and let
Exp, ¢ = I¥Expy ¢ ( sinh f log(cosh 7 — (sinh 7) ))
= =\—, - K)).
Pi 0 =XPo cosht — (sinh#)k &

Although Epr is not defined for all # € C, viewing « as an indeterminate permits us
to define the exponential mapping Exp. C— Ay by

Exp,t sinh / log(cosh ¢ — (sinh 1)K) (43)
xpt=|k; ——————— log(cosht — (sinh#)k) | .
Pe cosht — (sinh#)k &

This is a parallel section with the exponential law
Exp,s e Exp, 1 = Exp, (s +1).

For a closer look at }::,;(i). , we define the logarithmic function log(cosh # — (sinh ¢ ) k)
by the integral

" sinhs — h
log(cosht — (sinh#)x) = / SRS (c?s $)K ds 44)
o coshs — (sinhs)k

by setting the initial condition ]évxp.O = (x,0,0).
Using this, we see the following:

Proposition 5.2 If the initial condition Exp,v (x,0,0) is requested, Exp, C —
.Ax is an injective homomorphism, that is, Exp,z = Exp.w in A implies 7 = w and
the exponential law Exp,(z + w) = Exp,z @ Exp,w holds.

Proof. We have only to show the injectivity. Suppose Ig;(i),z = ]::‘;ii),w. Then, we see
that for every «,

. w /Z sinh s — (cosh s)k /w sinh s — (cosh s)k
e =€, : = : N
o coshs — (sinhs)k o coshs — (sinhs)x

It follows that w = z 4 27in for some n. We will show that n = 0. So suppose n # 0,
but we assume n = 1 for simplicity. The second identity gives

/’”2”" sinhs — (cosh S)Kd /Z sinh s — (cosh S)Kd
s — s
0 coshs — (sinhs)k o coshs — (sinhs)k
/‘“2”" sinh s — (cosh §)x
= ds =
z

cosh s — (sinh s)k
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Set z = x + iy. Then, fz+2m sinhs—(coshs)k ¢ §s the contour integral

z cosh s—(sinh s)x
/ (1—w)e*w—(1+k) dw _ |27, el sy,
wi=1 (1 —K)eXw+ (1 +x)  w 27i, e_zx'ﬁﬂ <1
Since this does not vanish, we must have n = 0. O

We see also that for every o € C,

—_ sinh s
Expia)s = ( ;

; —————— loge®’ hs — (sinh )
cosht — (sinh s)k oge™ (coshs — (sinhs)x)

satisfies the exponential law.
Using this formula, it is easily seen that for r € R,

sinh ¢

. LT —t e
LW = tl_l)n;lo (—cosht —smhc loge ' (cosht — (sinh t)/()),

sinh ¢

R T t (e
10 = [llgnoo <—cosht —smhc loge' (cosht (smht)/c)).

We end by noting that Ay isa strange object, which one cannot treat as a usual
manifold. A, is a group-like object and the mapping which forgets the last component
for the map Ay — Ay is a homomorphism onto Ay, = Cy.
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