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Leon Ehrenpreis at Stockholm



Preface

Like many other mathematicians around the world, we were saddened and shocked
when news reached us that Leon Ehrenpreis had passed away on 16 August 2010.
Our first instinct was to collect a volume of mathematical contributions by his many
friends and collaborators as well as by many mathematicians whose mathematical
career has been influenced by Leon’s work. We are very appreciative for the imme-
diate support that Springer and Dr. Francesca Bonadei have given to our idea and
for the enthusiastic response of the many authors who have agreed to participate in
what we consider as an act of respect, friendship, and affection for Leon. We are
also indebted to Leon’s daugther, Yael Ehrenpreis Meyer, who has shared with us
the beautiful picture of Leon in Stockholm, a picture that so perfectly reflects Leon’s
zest for life. Finally, we are grateful to Professor Malgrange for sharing with us a
personal letter that Leon wrote to him in June 1960 and which is appended to this
volume.

As a way of introduction to the volume, we include, in the next few pages, three
short essays that focus on three different periods of Leon Ehrenpreis’ mathematical
life.

Milan, Italy Irene Sabadini
Orange, USA Daniele C. Struppa
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Part I
Introduction to the Volume



Leon Ehrenpreis: Some Old Souvenirs

Bernard Malgrange

In the years 1952-1953, I had finished my studies at Ecole Normale Supérieure, and
I had a position of research in CNRS, under the supervision of Laurent Schwartz.
His book on the theory of distributions had been recently published; this book and
his paper on mean periodic functions were full of open problems on linear differ-
ential equations, especially with constant coefficients and convolution equations.
I was mainly interested in the problem of “elementary solutions”: given a differen-
tial polynomial P with constant coefficients, does there exist a distribution f on R"
verifying Pf =4, § the Dirac measure?

Schwartz suggested to solve this problem by finding a “tempered” f: by Fourier
transform, this is equivalent to the problem of “division of a distribution” by a poly-
nomial. I tried this method, but unsuccessfully (the problem was solved several
years later, independently by Hormander and Lojasiewicz). But I found that one
can bypass the division of distributions: by duality, one is reduced to the following
problem: if a family { Py} (¢4, functions C°*° with compact support) tend to zero
in a suitable sense, then the {¢y} tend also to zero. Now, by Fourier transform P
is transformed into a polynomial, and ¢, into an entire function with some growth
conditions at infinity described by the Paley—Wiener theorem. And a simple argu-
ment of maximum modulus gave the required result.

There are a lot of convergence conditions which can be chosen. The simplest is
perhaps the following one: if the ¢,’s have a bounded support and if the Pg, tend
to zero in L2, then the @y tend also to zero in L2,

The same method, with a little more work, gives also the following results:

(1) Let f be a C* function (resp. a distribution of finite order) in R”; then there
exists another one g with Pg = f.

(i) The exponential-polynomial solutions of Pf = 0 are dense in the C*°, or in the
distributions solutions.

B. Malgrange ()
Institut Fourier, BP 74, 38402 Saint Martin d’Heres, France
e-mail: bernard.malgrange @ujf-grenoble.fr

1. Sabadini, D.C. Struppa (eds.), The Mathematical Legacy of Leon Ehrenpreis, 3
Springer Proceedings in Mathematics 16,
DOI 10.1007/978-88-470-1947-8_1, © Springer-Verlag Italia 2012



4 B. Malgrange

Furthermore, the same results are true for R” replaced by an open convex set.

I published notes in Comptes Rendus de I’Académie des Sciences on these results.
A short time later somebody, I think J. Dieudonné, told me that a young American
mathematician, named Leon Ehrenpreis, had obtained also the same results. They
were published in American Journal in 1954 under the title “Solution of some prob-
lems of division 1.

This was the beginning of a kind of emulation, although this was essentially
the only one time where we obtained independently similar results. To this emu-
lation, I can perhaps add the name of Lars Hérmander, who namely reproved the
existence theorem in his thesis by proving the required L? inequality directly with
energy integrals, without Fourier transform; this permitted to him to get by the same
method existence theorems for some equations with variable coefficients (“equa-
tions of principal type”), which could not be obtained by our complex methods.

Concerning the next period, I will mention mainly the series of papers by Ehren-
preis “Solution of some problem of division”, especially the numbers III and I'V. Let
me indicate briefly the main results of these papers.

In II1, he solves a problem left open by the preceding works: given a differential
polynomial P with constant coefficients, and a distribution f in R” (not necessarily
of finite order), there exists another one g with Pg = f. The proof consists in a
very precise analysis in terms of Fourier transform of the topology of the space D of
Schwartz (i.e. the space of C*° functions with compact support). Later, I interpreted
this analysis as giving a theorem of propagation of regularity for the solutions of
equations with constant coefficients. For a more systematic study of this point of
view, I refer to the book “Linear partial differential operators” by Hormander.

I was much impressed by this paper. But I was even more impressed by the next
one, number IV. This paper is devoted to convolutions equations y * f =g, u a
given distribution with compact support, f and g C* functions or distributions.
The main results are the following:

(1) A necessary and sufficient condition for u* to be surjective in the space of C*°
functions, or distributions, in R”. The condition, called by Ehrenpreis “slowly
decreasing”, is as follows:

If /1 is the Fourier transform of w (which is an entire function in C"), there
exists a > 0 such that for each real z, there exists another 7/ with |7/ — z| <
alog(1+ |z]) and |(2')] = (@ + |z])™* (here |z]| is any norm in C").

If we replace “distribution” by “distribution of finite order”, one needs a
stronger condition: the first inequality should be replaced by |z’ — z| < a.

(i) A necessary and sufficient condition for “hypoellipticity” (called “ellipticity”
after Schwartz): all distributions f verifying u * f = 0 are C*° functions.

The condition generalizes the one obtained for differential polynomials by
Hormander in his thesis; but Ehrenpreis says that his own result was obtained
independently.

The condition is the following: first, i should be slowly decreasing; further-
more, on the variety of zeros of fi, one has an inequality | Im z| > alog(1 + |z|).



Leon Ehrenpreis: Some Old Souvenirs 5

But Ehrenpreis was soon after that work interested by a much more general sit-
uation: the overdetermined linear systems with constant coefficients. In 1960, he
announces general results in this context.

For simplicity, I limit myself to systems with one unknown (the general case
is similar). Also, I consider only the case of C* functions in R”; in the case of
distributions and convex open sets, the results are similar.

We give Py, ..., Py, linear differential operators with constant coefficients. Then
the results are as follows:

(i) Given functions fi, ..., fi, C*°, there exists a g C* verifying P;g = f; if and
only if the f;’s verify the “trivial compatibility conditions”: if Qy, ..., Q,, are
differential polynomials with constant coefficients satisfying X' Q; P; = 0, then
onehas X Q; f;i =0

(i) The exponential-polynomial solutions of P;g =--- = P, g = 0 are dense in all
solutions.

Actually, Ehrenpreis gives a much more precise statement, called “fundamental
principle”: roughly speaking, the C* solutions of the system are Fourier transforms
or “integrals” (in a suitable sense) of measures with support the complex variety of
zeros of P ()=---= I/’:n (z) =0, F, the polynomial associated to P;.

I will just explain roughly how one can get (i) and (ii) (the fundamental principle
requires some more work). By duality and Fourier transform, the problem is reduced
to the following:

Let u be a distribution with compact support, and j its Fourier transform. Ac-
cording to Paley—Wiener theorem, [ is an entire function of exponential type with
polynomial growth in any strip |Imz| < a, a € R, and conversely.

Now, suppose that, at every point z9 € C", [ is in the ideal of formal series in
(z — zo) generated by P], ..., P,.Then,one has i = X P V;, where v; are Fourier
transforms of distributions W1th compact support (or, to abbreviate, entire functions
with Paley—Wiener growth).

It is classical that, with these hypotheses, one has locally in C", g = X 2 fis fi
germs of holomorphic functions. Now the theory of Cartan—Oka proves that, in fact,
one has a global result, i.e. t = X' P; f;, f; entire. The problem is to prove that one
can choose the f; with Paley—Wiener growth.

The idea is to copy more or less the method of Cartan: first, get local bounds.
Then, to globalize the result, use a theorem of vanishing of cohomology “with
Paley—Wiener bounds”. Note that, at this time, the idea of cohomology with bound
was absolutely new.

As I said, these results were announced in 1960, in the paper “The fundamental
principle for linear constant coefficients partial differential equations”. A little more
details were given in some monographed notes of lectures at Stanford. But it takes
about 3 years to have a complete manuscript; and the final book “Fourier analysis
in several complex variables” was not published before 1970. Needless to say that
the book contains many more results on ellipticity, Cauchy problem, quasi-analytic
classes, etc.

The 1960 announcement interested very much the (few) experts of the subject. At
the first time, I was extremely surprised, may be a little bit sceptical. But, after two
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years, in the absence of complete proofs, I tried to give my own version. It differs
from that of Ehrenpreis in two points:

First, I use a Dolbeault cohomology with bounds, instead of Cech cohomology as
Ehrenpreis. In fact, a theorem of vanishing of Dolbeault cohomology “with Paley—
Wiener growth” is surprisingly simple, much more that Cech cohomology with the
same bound. Some time later, Hormander got practically definitive results on Dol-
beault cohomology with growth condition given by any plurisubharmonic function;
he gave also an exposition of Ehrenpreis theory using this theorem.

The second difference, less important, is that I used (local) estimates on C*° func-
tions, instead of holomorphic ones (the use of Dolbeault cohomology permits it).
These estimates come from a development of the theory of division of distributions.

I note also that Palamodov gave also a version of the theory (his version is more
close to that of Ehrenpreis).

These works finish essentially the subject. One could think of an extension to
general systems of convolution equations, but this seems very difficult, or even al-
most impossible. The only one reasonable result to be expected was the density of
exponential polynomials for general systems of homogeneous equations, a result
obtained for one variable by Schwartz in his theory of mean periodic functions. But,
in 1974 Gurevitch proved that the result is not true for several variables.

Let me finish by a few words about our personal relations. Actually, we met for
the first time in Paris, in 1958 (if my memory is correct); this was a rather long time
after our first works. Before that meeting, I thought of Ehrenpreis, with a little bit of
tension, as a rather abstract person with whom I was more one less in competition.
But, at our first meeting, he was so open and friendly that all tension disappeared
totally. We became friends, although we did not meet so often. I remember espe-
cially a visit he made in Tunis, in 1970, where I stayed for one year. I think he was
very pleased with this visit, except that the Jewish Tunisian food seemed not to fit
him. Later, I met him several times in New-York, where I come often for familial
reasons. He came to some lectures I gave to Courant Institute.

More recently, not a long time before his death, I had the surprise and pleasure
to see him at a lecture I gave at Kolchin Seminar, in CUNY. I was especially happy,
since I had not seen him since a rather long time, and we took the opportunity to
remember old souvenirs. When leaving him, I could not imagine that it was our last
meeting.



Leon Ehrenpreis, a Unique Mathematician

Daniele C. Struppa

1 Introduction

What made Ehrenpreis’ mathematics so unique was his bold approach to classical
problems, and his interest in finding an overarching and unifying framework for a
variety of apparently unrelated problems. In this note I will try to highlight this char-
acteristic, by looking at some of Ehrenpreis’ papers which are not, strictly speaking,
connected with either the Fundamental Principle or the Radon Transform.

Malgrange’s section on the work that he, Hormander, and Ehrenpreis accom-
plished in the context of systems of linear constant coefficient partial differential
operators has illuminated a particularly intense period in the history of modern anal-
ysis: in this context, the contribution of Ehrenpreis is almost completely summarized
in his first full length book [8].

The section authored by Kuchment, on the other hand, gives a beautiful picture
of Ehrenpreis’ involvement with integral geometry and its far reaching work on the
Radon transform, as described in his pioneering work [15].2

My own involvement with Ehrenpreis stemmed from me being (from 1978 to
1981) a doctoral student of Carlos Berenstein, who himself was a former student
of Leon. As such I came to meet Ehrenpreis many times during his frequent vis-
its to College Park, Maryland. What I remember most from our conversations, and
from his talks, was his overarching belief that one should consider the theory of
holomorphic functions (in several complex variables) as a special case of a more

! As a somewhat amusing and personal note, I should mention that in the late 1980s I had founded
a small publishing company in southern Italy, Mediterranean Press was its name; at that time
Ehrenpreis was visiting my department, and he had accepted my invitation to write a book on the
Radon transform for my company. During the next several years, I therefore saw several prelim-
inary versions of the book, but by the mid-1990s I had left Italy, sold my equity in the company,
and Ehrenpreis had found a much more appropriate outlet for his work.

D.C. Struppa (B<)
Schmid College of Science and Technology, Chapman University, Orange, CA 92866, USA
e-mail: struppa@chapman.edu

1. Sabadini, D.C. Struppa (eds.), The Mathematical Legacy of Leon Ehrenpreis, 7
Springer Proceedings in Mathematics 16,
DOI 10.1007/978-88-470-1947-8_2, © Springer-Verlag Italia 2012
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general theory of overdetermined systems. As for the theory of holomorphic func-
tions in one variable, one should be trying to think of it as a special case of a more
general theory of mean-periodic functions. His belief in this general approach was
illustrated by some of his most original and beautiful work. In this short note, I
would like to focus on three specific instances in which his worldview allowed him
to recreate classical theorems in a much more general setting, thus opening the way
to fruitful and unexpected generalizations.

2 The Hartogs’ Theorem

I will begin with the beautiful proof that Ehrenpreis gave in 1961 for the well-
known Hartogs’ theorem on the removability of compact singularities for holomor-
phic functions of more than one complex variable. The theorem states that if K
is a compact set in C", with n > 2, every holomorphic function outside of K can
be extended (in a unique way) to a holomorphic function inside of K. This result,
which was originally proved by Hartogs [17] in 1906 and was probably the first
to demonstrate the unique flavor of complex analysis in several variables, has been
given many different proofs and has been generalized to many settings [26, 28]. But
it was only with Ehrenpreis’ surprising [7] that it became clear that the result has
little to do with holomorphic functions, but it is rather a consequence of an essen-
tially algebraic property of the Cauchy—Riemann system. The actual statement of
Ehrenpreis is as follows:

Theorem 1 Let K be a compact set in R", and let Py, ..., P, be r polynomials
in n complex variables with no common factors. Denote by P;(D) the differential
operator that is obtained by replacing the complex variable z = (z1,...,2,) in P
by the formal differential operator D = (—id/dxy, ..., —id/0x,). Then every in-
finitely differentiable function on R" \ K which is a solution, in R" \ K, of the sys-
tem P(D) f =0, namely P1(D)f =---= P.(D)f =0, can be extended uniquely
to an infinitely differentiable function on R", solution everywhere of the same sys-
tem. The new solution coincides with f on R" \ K., where K, indicates a small ¢
neighborhood of K .

The proof of the result is a brilliant (and early) example of the use of cohomol-
ogy vanishing arguments. Essentially, one extends f in some arbitrary way to an
infinitely differentiable function g and then notices that the collection {P;(D)g} is
a compactly supported 1-cocycle with coefficients in the sheaf R of solutions of
the system P(D) f = 0. Using the Ehrenpreis—Malgrange division theorem [6, 23]
(which essentially states that an entire quotient between a holomorphic function
and a polynomial has the same growth order as the original holomorphic function),
Ehrenpreis shows that the first cohomology group with compact support and with
coefficients in the sheaf R vanishes, and therefore the 1-cocycle is a 1-coboundary,
and the correction that this provides is sufficient to modify the original extension g
into a global solution of the system.
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This proof is beautiful on several counts: it is very simple (in fact, it can be
given in full detail in just a few lines), it takes advantage of the equally beautiful
Ehrenpreis—Malgrange lemma (in itself a powerful statement on the nature of poly-
nomials), and finally it uncovers the fundamentally algebraic nature of the problem.
The extension to the case of a rectangular system is technically more complicated
and was given in detail, for example, in [25], as well as sketched in Ehrenpreis’
own [8]. But the structure of the proof is so easy that it is in fact possible to gener-
alize it further to infinite-order differential operators (see, for example, [20]) as well
as to convolution equations as in [24]. We refer the reader to [26, 28] for a rather
complete history of the various developments surrounding the various proofs of the
Hartogs’ theorem, and where more complete references (including the works of
Kawai concerning the case of systems of variable coefficient differential equations)
are given.

3 The Edge-of-the-Wedge Theorem

A second instance in which the theory of several complex variables is reinterpreted
in a larger context is offered by Ehrenpreis’ interest in a general approach to the
question of extension of holomorphic functions. Clearly Hartogs® theorem is an
example of such an interest, but Ehrenpreis was interested in a more general issue,
in which the extension was not necessarily across a compact set. To this problem
Ehrenpreis devoted a series of papers, [9-11, 13, 14, 16], whose focus, in a sense, is
on the extension of the edge-of-the-wedge theorem, from the case of holomorphic
functions to the case of more general solutions to overdetermined systems of linear
constant coefficient differential equations.

This is not the place for a full discussion of the problem, but it is probably worth
sketching at least the fundamental setting, which Ehrenpreis considered in his papers
beginning with [9], but whose intellectual origins can once again be traced back
to [8]. Consider s (not necessarily) different open sets £21,..., £2; in R"” and r
differential operators (once again not necessarily different) D; = (Dj1,..., Djs)
with constant coefficients. Suppose, furthermore, that there is a set X contained
in every closed set .Q_j, which can be used to parameterize the solutions (in some
suitable Analytically Uniform space) of D; f; =0 on each £2;. We use this term
to indicate, in accordance with Chap. IX of [8], that a suitable Cauchy problem
(determined by the operators D; and initial values on X) is well posed. Suppose
now that the solutions f; satisfy on X some differential relations

Y aijdifj=0
ij

generated by suitable constant coefficient differential operators 9;. Then one may
ask what kind of consequences can be derived regarding the f;. In particular, is it
possible to extend them to being solutions of those same operators D ; on larger sets
(this is a removability of singularities problem, of a very different nature from the
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one we examined in the section on the Hartogs’ theorem, since the singularities are
not confined, in this case, to compact sets)?

The study of such general Cauchy problems, and more precisely the conditions
under which the problem is well posed (conditions on the spaces of functions in-
volved, on the geometrical properties of the varieties associated to the operators,
and on the specific geometry of X) are discussed in [8], but while the results of
Ehrenpreis are extremely general, they are somewhat difficult to apply to specific
conditions.

In the papers that begin with [9], however, Ehrenpreis fixes his attention on the
way in which these results are far reaching generalizations of well-known function
theory theorems. For example, if s =1, 2 = {(x1,...,x,) € R" : x; > 0}, and if
r =1, with D being now the Laplacian, then one can consider a very special differ-
ential relation, say

A g

dx1

’

and then any general theorem will end up being a generalization of what is known as
the reflection theorem, namely the theorem that states that harmonic functions in the
half-space {(x1, ..., x,) € R" : x; > 0}, which satisfy af/dx; = 0, can be extended
to harmonic functions on all of R".

By the same token, the edge-of-the-wedge theorem can be seen in this context.
Take all the differential operators to be the Cauchy—Riemann systems in n variables,
and take two open sets £21, £2> to be complex tubes over two convex cones in the
real space. Then the differential relation is actually the request that the two functions
f1, f>, holomorphic respectively on £21 and £2;, coincide on the real boundary of
the two tubes. The conclusion of the edge-of-the-wedge theorem then is that there
is a holomorphic function f which extends the f ]/ s to the convex hull of 27 | J £25.

Once again, Ehrenpreis shows us here a very general approach to a variety of
different problems in which holomorphicity (or harmonicity) are just special cases
of functions which are solutions to more general systems of differential equations.
I can only leave it to the reader to further explore these ideas in the articles cited in
the references.

4 Infinite-Order Differential Operators and the Fabry Gap
Theorem

Finally, I want to go back to the interest of Ehrenpreis in convolution equations, and
in the role they could play in understanding some classical properties of holomor-
phic functions in one complex variable. As Malgrange has observed in his note, a
full extension of the Ehrenpreis—Palamodov Fundamental Principle to (systems of)
convolution equations is not possible, essentially because of the example of Gure-
vich to which Malgrange makes reference. This said, Ehrenpreis never abandoned
the possibility that at least for some classes of convolutors, it may be possible to
prove what is essentially a version of the Fundamental Principle. He first showed
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how to obtain a weak version of the Fundamental Principle in Chap. 11 of [§], but
his result was somewhat hard to apply, and the restrictions on the convolutors are
hard to decipher. But his intuition was in fact correct. That this was the case was
shown first by Berenstein and Dostal [1] in a very special case, and later on by
Berenstein and Taylor [5], at least for the case of systems of convolution equations
with one unknown function. What Berenstein and Taylor show in [5] is that it is
possible to construct a class of convolutors (which they call slowly decreasing, fol-
lowing a terminology already used by Ehrenpreis to indicate the condition that is
necessary to establish surjectivity in suitable spaces) for which a reasonable ana-
logue of the Fundamental Principle holds. Their theory was further extended to the
case of rectangular systems of convolution equations in all LAU spaces in my dis-
sertation [27]. It is worth pointing out (and in fact it is necessary in view of what
will follow) that infinite-order differential operators on the space of holomorphic
functions offer an example of slowly decreasing convolutors, and therefore the the-
ory developed in [5, 27] can be applied to solutions of (systems of) such operators.
One of the consequences of these extensions of the Fundamental Principle consists
in the fact that convergent exponential sums, both in one and in several variables,
can be considered as solutions to systems of slowly decreasing convolution equa-
tions and in particular (when holomorphic functions are considered) to systems of
infinite-order differential equations.

This leads us to one of the most intriguing contributions of Ehrenpreis to classical
complex analysis. In Chap. 12 of his monograph [8], as well as in [12], Ehrenpreis
reconsiders the classical Fabry gap theorem. In brief, the theorem can be stated as
follows: let z denote the complex variable, and, for complex numbers c; and real
numbers a, consider the series

+00

§ : lajz
c/e s

j=1

Assume that, in the strip |Im z < 1], the series converges, uniformly on compact sets,
to a function f(z) which can be analytically continued to a neighborhood of some
point zo on the boundary of the strip itself. Then, if the sequence {a} is lacunary in
the sense that

n
— —>0 asn—>
an

and there exists a positive constant ¢ such that
|an - aml > C|n - mlv

the function f can actually be continued analytically to an entire strip containing z,
and, on the compact subsets of this new strip, the series Zjﬁ? cje"“j ¢ converges to
the continuation of f(z). There are several ways to look at this theorem, and maybe
the most important classical reference is Levinson’s important [22]. But Ehrenpreis
offers in Chap. 12 of [8] two very unconventional approaches. One consists in notic-
ing that every exponential ¢/%7 is itself a solution of the particular differential equa-
tion

d_z —lajf=0,



12 D.C. Struppa

and therefore it is not unreasonable to think of the series Z;le) cj ¢'%% as a series of
solutions to different differential equations. Since exponentials, in several variables,
appear as solutions to overdetermined systems of differential equations, this offers
Ehrenpreis a way toward a very powerful generalization. More precisely, Ehrenpreis
considers a sequence {D;} of differential operators, with D; = (Dj1,..., Dj,), and
then seeks conditions on such operators that allow us to study overconvergence
properties of the series ) f;, where the summands in the series are solutions to
D; f; = 0. The results that Ehrenpreis obtained in this direction are somewhat tech-
nical and probably ripe for further analysis. As far as I know, they have not yet been
explored with the depth they seem to deserve.

But Ehrenpreis also offers another way of interpreting the series ijl’ Cj eliz;

specifically he points out that if f(z) = j‘;xl’ c jei“fz, then f can be thought of as

a solution of the convolution equation S * f = 0, where S is the convolutor whose
Fourier transform is, up to some converging factor, the entire function I7(1 —z/a;).
It was this beautiful intuition that proved to be most fruitful and opened the way
for a variety of interesting generalization. Most notable is probably Kawai’s work
[18, 19] on what he called the Fabry—Ehrenpreis gap theorem, and which stemmed
from the interpretation of S as an infinite-order differential operator. Kawai’s work
is also extremely beautiful and brings into the picture the theory of hyperfunctions,
as the natural environment for the study of infinite-order differential operators. As
it often happens, new results open new doors, and Berenstein and the author pushed
further some of these ideas and applied them to what they called now the Fabry—
Ehrenpreis—Kawai gap theorem in a series of papers, which exploited the original
intuition of Ehrenpreis and found its most general formulation in [2, 3, 21] and
finally in [4]. In those papers, we believe that the original vision of Ehrenpreis on
the role that convolution equations can play in understanding the overconvergence
behavior of Dirichlet series (and generalized Dirichlet series) is carried out to a great
extent.
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Leon Ehrenpreis, Recollections from the Recent
Decades

Peter Kuchment

Leon Ehrenpreis was an outstanding world-class mathematician and a wonderful,
warm person. I had a privilege to consider myself his friend for the last two decades.
It is hard to do justice to his manifold mathematics and personality, but I will try to
at least add some recollections to this tribute volume.!

Leon Ehrenpreis has been one of my mathematical heroes for about 40 years.
I first encountered his, Lars Hormander’s, Bernard Malgrange’s, and Victor Palam-
odov’s fundamental and beautiful works on systems of linear constant coefficient
PDEs in early 1970s, when I was an undergraduate student and then a PhD candi-
date. They have had a profound impact on me, in particular when working on the
Floquet theory of periodic PDEs, which we with Leonid Zelenko started developing
in a few years. I am sure that Bernard Malgrange and Daniele Struppa have de-
scribed this part of Leon’s legacy much better than I ever could. I will only address
some of the research Leon pursued in the last two decades of his life, which I was
lucky to witness.

Some time around 1988, a medical industry contract forced me to learn the ba-
sics of a fascinating topic that I had never heard of before, the so-called computed
tomography. This turned out to be fateful. Our research group in Voronezh found
the mathematics of tomography so challenging and exciting that in the following
decades several of us have being devoting a significant part of time working on
tomographic problems. Appearance in the 1980s of the Russian translation of the
cornerstone book on this topic by Frank Natterer [52] also helped. Interestingly
enough, I discovered that several mathematicians whom I admired for their work
in completely different areas (e.g., Carlos Berenstein, Simon Gindikin, and Victor
Palamodov) had already been working on tomography-related issues. This is an in-
stance of a strange effect that I have observed several times in my life, when several

10One can also read the AMS Notices article [30] for recollections of several Leon’s friends and
colleagues. A volume on tomography [10] is also dedicated to Leon’s memory.
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people working in closely related areas suddenly and independently make a sharp
turn to the same new direction.

The end of the 1980s was a fascinating time in the former Soviet Union, when
contacts with the West have started to become somewhat possible. In particular,
the existence of some of famous mathematicians could be checked experimentally
(before that, the names like L. Ehrenpreis, L. Hormander, P. Lax, L. Nierenberg,
and many others seemed to me to belong to some deities rather than real people).
In 1989 I had my first chance to travel abroad, and I spent about a month in the
USA going to various universities and to an AMS tomography conference in Arcata,
California. This is where I saw for the first time some of my scientific heroes (e.g.,
L. Ehrenpreis, S. Helgason, F. Natterer) in flesh.?

Meeting Leon in Arcata was a big surprise to me, since I had no clue that he had
become interested in integral geometry or tomography. This was another instance
of the simultaneous change of direction. He showed a polite interest in what I told
him about my PDE work related to his, but it was clear that he was thinking in
somewhat different (although not orthogonal) direction now. This was the first time
when I heard Leon mentioning his book on Radon transform, which was “nearly
finished.” It did appear ... in 2003 [28]. In the 13—14 years in between, Leon had
been sending generously the nth versions of his manuscript to anyone interested,
and the ideas and problems contained in these texts have influenced many of us.

After emigrating later in 1989 to the USA, I found employment at the Wichita
State University in Kansas. The year 1990 was a tough time for finding employ-
ment for a middle-age emigree mathematician with mediocre, at best, command of
English. Having recommendation letters from colleagues such as L. Ehrenpreis was
crucial, and I am indebted forever to them and many other mathematicians who
supported me in various ways in these difficult times.

Settling down in Wichita was rather pleasant. My family loved the city. The math-
ematics department was quite good, including several prominent people in the areas
of my interest, in particular in inverse problems (Victor Isakov and Ziqi Sun). When
I started bringing in speakers and collaborators, Leon Ehrenpreis was one of the first
invitees, and since then he had become a constant visitor of our department and then
of the Mathematics department of Texas A&M, where I moved in 2001. His lec-
tures and discussions that I and my graduate students had with him were extremely
interesting, scientifically rewarding, and personally enjoyable.

I will skip some personal recollections, which one can find in [30] and concen-
trate rather on mathematics. One of the first topics that we discussed was a strange
byproduct of the papers [48, 49] published a couple of years before. There we with
S. Lvin described the range of the so-called exponential Radon transform, which

2The Arcata meeting was also the place where I met for the first time other colleagues, whom
I now consider as long-time friends (J. Boman, D. Finch, A. Markoe, E. T. Quinto, G. Uhlmann,
and many others). I could not even imagine that twelve years later I would have a privilege to work
at the same department at Texas A&M with another group of researchers whose work I studied and
admired as a young mathematician in Russia, such as Ron Douglas, Ciprian Foias, Carl Pearcy,
and Gilles Pisier.
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arises in the Single Photon Emission Computed Tomography (SPECT), an impor-
tant medical imaging method [52]. I will not burden the reader with technicalities
and just describe the result on a hand-waving level. It is known [34-36, 42, 43, 52]
that the ranges of Radon-type transforms are usually of infinite codimension in nat-
ural function spaces. Knowing the description of the range plays an important role
in integral geometry and tomography. After range conditions are found, it is usu-
ally straightforward to go back and check their necessity,> while a proof of their
completeness is usually technical. Thus, when the conditions of [48] were found,
we expected that reproving their necessity should be a piece of cake: just plug the
transform of a function into these conditions and see immediately that they are sat-
isfied. However, when we did this, we discovered an infinite and totally nonobvious
to us set of nonlinear differential identities for the standard sine function: for any
odd natural n,

Xn: n d . d inx i d inx 4 (k — 1
— —sinx o — —sinx+i)o---0o — —sinx — i
= k) \dx dx dx

X ((sinx)"fk) =0, (1

where i is the imaginary unit, and o denotes the composition of differential opera-
tors. The attempt to prove these identities directly (i.e., without any integral geom-
etry and Fourier analysis) succeeded [49] but took a significant time. We are still
puzzled by the meaning of these identities [50]. Several integral geometry and to-
mography experts devoted their time and effort to trying to understand better the
meaning of these range conditions. This is also what we set out to do with my
PhD student Valentina Aguilar and Leon Ehrenpreis. We succeeded in the following
sense: we showed, in particular, that these identities are equivalent to an interesting
theorem of separate analyticity type.

Theorem 1 ([8]) Let D be a disk in R2, and f be a function in the exterior of D.
Suppose that when restricted to any tangent line L to D, the function f|r, as a
function of one real variable, extends to an entire function on the complexification
of L. Then f, as a function on R* \ D, extends to an entire function on C>.

Well, this fact also did not look obvious to us. Analyticity of f in a complex
neighborhood of R? \ D follows from the old (and not that well-known) separate
analyticity theorem by S. Bernstein (see [9]); however this theorem cannot produce
statement about f being an entire function. Thus, since proving the above theorem,
a couple of things about it kept bothering us for several years. First of all, this is
a fact of several complex variables, while our proof did not look like an SCV ar-
gument at all. Is there a truly complex analysis proof? Another, related, question
is whether such a theorem can be proven for a different convex body instead of a

3For instance, when the so-called moment conditions [35, 42] for the standard Radon transform

are written, checking their necessity boils down to noticing that the kth power (x - )* of the inner
product of two vectors is a homogeneous polynomial of degree k& with respect to each of them.



18 P. Kuchment

disk D? An SCV proof was later provided in [54], although it was rather compli-
cated and was not generalizable (at least, easily) to other convex curves. Leon has
worked out some other examples of convex algebraic curves (unpublished), but gen-
eral picture remained unclear to us. Finally, A. Tumanov presented recently [59] a
beautiful short proof based on attachment of analytic disks (where Tumanov is a
great expert), which works for any strictly convex body D with a mild condition on
the smoothness of its boundary.

Another issue that we addressed with Leon and my Master student Alex Panchen-
ko also originated from emission tomography. The exponential Radon transform in
SPECT depends upon an “attenuation” parameter p > 0. In [29], we introduced and
studied a “mother” exponential Radon transform, which had no free parameters, but
by different restrictions of which one can obtain the exponential Radon transforms
corresponding to all possible values of the attenuation. We also obtained the range
description there, which was based upon the F. John’s differential equations. In this
particular case, the (ultrahyperbolic) John’s equation could be recast as a boundary
Cauchy-Riemann equation.

Although we have not done any joint research since 2000, we kept discussing
(in person and by e-mail) various integral-geometric and PDE issues. One was the
fascinating and surprisingly hard “strip problem” [1, 2, 4, 6, 37, 38, 57, 58], to
which Leon has contributed [27, 28] and which he extended to a more general PDE
setting (see, e.g., [6, 27, 28]). It was eventually resolved due to efforts of several
mathematicians, including M. Agranovsky, J. Globevnik, and A. Tumanov (see the
reference above).

Leon was also very much interested in the activity concerning the “restricted
spherical means” operator, i.e., a version of Radon transform that integrates a given
function over spheres of arbitrary radii, but with the centers restricted to a hyper-
surface S. The study of such operators was very active since the beginning of the
1990s, due first to needs of approximation theory , then self-sustained just due to the
beauty and complexity of arising problems (see [3, 7] and references therein), and
finally it received a huge boost in the last decade, due to the discovered relations to a
newly developing method of medical imaging, the so-called thermo-/photo-acoustic
tomography (see the surveys [5, 31-33, 47, 60] and references there).

The restricted spherical mean problem happens to be a very particular case of one
of the questions raised by Leon in his book [28]. This brings us from the “small”
problems discussed above to the much more general thinking Leon has been doing
on transforms of Radon type and their very wide generalizations. This was reflected
in his papers of the period and in the monograph [28]. The title of this book, “The
Universality of the Radon Transform,” and the wealth of topics and ideas covered
and variety of open problems suggested shows how deeply Leon believed in wide
range importance of this approach. He was not the first to realize such widespread
applicability of transforms of Radon type, although probably the first to give such
a bold name to a book. Fritz John in his book [46] showed how important this
circle of ideas is for PDEs. Israel Gelfand, Simon Gindikin, Sigurdur Helgason,
Victor Palamodov, and many other mathematicians studied in detail applications
to PDEs, harmonic analysis, group representation theory, special functions, mathe-
matical physics, etc. (e.g., [34-36, 42—45, 55]). Still, Leon’s book is rather unique
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in terms of many nonstandard issues raised there. Leon also was unique in his writ-
ing style, introducing new notations and names for well-known objects, which does
not help a reader. However, after getting through these hurdles, one opens a treasure
chest of ideas.

The variety of things that Leon addressed in the book [28] and his other pub-
lications of the time [11-27], and which he considered inter-related, is enormous:
“exotic” boundary-value problems for PDEs, Poisson summation formulas, Eisen-
stein and Poincare series on SL(2, R) and SL(3, R), various number-theoretic prob-
lems, Hartogs—Lewy extension, FBI transform (although it carries an unrecogniz-
able name in [28], being an instance of what he called “nonlinear Fourier trans-
form”), edge-of-the-wedge theorems, Phragmén—Lindelof type theorems for PDEs,
special functions, among others.

Notwithstanding the overarching title, a wide variety of topics covered, and large
volume, [28] is neither a textbook on the “usual” Radon transform nor a compre-
hensive historical survey or reference manual; it is not designed for reading by an
uninitiated; it does not cover many important developments, techniques, and re-
sults that one can find in [34-36, 39-45, 55, 56], such as curved manifolds case,
k-operator approach, Radon transforms of differential forms and tensors, projective
geometry setting, most of the group representation relations, etc. At Leon’s request,
Todd Quinto and I contributed the appendix [51] to [28] devoted to a brief survey
of some tomographic applications. Due to the natural size limitations, it also cannot
be considered comprehensive. One can find a thorough discussion of tomographic
issues in [52, 53].

In spite of all these omissions, this unique book [28] should occupy a space
on the bookshelf of anyone working on PDEs, Fourier analysis, several complex
variables, and integral geometry. I am sure it will be a source of inspiration for
many mathematicians, who will take their time to get through the text.

The memory of Leon Ehrenpreis will stay with all who encountered his amazing
mathematics and experienced his friendship. I am grateful to the fate for giving me
the chance and privilege to meet Leon and to collaborate with him.
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Analyticity on Curves

Mark Agranovsky and Lawrence Zalcman

Abstract Under what conditions can one conclude that a continuous function on a
plane domain 2 is holomorphic, given that its restrictions to a collection of Jordan
curves in £2 which cover £2 admit holomorphic extensions? We survey progress on
this problem over the past 40 years, with an emphasis on recent results.

1 Introduction

The circle of ideas discussed in this paper originates with the following:

Question Ler f € C(R?) and suppose that for each circle y of (fixed) radius r > 0
in the plane, the restriction of f to y has a continuous extension to the closed
disc 5), bounded by y which is analytic in the open disc D). Must f be an entire
function?

It is well known (and easy to see) that f extends from y,.(w) ={z: |z — w| =71}
continuously to a function analytic on Dy, () if and only if

/ f(@z7"dz=0, n=0,1,2,..., (1)
yr(w)

We dedicate this paper to the memory of our friend Leon Ehrenpreis. Leon was fascinated by the
strip problem, contributed to its solution [13], and led the way in generalizing it from a result
concerning analytic functions to solutions of elliptic equations [14]. Indeed, one of his last major
addresses, the opening lecture of the conference Integral Geometry and Tomography, delivered at
Stockholm University on August 12, 2008, was entitled “The Strip Theorem for PDE”; see [15,
I-1v].
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or, equivalently,

2 . .
/ f(w+re’9)e”‘9d9, n=1,2,.... 1)
0

Thus, the question may be formulated as asking whether condition (1) or (1) for all
w € C implies that f is entire.

Some forty years ago, this question was shown to have an affirmative answer [8,
Proposition 1].

It is natural to ask how conditions (1) and (1") might be weakened while still
preserving the conclusion that f is globally analytic. Remarkably, it turns out that
if f e C(R?) satisfies

/ f()dz=0
yr(w)

for all w € C and two fixed values r| and r; of r, then f is an entire function—so
long as r1/ry does not belong to the (countable) set of quotients of positive zeros
of the Bessel function J; [27, Theorem 2]. It is not difficult to see that f need not
be holomorphic anywhere if the integral condition holds only for circles of a single
radius or if 71/, is a quotient of zeros of J [27, p. 244].

Similarly, if f € C(R?) satisfies

2 . .
/ f(w—i—re’e)e’e do=0
0
and
2w ) )
/ f(w+re?)e™do=0
0

for some fixed r and fixed n > 2 and all w € C, then f must be entire [28, Theo-
rem 6]; cf. [12, Theorem 3.1].

Analogous results hold for analytic functions on the hyperbolic plane, i.e., the
unit disc with the Poincaré metric [10, pp. 125-126] (cf. [11, Sect. 6] and [1, Theo-
rem 2]).

These results, whose proofs involve the theory of mean-periodic functions, are
cited principally to provide background. Our main concern in this paper is with
conditions like (1), and it is to these matters that we now turn.

2 The Strip Problem and the Argument Principle

The results stated for circles in the previous section actually have generalizations to
Jordan curves. In this paper, we are concerned with developments arising from the
general version of the result of Agranovsky and Valsky cited above. This may be
stated as follows.
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Theorem 1 ([8, Proposition 1]) Let € C(R?), and let y C R? be a smooth Jordan
curve bounding the Jordan region D. Suppose that for any rigid motion w of the
plane, the restriction of f to w(y) extends continuously to a holomorphic function
on w(D). Then f is an entire function.

Remark 1 Throughout, we take “smooth” to mean piecewise continuously differ-
entiable, i.e., we assume that the contours considered are piecewise C1, so that the
existence of an analytic extension is equivalent to the analogue of (1) with y,(w)
replaced by w(y). The case of arbitrary Jordan curves (which might, for instance,
have positive Lebesgue area) remains uninvestigated so far as we know and may yet
yield some surprises.

The proof of Theorem 1 uses the following lemma, which can be regarded as a
weak version of the argument principle.

Lemma 1 Let D be a Jordan domain in the plane with piecewise C' boundary
y =93D.If f € C'(y) extends continuously into D as a holomorphic function and
the mapping f :y — f(y) has topological degree 0, then f is constant.

Proof We claim that (D) = f(y). This implies that f is constant, since otherwise
the left-hand side would have nonempty interior, while the right-hand side evidently
has measure zero. Suppose then that f(D) # f(y), so there exists wo € f(D) \
f(y). Thus, the holomorphic function f(z) — wop does not vanish on y but has
zeros on D; so, by the argument principle,

! 1@
%Aif(z)—wodz>o

On the other hand, since deg f = 0, the change of variables w = f(z) shows that
the integral above equals

(degf)~L/ ! dw =0.
f

27 J p) W —wo
This contradiction completes the proof. O

The proof of Theorem 1 follows easily from Lemma 1. Indeed, fix zg € C and con-
sider the averaged function

R 1 [ .
f@)= —/0 f(zo+ €%z —20)) do.

2
It satisfies the same condition of analytic extendibility inside the contours w(y)
as f. However, f depends only on |z — zo| and hence has topological degree 0 on
any closed curve w(y). By Lemma 1, f is constant on each such curve, which im-
plies that f is identically constant. But this means that f satisfies the mean-value



28 M. Agranovsky and L. Zalcman

property at zg. Since zg was arbitrary, f is harmonic. Since the function zf obvi-
ously satisfies the same extendibility condition as f, it too is harmonic. A simple
02

computation, based on the identity A =4 3275

Theorem 1 asserts that if

then shows that f is holomorphic.

f(@7"'dz=0, n=0,1,2,..., )
o(y)

for every rigid motion w, then f is analytic on |, w(y) = C. If y is a smooth
Jordan curve other than a circle and condition (2) is weakened to

f(@dz=0
o(y)

for every rigid motion w of C, i.e., if y has the Morera property [29, p. 186], then
it is very often the case that one can conclude that f is analytic in C. In fact, not
a single example to the contrary is known! This is closely related to the celebrated
Pompeiu property, for which see [12, 25-27, 29, 30].

The averaging technique used in the proof of Theorem 1 suggests investigating
what may be learned from considering the condition (2) when w is restricted to
belong to the compact group S of rotations of the plane. This line of inquiry was
initiated by Josip Globevnik in [17] and pursued by him in a number of subsequent
publications. For instance, in [17] (see also [18, 19]), he takes y to be a Jordan curve
not surrounding the origin and allows @ to range over the group S' of all rotations
about the origin, so that @, (y) = e''y. The region £ = (U, @ (y) is then an annulus
about 0, and (2) forall w € S! implies that f € C(§2) is analytic in the interior of £2.

It is natural to replace the group S! of rotations by the (noncompact) translation
group R'. Given a Jordan curve y in the plane, consider the collection {y; : t € R}
of all translates y; =t + y of y. Then the region covered by {y,} is the strip

Q:U(;_H/):{z:ozflmziﬂ}a
teR

where « = min{Ilmz:z € y} and § = max{Imz: z € y}. Denoting by D; the Jordan
domain bounded by y; and by £2° the interior of £2, we may consider the following
question. g

Strip problem Let y be a Jordan curve in C and set 2 ={z+t:z€y, t e R}
Let f € C($2) and suppose that for each t € R, the restriction of f to y; extends
continuously to D; as a holomorphic function. Must f be holomorphic on §2°?

Of particular interest is the case in which y = {z : |z| = 1} is the unit circle and
2 ={z:—1 <Imz <1} is the strip of width 2 about the real axis. In this form, the
strip problem seems first to have been proposed by Globevnik in a lecture entitled
“Analyticity on families of curves,” delivered at Bar-Ilan University in November,
1987; see [20, p. 1921]. The designation “strip problem” is due to Agranovsky.
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As noted previously, the condition of analytic extendibility in the strip problem
is equivalent to the vanishing of all analytic moments

f@z7"dz, n=0,1,2,...,
Yt

for all + € R. In striking contrast to the results discussed earlier, here we cannot
drop even a single moment. For instance, if y is the unit circle, so that £2 is the strip
{z:—=1<Imz<1},and m > 1 is odd, then f(r + eig) =sinm0 is well defined on
£2 and satisfies (2) for all n > 0, n # m, but is holomorphic nowhere in £2°. (For m
even, one takes instead cosm0.)

In certain circumstances, the strip problem can be given an elementary solution.
Such is the case, for instance, where y = 9 Q, where Q is the square with vertices
(1,1), (—1,1), (—1,—1), and (1, —1). In this instance, the difference between the
extensions of f to Q; and Q vanishes on an interval in y; Ny, when |s —¢| < 2 and
so must vanish identically on Q; N Q. Thus, these extensions define a single-valued
holomorphic function in {z : —1 < Imz < 1}. Unfortunately, this simple argument
is no longer available when the curves of the family {y;} meet one another in only a
finite set.

For functions that do not grow too rapidly, it is possible to resolve the strip prob-
lem using the Fourier transform. Indeed, suppose that f € C(£2) satisfies the hy-
potheses of the strip problem and that

/ |f(x,y)|dx<oo
R

for each @ <y < 8. Then f is holomorphic in £2°.
For the proof, set

f(xv yv)"):/ f(X+[, y)eii)\’ld[.
R

Clearly,

fe,y,0)=e™ f fO+1,y)e 20D gr = f o, y),
R

where
fouy) = /R Fx e dx

is the Fourier transform of f with respect to the x-variable. Since the property of
holomorphic extendibility is invariant under translations x — x + ¢, the function
x,y) f (x, ¥, L) possesses the same property for each fixed A € R. Multiplica-
tion by a holomorphic function obviously preserves the property; therefore,

g, y,A) == fx, y, Ae MEF = £ yye
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also has the property. However, this last function evidently does not depend on x,
so the mapping g, (x, y) := g(x, y, 1) has topological degree 0. By Lemma 1, g; =
c(A), and hence,

F, ) =gx,y, e =c(h)e ™.

Thus, by Fourier inversion,

1 A . 1 ) )
flx,y)= —/ fn, y)e* dx = —/ (W)Y gy
2z R 2 R

which is clearly holomorphic in z = x +1iy.

When f is not integrable on lines parallel to the x-axis, this approach fails (but
see [13]). In any case, Fourier analysis does not seem to help in finite versions of
the strip problem, in which the growth of f plays no role at all. Specifically, one can
restrict the parameter ¢ in the strip problem to some finite interval [a, b]. In this case,
as already observed by Globevnik, the strip must not be too short if the problem is
to have an affirmative solution. As an example, take y = {z:|z| = 1} and let ¢ €
[—1, 1]. Then the function f(z) = Z2 /Z (understood to be 0 at z = 0) is continuous
on 2 = U,e[_l’l](t + y) and admits analytic extension to each domain D;, but
obviously fails to be analytic on £2°; see [17, Example 1].

The problems discussed in this section are particular cases of the following gen-
eral problem.

Generalized strip problem Ler {y;, t € [a, b]} be a continuous or smooth one-
parameter family of Jordan curves in the complex plane. Set §2 =, y:. Suppose
f € C(82) and that for each t € [a, b], the restriction of f to y; extends continuously
as a holomorphic function on the region D; bounded by y;. Under what conditions
can we conclude that f is holomorphic on £2°?

The rest of this paper is devoted to a discussion of various aspects of this problem
and progress toward its solution.

3 Generic Families of Circles and Rational Functions: Lifting
the Problem in C?

It was observed in [6] that the strip problem can be viewed as a problem in the
space C2 of two complex variables. Actually, this is evident from the presence of
the additional parameter 7. Indeed, one can define the function

F(.n)=F@+9?),

where F;(¢) is the holomorphic extension of f in the domain D; :=t + D. The
function F(¢,t) is then defined on the solid cylinder D x R and is holomorphic
ing.If ey =0D,thent+ ¢ € 2, and we have F(¢,t) = f(¢ + t). Therefore,
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the function F (¢, t) takes the same values at the points of intersection of the straight
line ¢ 4t = ¢ with the cylinder 9D x R.

Now the question is whether this identification continues to hold on the seg-
ment between the points of intersection, i.e., whether F (¢, ) = c¢ on the segments
{¢ +1t=c}N (D x R). Indeed, if this is the case, then F(¢,t) = g(¢ + t) for some
function g, which is holomorphic since F is holomorphic in {. Moreover, when
tey,g+t)y=F(,t)= f(¢ +1t), and we conclude that f is holomorphic in
£2 =J 4. Unfortunately, it was not clear how to make use of the above model.

A different higher-dimensional model of the strip problem appeared in [6]. This
model is based on an embedding into C? and leads to a solution of the strip problem
for rational functions of two real variables. Specifically, a test of holomorphy is
obtained for generic one-parameter families of circles and for functions of the form
f(x,y)=P(x,y)/Q(x,y), where P and Q are polynomials in two variables.

To formulate the result from [6], we require some notation. Let I = [7o, #1], and
letc: 1 — Candr:I— (0,00) be continuous mappings, where c is not constant.
Denote by C(¢) the circle {z € C: |z — ¢(¢)| =r(z)} and by £2 the union

2=Jcwo.

tel

For a,b € C, a # b, define the special family of circles:
Ry = [C(t) ey =a+1(b—a),r(t)=b—aly/i(t + 1), 1 €[0, oo)}.

Theorem 2 ([6]) Let
P(x,y)

Q(x,y)

be a rational function (of the real variables x and y) such that Q(x,y) # 0
for (x,y) € 2. Suppose that f|cq) extends analytically into the disc D(t) :=
{lz —c@)| <r(t)} for every t € I. Then f is holomorphic in 2, i.e., f is a ra-
tional function of z = x + iy with poles outside §2, unless the family {C(t) : t € I}
is contained in an exceptional family %, p for some a,b € C.

S, y)=

Sketch of Proof First, we can assume that the polynomials P and Q are coprime
(have no common polynomial factors) and also rewrite P and Q as polynomials in
z and z, writing again P and Q for the new polynomials P(z,z), Q(z,2)-

Observe that the function f(z,z7) := P(z,7)/Q(z,7) always admits continuous
extension into the disc D(¢) as a rational function of z. This extension is obtained
by substituting the expression Z = c(r) + r2(t)/(z — c(¢)) into P and Q, as follows
from the equation of the circle. Thus, the assumption on f means that this rational
function has no poles in D().

Now we lift the whole construction to C> by embedding C 3 z — (z,z) € C2.
The complexification of the circle C(r) is the quadric (z — ¢(£))(w — (1)) = r2(r)
in C2. The circle C(¢) itself becomes the boundary of the semiquadric

A={Gzw)e C?: (z—c®))(w—c®) = (1), lz—ct)| <r}.

The center z = ¢(¢) of the disc D(¢) corresponds to w = oo.
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The assumption on f now translates to the condition that for each fixed ¢, the
rational function

P(z,c+ =
h(z) = ——5+., c=c),

has no poles on the disc D(¢).
These poles come from zeros of Q(z, w), and there are only two possibilities:

Case 1. Q(z, w) has at least one zero on each semiquadric A;, t € [
Case 2. Q(z, w) has no zeros on each semiquadric A;, t € 1.

Indeed, to say that Q(z, w) vanishes on some A; means that the extension of
the polynomial Q(z,7) into the disc {|z — c¢(¢)| < r(¢)} as a rational function of z
has a zero different from z; = c(¢). The above analytic extension can be represented
as (Z_Qé((f)))m, where Q;(z) is a polynomial and m is the degree of Q with respect
to z. Therefore, Q;(z) has a zero in the disc |z — c(¢)| < r(¢). By assumption, Q
does not vanish on the boundary |z — c¢(#)| = r(¢) of the disc; hence neither does the
polynomial Q;(z). The dependence on ¢ of the circles C(¢) and the polynomials Q,
is continuous, so by the argument principle, the number of zeros of Q, inside the
disc D(t) is the same for all ¢. Therefore, Q vanishes on each A, once it vanishes
on one of them.

If Case 1 holds, then the algebraic curve Q~'(0) meets each A, in at least one
point (z;, w;). However, the rational function P/Q has no poles on A;, and hence
the zero of the denominator Q must cancel a zero of the numerator P, which means
that the algebraic curve P~H0) passes through the same point (z;, wy).

The polynomials P and Q are coprime; hence, by Bezout’s theorem, the set
P~1(0) N 071(0) is finite. Using this fact, it is not hard to prove that all A; must
pass through the same point (z;, w;) = (a, b). A simple calculation then shows that
the family {C(z) : t € I} is included in the exceptional family %, p.

Now suppose that Case 2 holds. Fix the parameter 7. We know that O does not
vanish on A;. Consider the family of semiquadrics

A= {(zw) e C?: (z— ) (w —e)) = s> (1),
s € (0,1],

z— c(t)‘ <sr(n},

shrinking, as s — 0, to the complex line {c(¢)} x C. Using the argument principle,
one shows that Q has no zeros on any A/, and hence does not vanish on the limit
complex line. The important point here is that the zeros do not go to the boundary
of A, because this boundary belongs to §2 C {(z,7)}, where Q is free of zeros by
the assumption.

Since Q(c(t), w) is a polynomial in w, this means that Q(c(¢), w) is constant in
w. Because this is true for all ¢, it follows that Q(z, w) = Q(z) is a holomorphic
polynomial (i.e., does not contain w = 7).

It is now easy to finish the proof. Since Q is holomorphic, the original condition
is true also for the polynomial P = f Q. The holomorphic extension P;(z) of the
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polynomial P(z,7) = po(z) + p1(z)Z + -+ + pm(2)Z" from the circle |z — c(t)| =
r(t) can be written in the form

am(2)(z — ()™ +---+ao(z)
P(z) = )
(z—c@)™
where a;(z) are polynomials and ao(z) = pm(z). If m > 0, then a(c(?)) =
pm(c(t)) = 0 because P; has no pole at z = c(¢). This is true for all ¢, so by the
uniqueness theorem, p,, = 0. Thus P (z) = po(z) is a holomorphic polynomial, and
f = P/Q is a holomorphic rational function.

To show that the theorem fails for the exceptional families, it suffices to consider
Ho1 ={C(@):t€[0,00)}, where C(t) ={z: |z — t| = +/t(t + 1)}. The domain £2
covered by the circles is the half-plane Rez > —%. The function Zi_l satisfies the
conditions of the theorem and, in particular, extends analytically without poles from
any circle C(¢); however, it is not holomorphic. O

Remark 2 The example f(z) = z%/Z and circles enclosing O cited in Sect. 2 does
not contradict Theorem 2, since the denominator Q(x, y) = x — iy vanishes at 0 and
hence does not satisfy the condition Q # 0 in £2.

An analogue of Theorem 2 for real-analytic functions was also proved in [6].

Theorem 3 ([6]) Letc: (0,1) — C bea C! -function such that ¢’ (t) # 0, t € (0, 1),
and r : (0,1) — [0, 00) be a positive C' function. Suppose that |r'(t)| < |c'(t)],
t € (0,1). Let f be a real-analytic function in the neighborhood of the union $2 of
the circles C(t) ={z: |z —c@)| =r®)}. If, for all t € (0, 1), the restriction f|c()
extends holomorphically into the disc bounded by C(t), then f is holomorphic in 2.

Using different methods, based on the Fourier transform, Ehrenpreis [13] also
solved the strip problem for real analytic functions when y is a circle.

4 Generic Families of Circles, Continuous Functions

Shortly after the work described in the previous section was completed,
Tumanov [23] obtained a solution to the strip problem for the case of circles in
which no additional conditions (beyond continuity) are made on the functions un-
der consideration. In [23] the case of circles centered on a line was considered,
and in [24] generic families of circles were treated. Here we formulate (with slight
editorial changes) the more general result from the article [24].

Theorem 4 ([24]) Let {C(¢) : t € [0, 11} be a family of circles whose centers c(t)
and radii r (t) are continuous functions on [0, 1] and piecewise C 3 smooth functions
on (0, 1). Assume that ¢’ (t) # 0 and |r' (t)| < |c'(t)|, t € (0, 1). Denote by D(t) the
disc bounded by C(t). Suppose that
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(a) DO)ND(1) =@, and
(b) no circle C(t) encloses another circle C(s).

Let 2 = Uze[o,l] D(t) and f € C(R2). If, for every t € [0, 1], the restricted function
flcw) extends holomorphically into D(t), then f is holomorphic in £2.

As in [6], the proof is based on viewing the problem in C? via the em-
bedding C 2 z — (z,2) € C2. In [6], the function f is assumed rational, i.e.,
of the form P(z,7)/Q(z,z). This function naturally defines a rational function
P(z,w)/Q(z, w) in C2, and the proof in [6] is based on studying the location of
the zero sets of the polynomials P and Q with respect to the semiquadrics A; ob-
tained by the complexification of the circles C(¢). However, when the function f is
merely continuous, there is no natural global extension to C2. Nevertheless, f ex-
tends to a certain three-dimensional CR-manifold in C? as a CR-function. Namely,
f possesses a holomorphic extension from each circle C(¢) to a complexified circle,
the semi-quadric A;. These extensions define a CR-function F(z, w) on the union
A =UA; of the semi-quadrics, which is a CR-manifold.

At this point, CR theory comes in. The main part of the proof in [24] is to show
that the function F(z, w) does not depend on w, which then implies that f is holo-
morphic. The main tool comes from Hans Lewy’s proof of an extension theorem
and uses Cauchy-type integration over loops belonging to the CR-manifold A.

5 Generic Families of Jordan Curves. The Argument Principle
is Back

Soon after the case of circles was finally resolved in [23, 24], the problem was solved
for generic families of Jordan curves [2, 3] under the condition that the functions
tested are real-analytic.

Of particular interest is the fact that the argument principle, which appeared in the
earlier works [8, 17] as a technical tool, returns now to the stage as a main player. It
turns out that the strip problem itself has a topological meaning and can be regarded
as a parametric version of the argument principle.

Let us first formulate the result in question and then explain how it is related to
the argument principle. We consider one-parameter families {y;}, ¢ € [0, 1], of real-
analytic Jordan curves in the complex plane. The dependence on the parameter ¢ is
assumed to be real-analytic as well, i.e., the Riemann mappings

G(,t)A-) Dt

of the unit disc onto the domain D; bounded by y; can be chosen to depend real-
analytically on 7.
Write 2 = [, ¢[0.17 v:- We call the family y; regular if

(G, G)
oy, 1)
for all (, 1) such that G(¢'¥ 1) ¢ 32.

W, #0
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Example In the strip problem, one has G(¢,t) = ¢ + ¢ and 8(G,6)/8(1ﬂ, t) =
2i cos . The boundary 9£2 of the strip corresponds to ¢ = £m/2; at all other
points, the Jacobian is different from zero.

Theorem 5 ([2]) Let y; = 03Dy, t € [0, 1], be a real-analytic family of real-analytic
Jordan curves in C. Suppose that ﬂte[o’l]ﬁ, = 0. Let 2 = U, ¢[0.1 V1> and let f
be a real-analytic function in a neighborhood of $2. If for each t € [0, 1], f extends
continuously from y; to a holomorphic function in Dy, then f is holomorphic on §2°.

Remark 3 The condition of empty intersection of the closed domains D; is weaker
than the condition in Theorem 4. On the other hand, Theorem 5 fails without the
condition of empty intersection, as is shown, for example, by f(z) = z%/z. While
this function is obviously not holomorphic, it extends holomorphically from any
circle enclosing the origin. The closed discs bounded by these circles all have the
point 0 in common.

Sketch of Proof For simplicity, we illustrate the idea of the proof for the case where
the family of curves is closed, that is, yp = y;. In that case, the parameterizing
manifold can be taken to be the circle S'. The curves y; sweep out an annulus-like
domain in the complex plane.

Suppose that f is not holomorphic on £2°. Choose a real-analytic parametriza-
tion G(¢,t) of the family y;. For each ¢, the mapping ¢ — G (¢, t) is a conformal
mapping of the unit disc A onto the domain D; bounded by y;, and G (¢, t) is real-
analytic in (¢,1) € A x S'.

We have G(dA x {t}) = y,, and hence 2 = G(dA x S'). The first important
observation is that the topological degree of the mapping G : dA x §' — £ is zero,
because G maps the manifold without boundary (the 2-torus A x S') onto the
domain §2 C C having nonempty boundary.

Let F; € H(D;) be the holomorphic extension of f from the curve y; = 9 D;. Set
F(,t) = F(G(,1)),¢ € A. Then we can construct the real-analytic mapping

& =(F,G): AxS —C?

of the solid torus A x S! into C2.

Since F; = f on y;, we have F(¢,t) = f(G(¢,t)) when ¢ € dA. Therefore,
D (u) = (f(Gw)),Gw)) for u = (¢,1),|¢| =1, and @ maps dA x S! onto the
graph of f over £2:

@:9Ax S > Graphg, f.

Since for u € A x S!, ® = 7 o G, where 7(z) = (f(z), z), we have for the topo-
logical degree deg @ = (degm)(deg G) = 0.

Step 1 (cocycle L). It is proved in [2] that the condition of empty intersection is
equivalent to the curve C := & ({0} x S') being homologically nontrivial in X :=
@ (A x S') This means that C is not the boundary of any 2-chain lying in X.

The proof is based on the covering homotopy theorem [22, pp. 61-66]. If C =0Z
for some 2-chain Z C X, then C can be homotopically deformed to a point zg within
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X. Using the covering homotopy theorem, one shows that there is a homotopy of
the curve (circle) of centers A := {0} x S! to a closed curve B C A x {0}. Like A,
the curve B is homotopically nontrivial in A x S'. The mapping @ maps B to a
point zo. But the curve B intersects each disc A; := A x {t}, which implies that the
image @ (B) = {zo} belongs to each closed domain D; = @ (A;). Contradiction.

By Poincaré duality, the homological nontriviality of the curve C is equivalent
to the condition that there exists a (smooth) curve L C C2, whose endpoints lie out-
side @ (A x S'), which intersects C transversally with positive intersection index,
Ind(LNC) > 0.

Step 2 (the function J (¢, t)). The next step is to construct a nonzero function
J (¢, t) in the cylinder A x [0, 1] with the following properties:

(i) J(¢,t) is holomorphicin ¢ € A;
(i) J(0,1)=0;
PPN S CTD I o (129 : :
(ii1) Twnl = o) for any points u ; = (§;,t;), j =1,2, such that J(u;) #0 #
J(u2),1¢;1 =1, and G(uy) = G(u2).

To construct such a function, observe that
Fe¥.1) = £(G(e".1)).

Differentiating both sides of this identity with respect to the angle v and the param-
eter ¢, one obtains by Cramer’s rule, a representation of the z-derivative of f as the
ratio of two Jacobians:

9(G,F)
(u) .
M (Gup)= 20— GV ), 3)
3Z a(G’G) (u)
(1)
Since F and G are holomorphic in ¢, we have
E( t)—'E( 1) — oV
31// ;-7 _lgag {a ) C—Ve .
Define
(G, F)
J(&,1):=¢ ) ().

Then conditions (i) and (ii) are obvious. Condition (iii) follows from formula (3),
which says that

3G, G) of

— -, _ 1
J(@& )= 3 (u) 82(G(u)), u=(,1)edA xS 4)

It follows from our assumptions that J = 0. Then since i %((C;_,%) is real-valued, we

have
P FEGw)
P Gy
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whenever J(u) # 0, and (iii) follows.
Using real-analyticity, one shows that (iii) implies that J2/|J|?> can be repre-
sented on A x S! as a composition

2

W(u):(aoG)(u), uedA xS, (5)

where o is a smooth function.

Concluding step (topological). Let L be the dual 1-cocycle constructed in
Step 1. Consider its preimage S := &~ ! (L), which is a two-dimensional chain. The
curves L and C = @ ({0} x S') have positive intersection index, which implies that
Ind(S N ({0} x S1)) > 0. We have {0} x S ¢ J~1(0); and, using the fact that J (¢, 1)
is holomorphic in ¢, one shows that Ind(S N J~1(0)) > Ind(S N ({0} x S')) > 0.

The latter inequality means that the sum of indices of the vector field J at the
zeros on S is positive:

N =Y indy—p, J(u) >0,
k

where by are zeros of J on S. We recall that indy,, J is defined as the winding number
of the normalized function J/|J|: ¢; — S!, where c; is a small topological circle
on S surrounding by.

On the other hand, the doubled sum 2/ of the indices of J (1) inside S equals the
winding number W, of J2/|J|? on the boundary 3S C dA x S!; hence W; > 0. But
the representation (5) and deg G = 0 imply W; = 0. We are led to this contradiction
by the assumption that J is not identically 0. Therefore, J = 0; hence % =0 by (4).
This completes the proof. g

Comment on the proof. Essentially, what was used in the proof is that the holo-
morphic extensions F;(¢) = F(t, ¢) identify the points from the same fiber G~!(2)
on |¢| = 1. This fiber appears since the point z can belong to different curves y;,
and the holomorphic extensions inside these curves take the same value f(z) at the
point z.

In the case in which the family of curves is invariant under a group (translations
or rotations), the use of Fourier series or the Fourier transform, which is an averag-
ing of the holomorphic extensions F; with respect to the parameter ¢ with certain
weight, allows us to project the family of extensions to a single function in the disc
{¢ :1¢| < 1}. The constancy of the function F(¢,t) on the G-fibers turns for the
projected functions into a condition of the identification of points on the unit circle.
Then one is led to the situation described by Lemma 1.

In the general situation, one does not have a group available to define, by av-
eraging over ¢, a projection of the function f to functions depending only on the
variable ¢. This leads to the necessity of developing an analogue of Lemma 1 in the
parameter space (¢, 1).

The conclusion of the theorem is that the holomorphic extensions F; coincide on
intersections of the interiors of the curves y;. This is equivalent to the degeneracy
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of the mapping ¥ = (G, F) constructed from the parameterization G of the family
and the holomorphic extensions F. Thus, the aim is to check that the Jacobian J
of ¥ is zero. It is observed that the constancy of F on the G-fibers is inherited
not by the function J, but rather by its squared angular part J2/|J|>. Then the
parametric analogue of Lemma 1, applied to J2/|J|?, leads to a contradiction with
the assumption that J is not identically zero. Therefore, J vanishes identically, and
then (4) implies g—é =0 1n £2. These are the principal ingredients and main idea of
the proof in [3, 5].

6 The Strip Problem for Meromorphic Extensions.
Back to Circles

Complex moment conditions can be used to characterize not only holomorphic func-
tions, but also more general classes. Consider, for example, the collection of poly-
analytic functions of order (at most) m on C, i.e., solutions of the equation

8Inf

7"

These functions can be written in the form
f@=h@)+7h@) + -+ 7" h(2), (6)

where the 4 ; are entire functions.

Now, in close analogy with the case of analytic functions discussed in the Intro-
duction, polyanalytic functions can be characterized in terms of appropriate moment
conditions. Indeed, suppose f € C (R2) and that there exist r, r» > 0 such that

/ fw+z27"'dz=0, j=1,2,
|z|=r;

for all w € C. Then f is polyanalytic on C of order m, unless r;/r; is a quotient
of positive zeros of the Bessel function J;, [27, Theorem 4]. Note that when m = 1,
this reduces to the two-circle version of Morera’s theorem cited in the Introduction.
For an analogue on the disc, see [9, Corollary 1].
Similarly, if there exist positive integers 1 < m < n such that for some fixed
r > 0, the restriction of f € C(R?) to each circle of radius r has vanishing Fourier
coefficients of order —m and —n, i.e.,
1 2w . .
— f(w—i—re’@)e‘gde:O, k=m,n,
2 0

for all w € C, f is polyanalytic of order m [28, Theorem 6].
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In analogy with (1), let us consider for fixed r and m > 1 the family of moment
conditions

/| | f(@dz=0 forallk>m. 7
z—c|=r

Condition (7) means that f can be extended continuously to {z: |z —c| <r} asa
meromorphic function F whose only singularity is a pole of order at most m at the
center z =c.

In this section, we present some recent results concerning meromorphic exten-
sions into families of circles.

It is easy to see that a polyanalytic function (6) extends into any circle C =
{z : |z — ¢| = r} as a meromorphic function with a pole at ¢ of order at most m, since
z=c+ Z’TZL on the circle C.

Now we want to characterize those one-parameter families of circles that are
sufficient to test polyanalytic functions via moment conditions (7).

We consider a one-parameter C ! family of circles € = {C; : t € [0, 1]}, where
Ci={z:lz—c(@)|=r()}. Here c:[0,1] - C and r : [0, 1] — [0, 0co0) belong to
C'[0, 1]. We also assume that |c’(£)|> + |r/(1)|> #£ 0 for t € (0, 1).

We call the quadratic polynomial

d(t,w) = (Hw? +2r' Ow + (1)

the discriminant polynomial of the family {C,}.

There are three possibilities for the roots wy, wy of this polynomial: (1) if ¢/(z) =
0, then w; = wy = 0; while if ¢/ (¢) # 0, one must have either (2) |w{| = |wz| =1 or
CO) -1,

() fwi] < 1, Jwa| > 1 since [wywz| ==

Definition 1 The discriminant curve S(%) of the family of circles € = {C;, t €
[0, 17} is the closure of the set {c(¢) + r(t)w(t) : ¢ € [0, 1]}, where w(z) is the root
of the discriminant equation d (¢, w) = 0 with |w(#)| < 1 if such a root exists.

Definition 2 We call the family {C; : ¢ € [0, 1]} a chain of circles with initial point a
and endpoint b if Cop = {a} and C; = {b}.

Theorem 6 ([4]) Let € = {C, : t € [0, 11} be a C'-chain of circles in C, starting at
a and ending at b, where a # b, and set 2 = Uze[o,l] C;. Suppose that

(%) the discriminant curve S(€) contains no continuous curve joining
the point a and b.

Let f be real-analytic on 2 and satisfying condition (7) for a fixed nonnegative
integer m. Then f is a polyanalytic function of order at most m, i.e., f has the

form (6).
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Remark 4 The discriminant of the polynomial d (¢, w) equals 4(|r’ (¢) |2 —|c' (1) |2). If
|c'(t)| = |r'(t)], then both roots of d (¢, w) satisfy |wi(¢)| = |wz(z)| = 1, and there-
fore S(%") = @. Thus, the condition for the derivatives of ¢(¢) and r(¢) in Theorems 3
and 4 imply condition (*).

For real-analytic functions, the special case m = 0 of Theorem 6 implies a
stronger test of analyticity than Theorem 4, since it avoids the condition of no en-
closed circles required by Theorem 4.

The condition of shrinking the chain of circles to points a and b can be replaced
by the weaker condition of the homological nontriviality of the family, which ap-
pears in the proof of Theorem 5; we omit the details.

Sketch of Proof The proof is based on an approach similar to that in Theorem 5 and
again exploits the argument principle. The key idea is to study the dynamics of zeros
zj(t) and poles p;(t) of the meromorphic extensions F; into the discs bounded by
the circles C;. These zeros and poles can reach the boundary circle C; and disappear,
or they can remain inside the circle for all 7. In the latter case, we call a curve of
zeros Zj :={z = z(t)} a travelling zero. Analogously, one defines travelling poles.

Using the argument principle, it is shown in [3] that the number N (f) of trav-
elling zeros, counting multiplicities, coincides with the number P (f) of travelling
poles.

The next step is computing the numbers N and P for the derivative % The
computation shows that the number of travelling poles at the center w = 0 of the
circle C; : c(t) + r(t)w, |w| = 1, decreases by one, but new poles can appear at
zeros w(t) of the discriminant polynomial D(z, w), i.e., on the discriminant curve.
However, condition () prevents these new poles from forming a travelling pole, and
hence P(%L) = P(f) — 1.

Thus, differentiating m — 1 times in Z, where m is the maximal order of the poles
at w = 0, and assuming that at no step is the derivative identically zero (in which

case f is polyanalytic of order at most m, and we are done), one eliminates all
travelling poles. Therefore, the meromorphic extensions of the function g := ‘;:,;],{
from the circles C; are free of travelling poles.

However, the same computation shows that upon differentiating in z the holo-
morphic extension develops a zero at the center w = 0. Therefore, the number of
travelling zeros N (g—‘g) > (. The travelling zeros must be compensated by travelling

poles, as noted above. However, the only poles the extensions of the derivative %

develop are those on the discriminant curve. By assumption, these poles are not trav-
elling. Thus, N (‘;—g) >0= P(g—‘g). This contradiction implies that g—§ = ?92_"{ =0 for

all z € £2. O

Recently, Globevnik [21] proved Theorem 6 under milder conditions of continu-
ity for the tested functions f, but for the specific family of concentric hyperbolic
circles in the unit disc. His method uses the approach from [23, 24], mentioned in
Sect. 4.
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7 The Strip Problem for Elliptic PDE

Leon Ehrenpreis learned of the strip problem in 2000 from a talk given by Zalcman
at the AMS-IMS—-SIAM Joint Summer Research Conference on Radon Transforms
and Tomography held at Mount Holyoke. Soon afterwards, he came up with the
following nice “harmonic” version of the strip problem.

Theorem 7 ([13]) Denote by B the open unit ball in R" and consider the cylinder
2 = 0B + Rey, where ey = (1,0,...,0). Let f be a C2—functi0n in §2. Suppose
that for each t € R, there exists a harmonic function F; in the ball B; := B + te;
such that Fy = f on 0B; to first order, i.e., F;(z) = f(z), 0y, F1(z) = 0y, f (2) for all
z € B;. (Here vy is the normal derivative to 0 B;.) Then f is harmonic in 2.

Ehrenpreis’ original proof required certain additional technical assumptions. The
short proof given below, based solely on Stokes’ formula, is adapted from [7].

Proof Pick any function & € C(B) which is harmonic in B. (It suffices to take an
arbitrary harmonic polynomial.) From the assumption and Stokes’ formula, we have

0= / (AF,(x +tep)h(x) — Fy(x +te)) Ah(x)) dV (x) (8)
B

:[ (8uf (x + teDh(x) — f(x +te)dyh(x)) dA, 9)
B

where v is the exterior unit normal to the unit sphere 0 B.
Again by Stokes’ formula, the surface integral on the right-hand side can be
rewritten as a volume integral, and, since Ah = 0, we obtain

/ Af(x+teph(x)dV(x)=0.
B

Differentiating in ¢ and repeatedly using Stokes’ formula yields

/axlAf(x—}-tel)h(x)dV:/ X1Af(x +tep)h(x)dA(x) =0.
B dB

Since h|yp are dense in C (0 B), one concludes that x;Af (x +te;) =0 for x € 0B.
Therefore, Af vanishes on all the boundaries d B = 0 B + te and hence on §2. The
proof is complete. d

Observe that this argument also works for truncated solid cylinders of the form
2= U,E[a’b] (B +tey), where [a, b] is an arbitrary segment of the real line.

Shortly thereafter, Ehrenpreis generalized the result from the Laplace operator to
any elliptic operator with sufficiently smooth coefficients, again for the translations
of a ball. This result is presented in his fundamental monograph [14, 9.5]. It says
that if the boundary values on the translations 9 B + te; of a function f coincide, to
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order m, with a solution F; in B + te; of a given elliptic equation L F; =0, then f
itself is a solution, Lf = 0 in the union of the spheres d B + tey.

In [14], the problem of generalizing such results from Laplace’s equation to more
general PDE was posed. The following theorem presents a reasonably general result
for elliptic equations. Before formulating this result, we need to introduce some
notation. Consider a C'! -isotopy of domains in R”. This is a family D; = w; (D), t €
I = [0, 1], where D = Dy is the initial domain and w; : D — D; is a family of
diffeomorphisms, continuously differentiable with respect to the parameter ¢ € [0, 1]
and such that wg = id.

We say that the family D; is transversal if for each t € 1,

pr () := (00, (u), vy (wr ())) # 0

for a dense set of u € d D, where (, ) is the inner product in R”. Transversality of the
isotopy means that the set of points where the direction of the transformation w; is
tangent to the boundary 9 D; is nowhere dense. A simple example of a nontransver-
sal isotopy is a rotation of a ball; in this case, the vector of the motion is tangent to
the boundary sphere at each point.

The following theorem was obtained (under some additional technical assump-
tions) in [14] for the case of translations of a ball D = B, w;(u) =u +te;, and in [7]
for the general case.

Theorem 8 ([7]) Let $2;,t € I, be a C'-transversal isotopy of domains in R". Set
2 =,c; 082, and let

L=P(x.D)= ) a,(x)D"

la|<2m

be an elliptic partial differential operator of order 2m with smooth coefficients de-
fined in the domain $2,. Suppose that if the function f € C*™(2) coincides on each
boundary 382;, to order at least m with a solution in the domain $2;, i.e., that for
each t € 1, the Cauchy boundary problem

LF[ZO, XGQI‘,
with boundary conditions
O F(x)=0] f(x), x€d, j=01,....m,

has a solution F, € C™ (5,). Then f is a global solution, i.e., Lf(x) =0, x € £2°.

The proof is similar to that described above for the case of the Laplace operator.

8 Conclusions, Further Generalizations

e The problem of characterizing holomorphic functions in plane domains by holo-
morphic extendibility from closed curves is, in fact, part of a more general prob-
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lem formulated for manifolds. Namely, the holomorphy of a function is equiva-
lent to its graph, which is a real two-dimensional manifold in C?, being a com-
plex (holomorphic) manifold. The condition of holomorphic extendibility inside
a closed curve means that the graph of the extensions is attached by its boundary
to the graph of the function. The graphs of the holomorphic extensions are ana-
lytic discs in C2. Therefore, the question may be reformulated as follows: which
families of analytic discs attached to a two-dimensional real manifold in C? im-
ply that the manifold is complex? In turn, this question reduces to the problem
of estimating the CR-dimension of a real manifold in C" in terms of attached
analytic discs, which is studied in [5].

e The question about analytic extensions from curves can also be asked for non-

closed curves. Recently, Fridman and Ma [16] have proved that given a domain

D in C", there exists a continuous foliation of D into real curves such that any
C!-function which can be extended holomorphically into some neighborhood of

each curve in the foliation is holomorphic on D [16].
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On Local Injectivity for Generalized Radon
Transforms

Jan Boman

Abstract We consider a class of weighted plane generalized Radon transforms
Rf(y)= [ f(x,u(&, n,x))m(&,n,x)dx, where the curve y = y( ) is defined by
y=u(&,n,x), and m(&, n,x) is a given positive weight function. We prove local
injectivity for this transform across a given curve y° near a given point (x?, y°)
on ¥ for classes of curves and weight functions that are invariant under arbitrary
smooth coordinate transformations in the plane.

1 Introduction

I met Leon Ehrenpreis already in 1961, when he presented his celebrated “Fun-
damental Principle” at a summer school at Stanford University. Much later I was
fortunate to meet Leon again at many Radon transform meetings and during several
visits to Temple University. Leon’s enthusiasm and generosity in sharing mathemat-
ical ideas, his broad outlook, and his original way of looking at problems was a great
source of inspiration for many of us.

It was shown by Strichartz [15] that the classical Radon transform is locally
injective in the following sense, here for simplicity formulated for the case of R2. If
the continuous function f(x, y) is supported in y > x? and

/f(x,SX+n)dx=0 (1)
for all (¢, ) in a neighborhood of (0, 0), then f must vanish in some neighborhood

of the origin. It is known [2] that the corresponding statement is not always true if a
smooth positive weight function m (&, 1, x) is introduced, so that (1) is replaced by

/f(x,sx+n)m(é,n,x)dx=o. @)

Dedicated to the memory of Leon Ehrenpreis.

J. Boman (X))
Stockholm University, 10691 Stockholm, Sweden
e-mail: jabo@math.su.se

1. Sabadini, D.C. Struppa (eds.), The Mathematical Legacy of Leon Ehrenpreis, 45
Springer Proceedings in Mathematics 16,
DOI 10.1007/978-88-470-1947-8_5, © Springer-Verlag Italia 2012



46 J. Boman

On the other hand, if m (&, n, x) is positive and real analytic, then local injectiv-
ity again holds [5]. Thus the set of weight functions m (&, n, x) for which local
injectivity holds is dense in the space of smooth weight functions. In [4] we re-
cently extended the construction in [2] by showing that the set of smooth positive
weight functions for which local injectivity does not hold is also dense. In [3] we
proved local injectivity for a class of smooth weight functions that was introduced
by Gindikin [12]. In this note we shall extend the result from [3] by replacing the
family of straight lines by a two-dimensional family of curves satisfying a certain
condition, thus obtaining a statement that is invariant under local diffeomorphisms
in the xy space and in the £n space of curves.

On the surface our Radon transform (2) looks like a parametric Radon transform
in the sense of Ehrenpreis [7]. However, replacing dx by ds/+/1 + &2, where ds
denotes arc length measure on the line, we can of course just as well regard our
transform as a restriction of a nonparametric Radon transform, expressed in affine
coordinates.

With a suitable choice of coordinates in xy space and &7 space, an arbitrary curve
family in a neighborhood of the origin in x y space can be written y = u(§, n, x) for
(&, n) near (0, 0), where

M(Evfi»x)zn-i-éx—i-ﬁ(xz) as x — 0.

The dual curve family is the family of curves in &7 space that is defined by the
equation y — u(x, &, n) = 0 with x and y playing the role of parameters. The condi-
tion on the curve family in our main theorem (Theorem 2) is somewhat implicit and
reads as follows: the curves in the dual family are solution curves to a second-order
differential equation of the form

n" =w(Enn),

where ¥ (&, n, p) is a polynomial of degree at most 3 in p. This condition is known
to be independent of the choice of coordinates in the £7 plane (Proposition 2). These
curve families have been known for a long time. In fact, Eli Cartan showed in 1924
that those curves are the geodesics of torsion-free projective connections. But the
condition has also played a role in integral geometry. .M. Gelfand and his collabo-
rators studied what they called admissible families of lines or curves, in some cases
curve families with densities, in real or complex spaces in a long series of papers
(see [8, 10, 11], and references given there). In the case of curve families in R? it
was found that a curve family with densities was admissible precisely when both
curve family and densities satisfied the conditions considered here [10]. It would
be interesting to understand why our local injectivity problem leads to the same
conditions on curve families and densities as the admissibility property of Gelfand,
Gindikin, and Shapiro.

In Sect. 2 we introduce the double fibration defined by a hypersurface Z in the
product of two two-dimensional manifolds, we define a weighted Radon transform
on the two-dimensional manifold of curves defined by this fibration, and we for-
mulate the problem of local injectivity for this transform. In Sect. 3 we state and
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prove a local injectivity theorem (Theorem 1) under assumptions that are expressed
in local coordinate systems in X and I". In Sect. 4 we prove that our condition on
the weight function (actually a density on Z) is independent of the chosen coordi-
nate systems by expressing it in coordinate-free terms. In Sect. 5 we give a couple
of auxiliary results on curve families defined by an ordinary differential equation of
the second order, and in Sect. 6 we extend Theorem 1 by replacing the condition
on Z there by a weaker condition that is invariant under coordinate changes in X
and I" (Theorem 2).

2 A Weighted Radon Transform Associatedto Z Cc X x I

To define our Radon transform in an invariant way we shall use the double fibra-
tion setup introduced by Helgason and Gelfand [9], [14]. Let X and I" be two-
dimensional manifolds, and let Z C X x I" be a smooth hypersurface in X x I"
such that both projections

wx: Z— X, nr:Z—1T

have surjective differential at a point (x°, ¥°) € Z. Using local coordinate systems
in X and I", we can define Z near (x°, y°) by

F(x,y, & n)=0, 3)

where x = (x, y) denotes points of X, y = (£, ) denotes points of I, and F is a
smooth function satisfying

diuyF#0 and denF#0 at(x°,y°). (4)
Furthermore we assume that the natural projections from the conormal
N*(Z)— T*(X) and N*(Z)— T*(I") are local diffeomorphisms
near the point (XO, yo;dF(xO, yo)) e N*(2). (3)

We may assume that xV = (x0, yo) = (0,0) and yo = (SO, no) = (0, 0). We can
also rotate the coordinate systems in X and I" so that

F. =0, F)’, £0, Fg’ =0, F,” #0 at the origin. (6)
Then we can solve y or n from (3) and obtain respectively
y=u(,n,x), n=px,y,8§). (7
Differentiating the identity F(x,u(&, n, x), &, n) =0, we obtain

Fy+ Fyu\, =0, F{+ Fu; =0, F,+Fu,=0 ®)
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in a neighborhood of the origin. From here and from (6) we obtain

u. = ué =0 and u; #0 at the origin, )

X
and similarly,
py=p;=0 and p;#0 atthe origin.

If we choose (x, y, ) as coordinates on Z and (x, y, &, A) as coordinates on N*(Z)
and denote the conormal by AdF, then the projection N*(Z) — T*(X) can be
represented as

(0 y.64) = (0, ,60x,60y) = (x,y,AF, AF}).
This map has a nonsingular differential if and only if the map
&N - (ex,ey)z(xF;,,\Fy/)
has a nonsingular differential, which is the case if and only if

4 /

)\.F” F/

det|. X~ Xl=xdet| 2§ ¥ #£0.
My Fy Fye By

Hence the assumption that the projection N*(Z) — T*(X) has a nonsingular dif-
ferential is equivalent to

Fge #0 at the origin. (10)

The fact that condition (10) is symmetric with respect to interchange of the spaces
X and I shows that both projections (5) have nonsingular differentials if one of
them does and (4) holds.

Differentiating the second equation of (8) with respect to x and using (9) and
(10), we find that

ke #0 at the origin. (11)

This shows that the maps

&) > (u(E,0,0),u,(5,7,0) and

12)
(‘x7 g? n) = (x1 u(é? n’x)’ u;{(é’ n"x))

are local diffeomorphisms near the origin.
Let u be a given positive, smooth density on Z. For instance, in the (£, n, x)
coordinates on Z, let the density u be given as

uw=m(&,n,x)d§dndx.

If f is a continuous function on X, then f oy isafunctionon Z,so (fomyx)uisa
density on Z. If ¢ is a compactly supported continuous function on I", then ¢ o T
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is a compactly supported continuous function on Z, so we can form

[ omomgorr)= [[[ £0uen oy nx o6 n dxd
and we can define Rf on I" as the measure

o> ((fomx)u,pomr)=(u, (fomx)(@omr)). (13)

The situation is symmetric in f and ¢, so if we define R*¢ as the measure on X

e {w, (fomx)(gomr)), (14)

we have (Rf, ¢) = (f, R*¢). To obtain an explicit expression for R*¢, we express
the density p and the function ¢ o 7t in terms of the (x, y, &) coordinates on Z,

w=n(x,y,&)dxdyds,  (pomr)(x,y.§) =¢(& p(x,y.§)).

This gives
(Rf. @) =(f. R*¢)= (i, (f ox)(p omr))

= // f & px,y. 6)nlx,y, &) dxdyds.

Since the Jacobian of the transformation x =x’,& =&",n = p(x’, y,&") is p, we
have )

n(x,y, &) =m(&, p(x,y,8),x) p}(x, y, 6), 5)

SO
R*so(x,w=fgo(s,p<x,y,s>)n<x,y,s>ds.

It will be convenient to extend the definition of R and R* as follows. If u is
a continuous function on Z, then we define R(uf) and R*(u¢) by replacing the
right-hand sides of (13) and (14) by

(. (f omx) (@ omru).
Then we have
(Ruf), p)=(f. R*(up)). (16)

In geometric terms the transform R integrates over the fibers wx (711?] (y)) CX,
which we will sometimes (by abuse of language) denote by y or y ). The adjoint
R* integrates over the fibers 7 (7r;1 x)cr.

Our problem can now be formulated in invariant terms as follows. Let (x, y°) €
Z C X x I', and let f be a continuous function defined in an open neighborhood
U of x. After shrinking U, if needed, we may assume that U \ y° has precisely
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two components, which we denote by U, and U_. Assume that f is supported in
U, U {x°} and that Rf = 0 in some neighborhood of y°. We want to conclude that
f =0 in some neighborhood of xY (under suitable conditions on  and Z).

3 Local Injectivity

We now formulate our assumptions on the density p and the manifold Z (which
determines the curve family) in terms of the coordinates (x, y, £) on Z. We assume
as always that the manifold Z is defined by an equation F (x, y, &, n) = 0 for which
(4) and (5) hold and that coordinates are chosen so that (6) holds.

The assumption on the density u =n(x, y, &) dx dyd§ will be as follows:

there exist two functions a; and by that are constant on the fibers 711?1 ),
such that  nj = (a1 p; + b1 )n. (17)

Recall that a function a(&, 1, x) on Z expressed in terms of the coordinates (&, 1, x)
is constant on the fibers 111?1 (y) if itis independent of x. If the function is expressed
in terms of the coordinates (x, y, &), then it is constant on the fibers nlil (y)ifitis
of the form a(x, y, &) = aop(&, y — £x) for some function ag(&, ). The assumption
on Z will be that Z is given by an equation n = p(x, y, &), where p satisfies the
differential equation

2
Pl = a2(p)” +bapp + 2 (18)

for some functions a», by, and c¢» that are constant on the fibers 71;1 y).

As usual, we shall assume that coordinates in X and I are chosen such that
x? = (0,0) and y° = (0, 0). In this section we shall also assume that coordinates in
X are chosen so that yo is equal to the x-axis, in other words,

u(0,0,x) =0, orequivalently p(x,0,0)=0, (19)
in some neighborhood of x = 0.

Theorem 1 Assume that Z is defined by n = p(x, y, &), where p satisfies (18) and
(19), and that the positive measure n on Z satisfies (17). Let f be a continuous
function defined in some neighborhood of (0,0) € X and supported in a compact
set contained in {(x,y); y > 0} U {(0,0)}, and assume that Rf (¢, n) = 0 in some
neighborhood of (0, 0). Then f =0 in some neighborhood of (0, 0).

In the special case considered in [3] the manifold Z is defined by y = £x + n,
so p(x,y,&) =y — &x, which gives pé =—x and pé’s =0, so (18) holds with ay =
by = ¢ = 0. The weight function m (&€, n, x) in [3] was assumed to satisfy

mi(§,m,x) —xmy(&,n,x) = (xa(&,n) —bE n)mE, n,x) (20)
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for some a (£, n) and b(&, n) that are independent of x. By (15) we have in this case
n(x,y, &) =m(,y — &x, x); hence né = m’g — xm;, which shows that for this Z,
(17) is equivalent to (20).

Using the coordinates (£, n, x) on Z, we introduce the function ¢ (&, 1, x) by

ug(§,n,x)

E D @D

qé&,n,x)=

Since u%(O, 0, 0) # 0, the function g is well defined and smooth in some neighbor-
hood of (0, 0, 0) € Z. Choose a neighborhood U of (0, 0) € X and a neighborhood
V of (0,0) € I" such that u% #0in (U x V)N Z. Let f be a continuous function
supported in U and set

Ge(&.m) = (—1* / q&. 0.0 f(x.u@E n.0))mE n.x)dx, k=0,1,....
(22)
Note that all G (&, n) are well defined in V and that Go(&, n) = Rf (€, n). The idea
of the proof of Theorem 1 is to show that all G, vanish in a fixed neighborhood of
the origin. We shall see that this easily implies that f = 0 in some neighborhood of
the origin. In the special case where u (&, n, x) = &x + n, we have ¢ = —pé =x.
The main ingredient in the proof of Theorem 1 is the following fact.

Proposition 1 Let f be a continuous function supported in U, and let the functions
Gy (&, n) be defined in V by (22) as described above. Assume that the density i and
the hypersurface Z satisfy (17) and (18). Then there exist functions a(&, n), b(§, n),
c(&,n) such that the following differential equations are satisfied in distribution
sense in'V:

(0 —a)G1 + (0 —b)Go=0, and
0y —a)Gp41+ (0 —b)Gy —cGr—1 =0, k>1.

(23)

Proof If ¢ is an arbitrary smooth function on I” that is supported in V and n(x, y, &)
is the density on Z as above, we have for every k > 0, the trivial identity

[ 3ot 0) o6 ot i, . ) d =0 24)

If k > 1, the integrand can be written

k(ot)" ™ pte on+ (o) (vk + et + (0f) 0.

Inserting the expressions for ng and né from (17) and (18) and rearranging terms,
we obtain

(0% +0308) (1) + (02) o (apt +b) + c(pt)  on.
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where a = kay + ay, b = kby + by, and ¢ = kc;. Note that this expression for the
integrand is also valid for k = 0, since ¢ = 0 then. Thus (24) can be written

k+1 4

R*((of) ot + (0£) 'y + (ot)* ™"

ag + (ot) bo + (pt)" ' cp) =o0.

Multiplying by f(x,y), integrating, and using (16) with u = (pé)j = (—q)/, we
obtain

(R((=a)* 1), 08) + (R((=) ' f), 0}) + (R((=)**' 1), ag)
+(R((=a) f), bp) + (R((=)*"" f), cp) = 0.
By virtue of the definition of Gy, this means the same as (23). U

The following simple observation will also be needed in the proof of Theorem 1.
Lemma 1 If coordinate systems in X and I are chosen so that (6) holds, then
Oy (uz/uy) #0  at the origin.
Proof Since u;) # 0, it is sufficient to observe that
uyiye — uguy, #0,
which follows from (11) and the fact that ué =0 at the origin. Il

Proof of Theorem 1 We are going to prove that all the functions G (&, n) vanish
in a fixed neighborhood of the origin. To do this, we first need to fix a region in
(¢, n)-space for which the curve y(¢ ;) does not meet the support of f.

Choose ¢ > 0 such that (23) holds in

2e={E. 05l <e lnl <e).

By (6) we know that u%(O, 0, 0) # 0, and we may assume that u%(O, 0,0) > 0. Hence
we can choose § > 0 and « such that u;](O, 0,x) >k > 0 for |x| <§. By possibly
replacing € by a smaller number and recalling assumption (19), we can then achieve
that

u,n,x)<—-d<0, for —¢/2<n<-—¢g, |&|<e, x| <.
Set K =supp f. Since y(9,0) N K = {(0, 0)}, it is clear that

Ve VK O {(x,y); x| > 8} =0

if |€] and |n| are sufficiently small. Hence, by possibly choosing ¢ still smaller we
can achieve that

YenNK=90 if —¢g/2<n<—cand|§|<s.
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We now prove that all G, vanish in £2,. By the assumption Go = 0 in £2,.. By Propo-
sition 1 this implies that the function n — G (&, n) satisfies the ordinary differential
equation

G1(€. m —aE nGi(E,n)=0

for |£] < . But G1(£,n) is obviously equal to zero whenever the curve y =
u(€,n, x) does not meet the support of f, which as we have just seen is certainly
the case if (&, n) € £2, and n < —¢/2. Hence G| =0 in 2.

To proceed, we shall use induction over k. Assume that Gy =0 in £2, for all k <
p, where p > 1. By Proposition 1 the function 1 +— G ,1(&, n) must then satisfy
the differential equation

anGp+l(§’ n) —a(é, U)Gp+1($, n =0

in £2.. Reasoning as before, we can conclude that G 41 = 0 in £2,, which proves
the assertion.
To complete the proof of Theorem 1, we note that in particular

G0, ) = (— D f g0, 1, 0" £ (x, (0, 0, x))m(O, 7, )dx =0 (25)

for all k and all n < €. Since ¢, # 0 by Lemma 1, we can make the change of
variable ¢ (0, n, x) = ¢ in the integral (25) for an arbitrary fixed n with n < ¢. It
follows that (with obvious notation)

d
/tkf(x(t, n), u(O, n, x(t, n)))m(O, n, x(t, n))d—: dt=0

for all k and for all n with n < ¢. Since m > 0 and dx/dt # 0, it follows that
f vanishes on the curve y = u(0, n, x), and since those curves certainly cover a
neighborhood of the origin in the (x, y) plane, we can conclude that f =0 in a
neighborhood of the origin. This completes the proof of Theorem 1. g

4 The Condition on the Density p

We now describe condition (17) on the density u in intrinsic terms. Let V be a
vector field on Z that is everywhere tangent to the fibers 7y ! (x). In the coordinates
(&, 7, x) this vector field can be written V = V10¢ + V,9;, where V; and V, are

functions on Z. In fact, since the equation for the fiber T[;l (xo, yo) is

¥ =u(& n.x°),

we see that the condition for vy 9¢ + v29, + v30, to be tangent to this curve is v3 =0
and v1u:E + Uzu/,, = 0. A vector field V on Z can be invariantly defined as a linear
map from C°°(Z) into itself such that V(pvy) = oV (¥) + ¥V (¢). The operation



54 J. Boman

of V on the density p will be defined by (V (), ¢) = —(u, V(¢)). If 0 =01 d& +

02dn+o3dxisal-formon Z and V = V|0t + V»0, + V30, is a vector field, then

the “contraction” o 4V =o01V| + 02V + 03V3 is a function on Z. If o is a 1-form

on I”, then we denote by 7}.(o') the pullback of o to Z under the projection 7.
Consider the following condition on pu:

there exists a 1-form o on I" such that V (u) = (nji (o) 2 V)/,L (26)

for all vector fields V that are tangent to the fibers 7 ! (x).
If condition (26) holds for one nonvanishing vector field V' that is everywhere
tangent to the fibers 7 ! (x), then it holds for all such vector fields. In fact, if V

is another vector field that is everywhere tangent to those fibers, then V= ¢V for
some function ¢ on Z, so multiplying (26) by ¢, we obtain V(,u) = (7 (o) 2 V) uw.
In this way we also see that the 1-form o is independent of the vector field V.

‘We now show that (17) is the same as (26). In the (x, y, &) coordinates V = 0¢ is
tangent to the fibers 7, ! (x). Thus,

(V). @) = —{u. V() = —[//n(x,y,aagw(x,y,s>dxdyds

- / / / WLy, B, y, 6 drdyds.  (27)

Let 0 =a(&,n)dé + b(&,n)dn be a 1-form on I'. To compute 7}.(0) on Z, we
note that

wr:(x,y,8) e (& n),
where n = p(x, y, £). Thus,

nj(0)=ad§ +bdp=adé +b(p,dx + oy dy + p; dg).

With V = 9 this gives

nf(o) 2V =a+bp;.

Hence,

((nﬁ(a)JV)u,cp)=///(a+bpg)n<x,y,s><p<x,yf)dxdydé (28)

Combining (27) and (28), we now see that (26) is equivalent to (17).

It is possible to prove Theorem 1 using the coordinates (£, n, x) instead of the
(x,y, &) coordinates. Recall that the function g (&, n, x) is defined by (21). The as-
sumptions on u = m(&,n,x)d& dndx and Z then read as follows. The function
m(&, n, x) must satisfy

Op(gm) — 0gm = (a1q + by1)m, 29)
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where a; and b are functions that depend only on (£, 7). The condition on Z is
expressed by the following condition on the function g: there exist functions as, by,
and c; that depend only on (&, n) such that

qdyq — 3eq = arq® + bag + c2. (30)

The proof of Theorem 1 using those assumptions is quite parallel to the proof of
Theorem 1 in [3], the factor ¢ playing the role of the factor x in [3]. Recall that

g&. nx)=xifu€ nx)=Ex+n.
It is instructive to verify that (29) is also the same as (26). Choose V = 9 — g9,
where g = uj /uj, as above. Then

(V). ¢) = —(ie. V(@) = —(1. (3 — q0p)9)

T ///((85 —qd)e&, 1, x))m(E 0, x)d§ dndx

= ///(agm — 0y(gm)) pd& dndx.

Assume that o0 = a(§, n)d&é + b(§, n)dn. Then
7f(@) sV =aVi+bVa=a—bq.

Thus condition (26) means that

///(8gm—8n(qm))(pd§dndx=/f (a—bg)ymepd&dndx

for all ¢, or
Ogm — 0y(gm) = (a — bg)m

for some a and b, which is condition (29).

5 Curve Families and Ordinary Differential Equations

In the next section we shall see that condition (18) on Z is not invariant with respect
to smooth coordinate transformations in I, and we shall replace it by an invariant
condition. To do this, we shall use two well-known results from the geometric theory
of ordinary differential equations.

Proposition 2 Consider an ordinary differential equation of the second order

Y =®(x,y,p), p=dy/dx, (31)
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where ®(x,y, p) is a polynomial in p of degree < 3 with coefficients that are
smooth functions of x and y. Under an arbitrary smooth variable transformation
in the plane

x=FX,Y), y=G(X,Y), (32)

(31) is transformed into an equation of the same form, that is,
Y'=¥(X,Y,P), P=dY/dX, (33)
where W (X, Y, P) is a polynomial in P of degree at most 3.

This is Theorem 2 of Chap. 1 §6 E in [1].

Corollary 1 Let a two-parameter family of curves in a neighborhood of (0, 0) in
xy space be given by F(x,y,&,n) =y —u(&,n,x) =0 for parameters in a neigh-
borhood of (0, 0) in & n space, and assume that F satisfies (4) and (5). Assume that
there exist coordinates in x y space in which the curves are represented as straight
lines. Then the curves of the given family and its dual family both have the property
that the curves of the family are solution curves of some differential equation (31)
where @ (x, y, p) is a polynomial in p of degree at most 3.

Proof The assumption means that we can choose coordinates in x y space such that
u(&,n,x)=AE, n)x+ B(&,n) for all (§, n) in some neighborhood of (0, 0). Since
the map (12) is a local diffeomorphism, we can choose coordinates in a neighbor-
hood of the origin in & n space such that A(¢, n) =& and B(&, n) = n, and hence in
the new coordinates u(§, 7, x) = £x + n. Thus we can find coordinates so that both
the given family and its dual are solution curves of the differential equation y” = 0.
The zero function is a polynomial of degree at most 3, so the statement now follows
from Proposition 2. d

Remark The converse of the statement in the corollary is also true. In other words,
the condition that both the curves of the given family and its dual family are solution
curves of a differential equation (31), where @ (x, y, p) is a polynomial in p of
degree at most 3, is a necessary and sufficient condition for the given curve family
to be diffeomorphic to a family of straight lines. See [1], Chap. 1 §6 G.

Proposition 3 Assume that @ (x, y, p) is a polynomial in p of degree <3 as in
Proposition 2. Then there exists a smooth variable transformation

x=FX,Y), y=Y, (34)
in some neighborhood of the origin, F(0,0) =0, F)’( (0, 0) #£ 0, such that the differ-

ential equation (31) is transformed to (33) where ¥ (X, Y, P) is a polynomial in P
of degree at most 2.

For the proof, we shall use the following lemma from [1], Chap. 1 §6 B.
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Lemma 2 The substitution (34) transforms (31) into the equation

Y'=®(X,Y,P), P=dY/dX, (35)
where
D(X,Y,P)= A3¢(X Y,P/A P Fly +2PF}, + P2F] 36
P =2 Y, P/ )"'F( xx T xy T Yr)s (36)
X X

and A=Fy + PFy.

Proof of Proposition 3 By Proposition 2 we know that ¥ will be a polynomial in
P of degree at most 3, so it will be enough to show that we can choose F (X, Y) so
that the coefficient of P3 in (36) vanishes. Assume that

D =Py + pPd; +p2<1>2+p3<1>3,

where @; are functions of (x, y). Third-degree terms in P will only occur in the
terms

4

1 F
— (830 + PA2®| + P2AD, + PP@3) + PP LY
FX FX

The coefficient of P3 will therefore be

1 F//
F—/(cbo(F{,)S + @1 (Fy)" + ®oF) + 03) + o
X X

which can be written

1
LAY F) + ),
X

where we have denoted the polynomial P3<1>(X .Y, 1/P) by A(X,Y, P). Note that
F )/( # 0, since the Jacobian of the transformation is F )/( Now choose H(X,Y) ina
neighborhood of the origin as a solution of the ordinary differential equation

Hy(X,Y)=—A(X,Y,H(X.,Y)), H(X,0)=0,
and then choose

Y
F(X, Y):X—i—/ H(X,t)dt.
0

Then the coefficient of P3 will vanish identically, and the proposition is proved. [J

6 Local Injectivity: Invariant Statement

We can now formulate a statement that is invariant under separate coordinate trans-
formations in X and I".
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As always, the manifold Z is defined by F(x,y,&,n) =0 and is assumed to
satisfy (4) and (5), and the coordinates are assumed to be chosen so that (6) holds.

Theorem 2 Let Z C X x I' be defined by F(x,y,E,n)=n—px,y,E)=0ina
neighborhood V of a point (x°, y°) = (0,0, 0,0) € X x I'. Assume that the function
Er p(x,y,8) forall (x,y) in a neighborhood of (0,0) € X satisfies a differential
equation

pee =P (5. 1. pz)

in some neighborhood of (EO, 770) =(0,0) € I', where @ (&, 1, p) is a polynomial
of degree < 3 in p with coefficients that are smooth functions of (&, 1), and that
the density  on Z satisfies (17) in V. Let U be a neighborhood of x° in X such
that U \ y° has just two components that we denote by U, and U_. Let f be a
continuous function on U such that supp f is contained in U U {x°}. Assume that
Rf =0 in some neighborhood of y° € I'. Then f =0 in some neighborhood x°.

Proof Choose a coordinate system in X such that (19) holds. Since this coordinate
change obviously preserves the condition on p(x, y, £) in the theorem, we can then
use Proposition 3 to choose coordinates in I” such that p(x, y, &) satisfies (18).
Those coordinate changes preserve the validity of (17), since we have proved that
this condition is invariant under coordinate changes in X and I". The assertion now
follows from Theorem 1. g

‘We remark that Proposition 2 shows that the condition on p(x, y, §) in Theorem 2
is invariant under coordinate changes in I", and we have already observed that it is
trivially invariant under coordinate changes in X.

Finally, we give an example of a curve family satisfying the condition in Theo-
rem 2, which cannot be transformed to a family of straight lines. Following Gindikin
[13], we consider for this purpose the set of horocycles in the hyperbolic plane with
the right half-plane as a model for the latter. Then the horocycles are the circles that
are tangent to the y-axis

Fl,y, &= -6+ —n?—&>=0. (37)

The full set of horocycles is unsuitable for us, since there are in general two
horocycles with the same tangent direction through a given point. But if we re-
strict (x, y, &, n) to a neighborhood of, for instance, the point (xo, yO) =(1,0),
(€9, 7% = (1, 1), we get rid of this ambiguity, and F will satisfy (4) and (5). Differ-
entiating (37) twice with respect to £ and eliminating x and y leads to the differential
equation

" = (1+n7)/2n,

which shows that the condition of Theorem 2 is satisfied. On the other hand, a
similar computation with (x, y) and (£, ) interchanged shows that the curve family
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in the x y plane satisfies the differential equation

1
Y= ;(1+y’2)(y’+\/l+y’2).

The last expression is not a polynomial in y’, so by the Corollary our curve family
cannot be transformed to straight lines.

For further information on the geometric theory of differential equations, we refer

to [6] and references given there.

References

10.

11.

12.

13.

14.

15.

Arnold, V.I.: Geometric Methods in the Theory of Ordinary Differential Equations, 2nd edn.
Springer, Berlin (1988)

Boman, J.: An example of non-uniqueness for a generalized Radon transform. J. Anal. Math.
61, 395401 (1993)

Boman, J.: A local uniqueness theorem for weighted Radon transforms. Inverse Probl. Imag-
ing 4, 631-637 (2010)

Boman, J.: Local non-injectivity for weighted Radon transforms. Contemp. Math. 559, 39-47
(2011)

Boman, J., Quinto, E.T.: Support theorems for real-analytic Radon transforms. Duke Math. J.
55, 943-948 (1987)

Bryant, R., Griffiths, P., Hsu, L.: Toward a geometry of differential equations. In: Geometry,
Topology, & Physics, Conf. Proc. Lecture Notes Geom. Topology, vol. IV. Int. Press, Cam-
bridge (1995)

Ehrenpreis, L.: The Universality of the Radon Transform. Clarendon Press, Oxford (2003)
Gelfand, I.M., Graev, M.I.: Admissible n-dimensional complexes of curves in R”". Funct.
Anal. Appl. 14, 274-281 (1980)

Gelfand, .M., Graev, M1, Shapiro, Z.Ya.: Differential forms and integral geometry. Funct.
Anal. Appl. 3, 101-114 (1969)

Gelfand, I.M., Gindikin, S.G., Shapiro, Z.Ya.: A local problem of integral geometry in a space
of curves. Funct. Anal. Appl. 13, 87-102 (1979)

Gindikin, S.G.: Reduction of manifolds of rational curves and related problems of the theory
of differential equations. Funct. Anal. Appl. 18, 278-298 (1984)

Gindikin, S.G.: A remark on the weighted Radon transform on the plane. Inverse Probl. Imag-
ing 4, 649-653 (2010)

Gindikin, S.G.: Remarks on infinitesimally Desarguian families of curves. Funct. Anal. Appl.
45, 265-270 (2011)

Helgason, S.: A duality in integral geometry on symmetric spaces. In: Proc. U.S.—Japan Sem-
inar on Differential Geometry, Kyoto 1965, pp. 37-56. Nippon Hyoronsha, Tokyo (1966)
Strichartz, R.S.: Radon inversion—variations on a theme. Am. Math. Mon. 89, 377-384
(1982), see also 420423



Deconvolution for the Pompeiu Problem
on the Heisenberg Group, I

Der-Chen Chang, Wayne Eby, and Eric Grinberg

Abstract We consider variations on the Pompeiu transform for the Heisenberg
group H” and focus on cases where the transform is known to be injective; in par-
ticular the cases of averages over a sphere and a ball, or two balls of appropriate
radii. In these cases we develop a method which provides for the reconstruction of
the function f from its integrals.

In addition, we consider these issues in connection with the Weyl calculus and
group Fourier transform. We furthermore explore issues of convergence for this
method of deconvolution and related issues of size of the Gelfand transform near
the zero sets. Finally, given a set of deconvolvers which work for Euclidean space
C", we consider the problem of how to extend the deconvolution to the Heisenberg
group, and we provide the extension in special cases.

1 Introduction
Dedication and a Mathematical Moment

This paper is dedicated to the memory of Leon Ehrenpreis. His insight, enthusi-
asm, and energy will continue to inspire us for many years to come. We take this
opportunity to recall a brief mathematical moment with Leon. In one of countless
sessions at the blackboard, someone commented that, while a real hypersurface al-
lows for the concept of a side, and often inside and outside, the same does not hold
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for a complex hypersurface, but it would be nice if the concept could be extended.
Leon thought about it a bit and said that this may be possible, “probably by extend-
ing the notion of the Cauchy Problem.”

The interplay between real and complex analysis was of great interest to Leon.
This paper focuses on analysis on the Heisenberg group, which is a fertile group for
this interplay.

The Pompeiu problem asks for conditions which guarantee the uniqueness of a
function in terms of its integral averages. This problem may also be expressed as
a question of injectivity of a certain integral transformation. In particular, given a
function f € C(R") and for a specified set S € R”, consider the integral averages

/S fx)dus(x)

for all rigid motions o of R”, where . is the area measure on the set o S. The
Pompeiu problem asks whether the vanishing of all of these integrals is sufficient to
conclude f = 0. The same question may also be asked in the context of an integral
transform. Define the Pompeiu transform as

P f(0) = / S (0)

for each o € .# (n), the Euclidean motion group. The Pompeiu problem may then be
considered as the issue of injectivity for the Pompeiu transform. When the transform
is injective, it is then possible to consider the problem of inversion.

We consider the problem of inversion of the Pompeiu transform at the level of
establishing a method to recover the original function f from the transformed func-
tion & f. Note that we do not give an explicit inverse to the operator &, but we do
establish a limiting procedure that allows the recovery of f from a given & f. The
problem of deconvolution is then the reconstruction of the function f from these in-
tegral averages. In the paper [7], Berenstein and Yger addressed this problem in the
setting of the Euclidean space R". They form explicit formulas to determine the de-
convolvers vy, ..., v, from the bounded measures 1, ..., i, using the operations
of derivation, integration, convolution, and summation. In this paper we address the
problem of deconvolution for the Pompeiu problem in the setting of the Heisenberg
group. We consider the Pompeiu problem for functions in C N L*°(H,,) and con-
sider integration over a set S € C" x {0} C H,,, such as described in [1]. Although
the issue of deconvolution can be considered for any set S, or collection of sets, for
which the Pompeiu transform is injective, we focus on two cases for which the zeros
of the associated transforms are well known. The first case considers the set S as a
ball and a sphere of the same radius, while the second considers S as two balls of
appropriate radii. The general approach established in this paper provides a method
to construct sequences of deconvolvers which allows reconstruction of f through a
limiting process. In addition we address the issue of when these deconvolving se-
quences will converge to individual deconvolvers, defined as tempered distributions.
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This issue of convergence relates directly to the location of the zeros of i1, ..., (i,
and the issues discussed below.

In Euclidean space, a large part of the problem of deconvolution is directly related
to a condition known as Hormander’s strongly coprime condition [17]. Consider the
integral conditions as a set of convolution equations. In the case of two balls of radii
r1, 2 the integral conditions may be written as

f*T, =0, f*T,=0,

where T}, are defined by
(¢>,Tr,->=/ ¢ (x)dpuj(x)
[x[<r;

for j =1, 2, where i is the area measure on the ball of radius r ;. Now observe that
the problem of deconvolution can be solved by finding vy, vy € & which satisfy the
analytic Bezout equality

T+ T, =1. (1)

Hormander’s strongly coprime condition tells us that such vy, v, exist as compactly
supported distributions if and only if 7, and 7, satisfy the following estimate,
related to Paley—Weiner estimates,

~ . 1 B
}T”l(g)‘—}_}T}’z(g)‘ECme B|Imz¢| )

for some C, N, B > 0. In addition to Tr1 and Tr2 not having common zeros, this
condition describes a maximum rate of decay for a combination of T,l and Trz,
ensuring that where one of these becomes zero, the other must not become too small
too quickly.

In the specific case of the Pompeiu problem for two balls of distinct radii, the
issue of injectivity is determined by an arithmetic condition on the radii. In this case,
the transform for balls B, and B,, will be injective when the following condition
on quotients of zeros of Bessel functions J holds:

—¢£2(Jn>—{ 1y €R* Jy(x) = J%(y>:0}.
vy

When, in addition, the quotient of radii % is poorly approximated by quotients of

zeros of Jx, then Hormander’s strongly coprime condition can be shown to be sat-
isfied. It then follows that the deconvolution problem for 7;, and 7}, can be solved
with compactly supported distributions v and v;.

When such v; and vy can be found, this provides a solution to the problem of
deconvolution as follows. First note that 7, * vi 4 T, * vo = §. Then convolve the
convolution expressions f * T, and f * T,, with v and v, to obtain
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fxT xvi+ [T, xvo= f* (T, *xv1 +Tp, %)
=fx6=f.

One of the goals of this paper is to establish a similar approach to deconvolution
that works in the Heisenberg setting. We develop a method that works for the two
specific cases considered in Sect. 3, the first case of a ball and sphere of the same
radius and the second case of two balls of distinct radii. In both cases a sequence
of deconvolvers is presented which in the limit accomplishes the deconvolution to
return the original function f. Section 4 considers these issues in the context of the
Weyl calculus. Issues of convergence for the deconvolving sequences are consid-
ered in Sect. 5. In the case of two balls of distinct radii, these considerations lead
to an interesting interaction between Hormander’s strongly coprime condition, the
issue of N-well approximation of the radii, and the space in which the sequences of
deconvolvers will converge. Section 6 deals with the extension of a given deconvo-
lution for the space C”" to the space H". We plan to pursue these issues further in a
later paper.

The inspiration for this paper comes from the desire to find deconvolvers v
and v, that satisfy the analytic Bezout equation (1). When considering this issue
in the setting of the Gelfand transform for the Heisenberg group, we realized that
the method of proving the Tauberian theorem can be adapted to construct v; and v
as needed. Note that the construction given in this paper involves a “local inversion”
of i1 and fip away from their zero sets and thus relates to the problem of division
considered in the pioneering works of Ehrenpreis [12—14].

2 Heisenberg Group, Problem of Deconvolution
The Heisenberg group H"” can be given by coordinates [z, ¢] € C" x R with group
law defined by

[z,t]-[w,s]=[z+W,t+s5s +2Imz-w].

This group can be realized as the boundary of the Siegel upper half-space %4,+1 in
Cn+l

802/}1-4—1 = {(Z’ Zn+1) € Cn+l Imzpy = |Z|2}:

where the group law gives a group action on the hypersurface. As usual, |z|? =
> 7_; |zk|?. The left-invariant vector fields associated to H” are spanned by the
basis

g
o0 0
U TTRRET
) ?
Z4

=——iz;—,
ez e
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for j=1,...,n,and

d
T=—.
at
The only nonzero brackets are given by [Z;, Zj] = —=2iT for j =1,...,n. The
sub-Laplacian is given by

n
ﬁ:ZZ,-Z,- ~|—Zij.
j=1
Harmonic analysis on H” for radial functions f € L8° (H™) utilizes the Gelfand

transform defined using the bounded U (n)-spherical functions. These can be defined
as joint eigenfunctions of .Z and i T and are given by

Yz, 1) = ce® M eI LD (47 30121%) for (k,2) € Zy x R

and

_ Jn71(10|Z|)
S0 @ =yt

These bounded spherical functions are used to form the Gelfand transform for
L{(H"), defined for f € L} (H") as f(p) for p € S by

for p e Ry.

f(x,k>=/Hn f@ Dyl ndmz, 1)

and

£(0; p) = fH @) f,@dm. ).

The spectrum is given by the Heisenberg fan .77 composed of a central Bessel ray
¢, and infinitely many Laguerre rays 7 + converging to the central Bessel ray.
Denote 27, 7, and 4 + as follows:

o0
H =,V (U%Hujﬁ,_)
k=1

={(0,p):p20}u(g{(x,4lkl(k+%)):keR*}). 3)

In application of the Gelfand transform, we will need to define llfk("_l) (x) as
X
qjk(n—l)(x) 2/ eft/2L]((n—l)(t)tn71 dt.
0

In addition, we use the notation j, to represent the function j, (x) = %,f‘)
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Part of our analysis of this problem will include the perspective of the Weyl cal-
culus and the group Fourier transform. We first define the position and momentum
operators P = (Py,..., Py)and Q =(Q1,..., Oy), given by Pju(x) = xju(x) and
Qju(x)= %%(x). As stated in [16], the group of unitary operators on L? are de-
fined by '

,O(p, q, 1) = eZm'(pD+qX+t1) — e2m‘162m’(pD+qX)’

which acton f € L? as

p(p,q, 1) f(x) = T IFIGATIRG £ (4 py,

forming the Schrodinger representation of H". Through the nonisotropic Heisen-
berg dilation by A'/2, we obtain the representations used in the Weyl transform,
which is then based on the infinite-dimensional representations

: 1/2 1/2
Ty = 2TIEMED PxP+A2y-0) fora eR, \ {0}

and the one-dimensional representations
(e =T ERD for (£,m) eR" x R

that can be attained in the limit as A — 0. The group Fourier transform on H" is
then given by

T5.(f) =/ f&Xy, D (x,y, 1) dxdydt
R2n+1

and

n(E,ﬂ)(f) Z/ f(xv Y. t)n(s,r]) dxdydt
R2n+1

Both of these can be attained from .%,,+ by the following

7. (f) = Font1(f)(=n, —,0)
and

7 (f) = Fonp1 () (FAV2P, =220, F4).

For additional details on this material, please see [1, 5], where this theory is applied
for the Pompeiu transform on spheres in H”.

In Euclidean space R”, deconvolution takes place on the side of the Fourier trans-
form, either in the explicit construction of deconvolvers vy, ..., v, satisfying the
analytic Bezout equation

ﬁlﬁl+"'+ﬁn/v\n51
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or in verification of existence of such vy, ..., v, through verification of the Hérman-
der strongly coprime condition

1
+- 4| >C——— —B|Im¢|
11 (0)| [ ()| = TENTTLk

for some C, N, B > 0. Observe that the process of deconvolution takes place on the
Fourier transform side; the same will be true for deconvolution on the Heisenberg
group, H". When the measures @1, ..., u, are U(n)-radial, it is possible to con-
sider Gelfand transforms [y, ..., il,, directly related to Fourier-Bessel transforms
21(p), ..., fa(p) with the radial variable p = \/|¢1|2 + - - - + |¢,|2. In both of the
cases appearing in Sect. 3, which involve U (n)-radial spaces, the construction of
deconvolvers is completed on the Gelfand transform side. As part of this study, we
will also consider the connection to the group Fourier transform through the Weyl
calculus in Sect. 4. We focus primarily on two specific cases where the measures
are U (n)-radial in this paper and will consider more general cases in a later work.
We do not yet have a version of Hormander’s strongly coprime condition for
the Gelfand transform on H,,. However, given radial measures (1, 1o € L(l)(Hn),
deconvolution is still possible through explicit construction of vy, vy satisfying

E1(p)Vi(p) + 2(p)v2(p) =1 “4)

forevery p € 7, i.e., forevery p = (A, k) e R* xZ, or p = (0, p) € R;. Although
we cannot accomplish this in one step for the entire Heisenberg brush .77, we do
accomplish this in the limit through use of a compact exhaustion {K;} of . That
is to say, we construct sequences {vy,;} and {v; ;} satisfying (4) for all p € K; for
each j. The process of deconvolution is then accomplished in passing to the limit.

Once this process of deconvolution is accomplished, we also consider the relation
to the group Fourier transform using the Weyl calculus.

3 Procedure for Deconvolution: Two Specific Cases

Here we consider deconvolution of the Pompeiu transform for the function space
C N L°°(H,,) as described in previous papers [1, 5]. It is at this level where two sets
are required, and we first consider the case of a ball and sphere of the same radius in
Sect. 3.1, followed by the case of two balls of appropriate radii in Sect. 3.2. Although
both cases follow the same general procedure, the first is somewhat more direct
because we can find a uniform separation of the zeros of the Gelfand transforms
for the two sets. In each case we consider a limiting procedure, which allows us to
construct a sequence of functions converging to the original function f. To do this,
we will construct a sequence of deconvolvers {vy ;} and {v2 ;} such that

Tl'ljl’j + T2’\72,j — 1,
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in the sense that
Tl’l\jl,j + Tz'ﬁz,j =1

on some compact set K ;, where the sequence {K ;} forms a compact exhaustion of
the Heisenberg fan.

3.1 Ball and Sphere
Here we consider the Pompeiu transform defined in terms of the integral averages
/ Lgf(z,0)do,(z) forallgeH"
|z|=r

and
/ Lgf(z,0)du,(z) forallgeH".
|z|<r

These may also be written as convolution equations f * S, and f * T, where
(9, Sr)= ¢(z,0)doy(z) and ($,T;)= ¢(z,0)dur(2).
|z|=r |z|<r

To define sequences of sets {K ;} and {V}, we first list the zeros of J, (rx) sequen-
tially as {A1, A2, ..., Ay, ...} as well as the zeros of J,,—1(rx), listed sequentially as

. 31429 2420
(29, Ag, e AS, ...}. Then, letting Nj = % and N;' = %, we form

sz{pz(x,y)e%:x2+y2§N?},
where (x, y) = (4, |4|(4k +2)) or (x, y) = (0, p?), and
Vj={P=(x,y)€%1x2+y2<(N/J'r)z}’

where (x, y) = (&, [A|(4k +2)) or (x, y) = (0, p?).
We claim the following.

Theorem 1 Let S, and T, be the distributions defined above. Consider the sequence
of compact sets {K ;} C S, which forms a compact exhaustion of the Heisenberg
fan JC, as given above. There exist sequences of functions {vy ;} and {v, ;} with the
property that

§r1~)'1,j+ﬁf\72)j51 onKj.
It is also true that

~~ . ~~ s = c

Sv1,j+Tvy ;=0 on Vj,

where each V is an open set defined above such that K; C V; C Kj41.
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In the following proof, we furthermore give a method for constructing these se-
quences of functions {vy ;} and {v2 ;}. In Sect. 5 we further illustrate how these
sequences are used in the problem of deconvolution and address convergence is-
sues.

Proof Recall that for f € L(l)(Hn), the Gelfand transform f is defined on the

Heisenberg fan 7# which was defined in (3). This is realized as a subset of the upper

half-plane of R?. We use the compact exhaustion {K i} given before the statement

of this theorem. Note that each K; is compact and U; K; = 2. We will construct

the sequences {vy ;} and {v; ;} so that v; ; and v, ; satisfy the needed relation
SV 4+ T, =1

on K for j =1,...,n. Let us recall the values of §r and T} First,

§r(k, k)= ce_zﬂ‘)‘lrle(cnfl)(47‘[|)»|r2),

and
S0, p) = c%.
Likewise,
T,(h k) = C/Or 6727T|M52L,(("_1)(47‘[|)»|s2)s2”71 ds = c/lllk("_l)(471|)\|r2),
and
0.0 e,

We consider the two sets V| = {zeros of §r} and V; = {zeros of YN}}. At times it
will be necessary to focus on the zeros in the Bessel part of the spectrum. For this
purpose, we define Uy = Vi N 7%, and U, = V, N JZ,. In order to focus on those
zeros of V7 and V, which are contained in the set K; of the compact exhaustion
{K;}, we define the sequences {V; ;} and {V; ;} by Vi ; =ViNK; and V5 ; =
V> N K. Similarly, we may want to focus on the zeros inside of K; which are in
Bessel part of the spectrum and thus form the sequences {U;_;} and {U>_;}, defined
as Uy j=UNKjand Uy ; =U,NKj.

The next goal is to construct appropriate neighborhoods of the elements of V;
and V>. These neighborhoods will be used together with “local identities” on each
of the neighborhoods in the deconvolution procedure. We work outward from the
central Bessel ray ¢, containing the zeros Uy and U», since each neighborhood of
one of these zeros will contain an infinite number of zeros in the Laguerre rays. We
index the sets of Bessel zeros

U ={M,M,....M,, ...}
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and
Uy ={Ni,Na,..., Ny, ...}

We know, because of the relation of zeros of Bessel functions of consecutive indices,
that these zeros are interlacing, i.e.,

Mi<Ni<My<Ny<---.
We form sequences of neighborhoods {C;} and {C; }, where
Ci =[(Ni—1 + My)/2, (M; + N;)/2]
is a neighborhood of M;, and
Ci=[(Ni + M;)/2, (N; + Mi11)/2]

is a neighborhood of N;. For Cy, use C; = [0, (M1 + Np)/2]. We next list some
important properties of these sequences. First, they cover the central Bessel ray,

Hy:
(9e)-(Ge)>

Next, they are nearly disjoint, with consecutive neighborhoods intersecting only at
the endpoints:

CinCi={(M; +Nj)/2} and C;NCiy1={(Ni+Miy1)/2}.

Finally, they separate the zero sets of S, and 7. In particular, for all j,

o0 o0
N;N (Uc,-) =@ and M;N (Uc;) =0.
i=l1

i=1

Letting §; = (N; — M;)/2 and 8, = (M; y1 — N;)/2, where for &, we use No =0,
we also form the smaller neighborhoods B; = [M; — 8;_1/2, M; + 8; /2] of M;, and
similarly, B{ =[N;—6;/2, Ni+ 8; /2] of N;. This gives sequences of neighborhoods
{B;} and { B[} satisfying B; C C; and B; C C!. We furthermore claim that there exist
sequences of slightly larger neighborhoods {V;} and {V/} where V; satisfy C; C V;
and V; N (B/_, U B)) = . Likewise, V/ satisfy C; C V/ and V/ N (B;_1 U B;) = .

The next step is to extend the neighborhoods from the Bessel ray 7, to all of the
Heisenberg fan ¢ . Recall that, as k — oo, the Laguerre rays .7 + converge to .J7,,.
For any given i, we expand the neighborhood B; in 7}, to a wider neighborhood
B ; in the Heisenberg fan ¢’ such that B; ; N JZ,, = B;. Note that in JZ’, {B;} can
be written as {{0} x [M; —§; /2, M; + (Sl.+/2]} and that the Laguerre rays ¢ 4+ can
be expressed as

. ={ (L. 4IA(k +n/2)) : L e R*}.
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We then define B; ; by

,]_{(x y): (M; 8;/2)2§x2+y25(M,-+5i+/2)2 and

= =

24(j—|—n/2)}.

We then want to choose j; € Z with the property that, for each j > j;, exactly one
of the Laguerre zeros on the ray J7; + is inside of B; ; N .77} +. We will also choose
Ji to minimize all possible j; satisfying this property and consider the neighborhood
B; j;. Using the same choice for j;, we also consider the larger neighborhoods C; ;,
and V; j,. These yield sequences of neighborhoods {B; ;;}, {C; ;;}, and {V; ;. }. We
use the identical construction for sequences of neighborhoods {Bi/,ji’}’ {C;sj[}’ and

/
{Vi,j,-’}‘

Considering the sequences {C; j;} and {C l/ j.’}’ it remains true that

(o)

However, in general, the above union will not cover all of the Heisenberg fan 7,
and furthermore, there will be some of the zeros in the sets V; and V, which are not
covered. However there can only be a finite number of such zeros on each Laguerre
ray. Furthermore these remaining zeros will be locally finite. In order to cover these
zeros, we first denote them as

{P1,Py,....,Py,...} and {P{,P},....P,, ...}

There exist neighborhoods {D1, Dy, ..., Dy, ...} and {D{, D} ..., D;,, ...}, as well
as neighborhoods {W1, Wa..., W,, ...} and (W], W;, ..., W,, ...} satisfying

(Ue)eQer)> | (G ) (Uer)]

1. D; C W; and Dl{ C Wi/’
2. PN(UX W) =0@and P/ N(UZ,W;) =0
3. P;¢ Wjfori+#jand P/ ¢ WJ’. fori # j.
We have found neighborhoods {C; ;;} and {D;}?2, of Vl, the zeros of §,, as well
as neighborhoods {C’ } and {D }O"l of V, the zeros of Tr, such that

A C (UCi ;) U (U D,-) u(uc ) (U le>
i=1

i=1
and such that there is separation between V| and (UCl.’ ].{) U (U2, D)), as well as
between V; and (UC; j;) U (Uf.’ilD,-). We next find sequences of “local identities”
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which equal 1 on these neighborhoods. These are used to “invert” S, on neighbor-
hoods of V, and i on neighborhoods of Vi, away from their zero sets. These are
combined to “invert” the transform on all of 7.

We use the result on “local identities” that for K a compact subset of .77 and F an
open subset of # such that K N F = {J, there exists p € L(l)(H") such that p|g =1
and p| g = 0. We also require that 0 < p < 1. We thus find the sequences of functions
{p1,i} and {mry ;}7°, which satisfy

1 onC/ ,,
ij
Pl,i =

i

0 onkF/,,
LJ;

where Fl./ = (Vl.’ j,)c, and, in addition,
2Ji *Ji

_ 1 onDj,
T, =
0 on (W))*.

Similarly, we will need the sequences {pp,;} and {no’,’};: | satisfying

N I onC;j,
P0,i =
0 onFj,

where F; j, = (V; ;,)¢, and, in addition, let

- 1 on D;,
70,i = ,
0 on (W;)-.

We begin with pp 1, which is identically 1 on Cj, j1» a set which includes the
neighborhood along the Bessel ray 5}, containing the origin, i.e.,

(0, [0, (M + N1)/2]) C 5,

Next, we extend to a function whose transform is identically 1 on C; ;, UC i i using
’ /1

the construction p; = p1,j + p0,j — P1,; * Po, ;- Then

. A
1 onCyj UCl,jf’

~1 ~ ~ ~ o~
P =p11+ P01 —P1,100,1 =
0 OnFl,,‘]ﬂFl/j,.

X U1

The above procedure demonstrates how “local identities” for the sets C j, and C| i
/1

are joined to form a “local identity” on their union. Note also that these cover the
Bessel zeros, as well as an infinite number of the Laguerre zeros. Thus only a fi-
nite number of Laguerre zeros are left, and these can be covered by neighborhoods
{Di,..., Dy} and {D/,...,Dt’l}.
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Next expand to form a “local identity” for K| by adjoining the “local identities”
70,15 - 0,5, Of D1, ..., Dy and 7y 1, ..., 7y, of DY, ..., D;l,respectively. Then

1Ly - is an identi L _ U D. whilez) =3 Ciean ident
7y =D ;L 7o, is anidentity for D' =U;L D;, whiler; =} ! | 7y is an identity

for D! = U§‘=1 le. First, let 7! = 716 + nll — 716 * 7111, and note that this will satisfy
1 onD'U Dll,
0 on(WhHenwhe,

where (W =L, (W;)¢ and (W')¢ = N[, (W/)°. Noting that
1 1
K1C(C1’jl UC/’].I,)U(D ubD ),

we then expand the “identity” to K by forming p'* = p! + 7! — p! % 7!, The
Gelfand transform of p'* will satisfy

1 on (C]gj1 UC; j/) U (D1 U Dl/)’
J1

0 on (Fij NF ;)N (WHn W),
/1

~1~1_

ﬁl*:ﬁl-l—ﬁl—pﬂ

thus forming an “identity” for K. Finally note that ,011* =p1.1+ nll is an “identity”
on Ci’jl, U Dl/, a neighborhood of all the zeros of §r in K1, that is also separated
from the zeros of 7,. We can form pi* = p'* — p!*; note this function will similarly
give an “identity” on A! = (Cy j;, UD)\ (Vl/,j{ U DY), a neighborhood of all zeros

of i in K1, also separated from the zeros of §,,
This construction is next extended to form “identities” for the K ; in the compact
exhaustion of J#’. Form neighborhoods Cy, = U |C; j, and C,, = UL, C] it for

the zeros of 7, and S, respectively, inside of K, and near the Bessel ray 7. Note
that “identities” for C,, and C;, are given by pj' =Y 7" po,; and p}" = >/, p1;.
Letting p™ = pg' + p]" — py' * py", we have that

o~ o~ o~ 1 onC,UC,,

P =py +pPy —Py P = ’
0 on F"NF™,
where F" =N F; ;. and Fm' = m;n:lFi/j." Then let D" = U;", D; and pm —
U;’;ID;. We also define (W™)¢ = ﬂ?il (W;)¢ and (W™')¢ = ﬂ;’"zl(Wf)C. Expanding
to pick up the remaining Laguerre zeros in K,,, we let ny' = Yo mo, Tt =
Zi";l T, and

" =my + ) -y wm.

Thus,

1 onD™UD™,

A" =l +a" —a)a" = /
0 1 07" 0 on (Wm)c ) (Wm )C'
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Finally, we can expand to all of K, by forming p"* = p™ + 7™ — p" % ™, where

1 onC,UC, U(D"UD™),
0 on (F™NF™)yn (WM n (Wm)e).

Noting that K,,, C (C,, U C,’n) U D"y D’”/) we see that p”* forms an “identity”
for K,,. As above, we split p™* into two “identities” p|"* and p5'* Which are “identi-
ties” on nelghborhoods of the zeros of S, and 7}, respectively. First, p =p{' +xi
is an “identity” on cm' upm , a neighborhood of all the zeros of S, in K,,, that is
also separated from the zeros of T,. We can form Py = p™* — p{"* and note that
this function will similarly give an “identity” on A™ = (C™ U D™) \ (vm™ upm,
a neighborhood of all zeros of T, in K,,, also separated from the zeros of S,

We next form the deconvolving sequences {v; ;} and {v ;j}. Here we will rely on
the separation of the zeros of S, from those of 7, and we utilize the neighborhoods
and “local identities” formed above in the process of inversion. In particular, S,
does not vanish on V/ = (U, V/ ) U (U2, D;), and similarly 7, does not vanish
onV = (U2, Vij) U (U2, D). We first invert these on the set K ;, and for this
purpose, we form \7; =V'NKjand V;=VNK; Let Mj s = minxe‘-,; 1S, ()]
and M, = minxe‘-,f |i(x)|. Then let M; = min{M; ;, M; ;}. There exists ¢; € C*
such that ¢;(¢) = l for [¢t| > M, while ¢(¢) =0 for |t| < M;/2. Then form ¢; o S,
and ¢; o Tr, and we rely on Lemma 6.4.4 of [5] to describe the Gelfand transforms
(¢j oS, ) and (¢; o T, ) Notice that these invert S on the set V and T on the set

V], away from their zero sets, as follows:
@05 1y =8,y =1/5,.
and

@ o T) 1y, = 8;(Tly, = 1/T;.

The deconvolving sequences {vy,;} and {v2, ;} are now formed by vy ; = p1 j * (¢ 0
Sy) and vy j = p2 j * (¢ o T,). We claim that these sequences satisfy the properties
claimed in the theorem. Considering {S; * vi,; + T, * v2 ;}, we form the Gelfand
transforms

(S vy, j+ T % vz’j)~= ’Svr;Lj + T}T)Jz’j
=S:0;(5)P1.j + T (T2,
Since ¢; (S;r)|supp(ﬁl,j)ﬂl(j = 1/gr and ¢(i‘)|supp(ﬁz,j)ﬁl{j = l/i, we have

(S v1j+ T % v2 ) Nk, = Prjlk; - Sr - (1/S) + Pajlk, - Tr - (1/Ty)
= p1.jl&; +P2.jlk;-
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Thus by design of {1, ;} and {02, ;}, we have that
(Srxv1j+ T *v2 ;3 k; = (P1,j + P2, )|k, =1
and
Sy xvij+ T % v2 ;) lwye = (P, + P2, )l wye =0.

Thus the claim of the theorem has been verified. O

This case yields a nice representative example on which we have demonstrated
the more general method. Although there was a uniform separation of zeros of S,
and 7} in the above case, more generally, these zero sets may coalesce. In the case
of two balls of appropriate radii considered in the next example, the zeros of 7},
and YN}Z will coalesce. However, we will be able to extend the above method by
taking enough care with the neighborhoods around these coalescing zeros.

3.2 Two Balls of Appropriate Radii
We now consider the Pompeiu transform defined in terms of the integral averages
/ Lgf(z,0)du, (z) forallgeH,
|z <ry

and
/ Lgf(z,0)du,,(z) forallgeH,.
|z|<rp

These may also be written as convolutions f % 77 and f x T, where (¢, T1) =
fll|<r1 ¢(z,0)du,(z) and (¢, Tr) = f‘z‘<r2¢>(z, 0)du,(z). We consider the case
where r1 and r; are such that the transform is injective. We claim the following.

Theorem 2 We assume that r1 and ry satisfy the conditions
L (H¢20Un= {% S (x) = Ju(y) =0,y € R*},
2. ()¢ 2w ) = (L v V) =w" V() =0,y eR¥) forallk € Z,.

Then Ty and T do not have any common zeros. Consider the sequence of compact
sets {K;} C I given below which forms a compact exhaustion of the Heisenberg
fan €. There exist sequences of functions {vy ;} and {v2 ;} with the property that

Tlfljl,j—i-TzT)Jz,jEl on K
and
Tlvl,j + Tz’l\)dz’j =0 onV¢,

where each V is an open set suchthat K; CV; C Kj11.



76 D.-C. Chang et al.

Recall that lllk("_l) (x) was defined above by
1 * 1
ll/k(”’ )(x) =/ e"/zL,({"’ YtV dt.
0

In this case the {K;} and {V;} will be given in the proof of the theorem. It is more
convenient to make their definition after the zeros have been grouped appropriately.

Proof We first recall the values of the Gelfand transforms of 77 and 7»:
Ty (L k) = c/o 22—t D (4 3162) ds = 0V (4 ),

Jn(pr1)
C

7100, p) = o

and
5 7 [Als2 2n—17 (n—1) 2 1y =1 2
Tz(x,k)zc/ eI LT (A (Al s”) ds = T (A ),
0

Ju(pr2)
(pra"

The procedure is close to that of the previous theorem; however there are some
additional complications we will address. The interaction between zero sets of T}
and 7> plays a larger role. In general, the zeros will not alternate, and furthermore
there is not a uniform separation between the zeros of Tl and the zeros of Tz. Due to
the coalescing zeros of these sets, the values of T can be very small near the zeros
of T>. However, by being careful with the size of the sets enclosing the zeros, we can
still construct the appropriate sequences {v,;} and {vy ;}. Nevertheless, the size of
T1 near the zeros of T, can still be an issue in the larger problem of deconvolution,
as addressed in Sect. 5.

The procedure is just like the above case, and we begin by forming appro-
priate neighborhoods of the zeros of T1 and T> along the Bessel ray. Letting
V1 = {zeros of T1} and V, = {zeros of T2}, we have the Bessel zeros Uy = Vi N 77,
and Up = Vo N 7. Setting Uy = {M, M>, ...} and Us = {N1, N2, ...}, we then
let U =U; UU, ={Z1, Z>, ...}, where, in each case, these are listed in increas-
ing order. We next form sequences of neighborhoods {Cy} and {C,/(} such that
U2, (Cy U Cr) =, and such that U2, C; covers Uy, while U2, Ci covers Us.
Beginning with the first zero Zy = My € Uy, we find the next Z;, equal to Ny € Us.

10, p)=c

~ Zi1+Zj - . .
Then Zy, ..., Zj 1 are grouped as zeros of 77, and C1 = [0, %] is a neigh-
borhood of these zeros of 77 that does not contain any zeros of 5. Since Zj, € U,
+Z;, Z.+Z
and we know that Z;, .1 = M, € Uy, we also form C} —[ Zir- 1 LA “+']as

a neighborhood of N; € U, not containing any zeros of T1 Us1ng Z 1 =M,
we then find the next Zj% that equals N> € U;y. Then the Zeros Zji+1s--sZjr—1
are grouped as zeros of 77 not separated by any zeros of 7>, and we may form a
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neighborhood Cy = [ZA5204 2ol ¥ 20 Then let ¢} = | ]
to give a neighborhood of N, = Z,. Extending this procedure to all integers yields
the desired collection of neighborhoods {Ci} covering U; and {C;} covering U,
such that 7%, = U2 | (Cy U C}). Similarly to the above proof, these neighborhoods

also separate the zero sets of 77 and T3. In particular, for all j,

o0 o0
N;N (Uc,») =@ and M;N (UC{) =0.
i=1

i=1

Zj271+Zj2 Zj2+Zj2+1
2 ’ 2

These collections of neighborhoods are also nearly disjoint, intersecting only at the

endpoints, as above. This point in the discussion will also be convenient to define
3242, Zj+Zj,

the sequences of sets {K ;} and {V;}. Let N; = =~ and N = ZL2050 We

then let

Ki={p=@,y) el :x>+y* <Nj},
where (x, y) = (i, [4](4k +2)) or (x.y) = (0, p?), and
Vi= {p:(x,y) e%”:x2+y2 < (N;r)z}

where (x, y) = (A, |A|(4k 4+ 2)) or (x, y) = (0, pz)}, as above.

For an additional distance in the separation, we also form smaller neighborhoods
{B;} and {B/}, satisfying B; C C; and B/ C C}, and also such that B; is a neigh-
borhood of zeros {Z,_,11,...,Zj;—1} € Uy, where jo =0, while Bi’ is a neighbor-
hood of the zeros Zj, € U;. This can be accomplished by letting §; = #
8; = w Then form neighborhoods B; = [Z;,_, 11 — 3;_1/2, Zj_1+6;/2]
and B] = [Z, — 8;/2, Z, + §8;/2]. These neighborhoods have the desired proper-
ties, and they further guarantee that dist(Uy, B)) = ¢; and dist(Ua, B;) = €], where
g =min(8; /2, 8;/2) and &; =min(8; /2, 8!_, /2), giving a local separation of zeros.
Although this local separation of zeros is not as strong as the uniform separation of
zeros, we find above in Sect. 3.1, it is good enough for the purpose of forming the
desired deconvolving sequences. In particular, the distance in the local separation
of the zeros allows us to extend these neighborhoods beyond the Bessel ray into
the Heisenberg fan, as above. But first we observe the existence of the collections
of larger neighborhoods {V;} and {V/}. The V; satisfy the properties C; C V; and
Vi N (B;_, U B]) = . Likewise, the V/ satisfy C; C V/ and V/ N (B;—1 U B;) = .
Using the collection of neighborhoods {B;}, {C;}, and {V;} of the zeros U € JZ,
and the collection of neighborhoods {B;}, {C;}, and {V/} of the zeros U; € J7, it
is possible to complete the process of forming the deconvolving sequence by a se-
quence of steps beginning with extension from the Bessel ray, .%Z,. The key point
in making the extension from the Bessel ray is the local separation by a set ¢; be-
tween the zeros U; and neighborhoods Blf , as well as between the zeros U, and
neighborhoods B;. We note that it is straightforward to see how the neighborhoods
for this specific case could be extended to a more general case in which the zero
sets are more irregularly distributed. Once the appropriate neighborhoods have been

and
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established, the remainder of the formation of the deconvolting sequences proceeds
directly as described.

From here we complete the process of forming the deconvolving sequences using
the same method as given in Sect. 3.1 for Theorem 1. It consists of extension of the
above neighborhoods from the Bessel ray to cover an infinite number of Laguerre
zeros, followed by formation of additional neighborhoods to cover the remaining
Laguerre zeros and any remaining regions in the Heisenberg fan 7. From here,
inversion of 7} and T5 are completed by use of “local identities” and a process of
“local inversion.” The local separation between the zeros U;, U and the neighbor-
hoods B; and B/ described in the preceding paragraph extends to the entire Heisen-
berg fan 7. This is used to form the ¢; which locally invert T1 and T2 In addition
the system of neighborhoods are used to form the sequences {p1,;} and {p3, ;} with
the property that o1 j + 02, j|x; = 1. Putting these together will yield the desired
deconvolving sequences {v; ;} and {v; ;}.

The method for extending the neighborhoods {B; x; } and {Bl.” K },as well as {C; g, }

and {C l/ kf} plus {V;;} and {Vl/ k{}, is identical to that given above for Theorem 1.

We outline this procedure again here. Recall the definition of B; ;, now expanded to

enclose the group of zeros Zj,_,41,...,Zj—1:
lk_ {(x )’)6%”
8! 2 S 2 y
Zim——=L) <x?+y2<(z,1+2) and |=| >4k +n/2)},
! 2 ! 2 X
while B/, is defined by
lk’ - {(.x y)E%
8' 2 8/ 2 y
(zji—3’> 5x2+y25(z,»,.+5’> and |~ 24(k/—|—n/2)}.
x

In expanding the neighborhood B; of the n; zeros along the Bessel ray 7, to the
larger neighborhood B; ; within the Heisenberg fan .7;,, we use the form just given.
First select k = k; € Z with the property that, for each k > k;, exactly n; of La-
guerre zeros on the ray .7 + are inside of B; x N 7% +. We also choose k; to mini-
mize all possible k; satisfying the previous property and use this to form the neigh-
borhood B; x, . Similarly, B! is expanded to form Bl.” 4 by choosing k; € Z. with the

property that, for each k” > k;/, exactly one of the Laguerre zeros on the ray ./ 1
is inside of Bi’ e H 4. Using these same values of k; and klf ,foreachi e Z,,

we also expand from {C;} to {C;,} and from {le} to {C; k{}. In the same manner
we expand from {V;} to {V; ,} and from {Vi’ } to {Vl.’ kf}' Finally pick up remainder
of Laguerre zeros and cover the rest of .7# by adding neighborhoods {D;} and {D}
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as well as neighborhoods {W;} and {W/} that separate the previous neighborhoods,
using the same method as given in the proof of Theorem 1.

Now that all the neighborhood systems are in place, the formation of the de-
convolving sequences is identical to that given in Theorem 1. Sequences of “local
identities” {p1 ;} and {pg ;} are formed, such that

1 onC’
ij

pLi= i
0 onF',,
i,Jj;

and

_ 1 on Ci,jl- s
L0,i =
0 onkF j.

Similarly we form sequences of “local identities” {1 ;} and {mg ;} such that

N 1 onDj,
i = ,
0 on (W),

and

- 1 onD;,
0,i = )
0 on (W;)-.

These are put together in the same manner as in the proof of Theorem 1, forming
P, which is an “identity” for Kn This further splits into the two “identities” p{"*
and p3" such that p, = p{"* + p5'*, while p{"* and p3'* are “identities” on the
neighborhoods of the zeros of Ty and T, respectively.

All that remains is the “local inversion” of 77 and 7, away from their zeros,
found by applying the inverses ¢; € C*° satisfying ¢;(¢) = 1/t for |t| > M; while
@j ) = 0 for |t| < M;/2, where the M; are determined according to the 51ze of
T1 and T on the appropriate nelghborhood systems within K ;. Note that T) does
not vanish on V’ = U, V/ ,) U (U2, D)), and similarly Tz does not vanish on

= (U2, Vi) U (U, Dl.). For inversion on K ;, we divide into neighborhoods
of the zero sets V] = Kjn Viand V;=K; N V. Then M; = min{M; 1, M;2},
where M = miner; |T1(x)| and M = minerj |T>(x)|. Note that (¢; o T1) and

(¢ o T>) invert Tl and fz on \7; and Vj, respectively, away from their zero sets, as
follows:

@; 0 Ty = 95Ty = 1/Th,
and

(@ 0 T2)ly, =¢j(f2)|\7j =1/T.
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Note that the main difference between this case and that of Theorem 1 is the ex-
istence of coalescing zeros in this case. To deal with the locations these zeros coa-
lesce, we have more variation in the width of the neighborhoods B, extending to the
neighborhoods B/ i which separate the zeros of T from those of T1 The neighbor-

hood systems hold up so that the deconvolving sequences can be formed. However,
the rate at which the zeros coalesce can effect the rate at which M; approaches 0
as well as the corresponding rate at which the (¢; o 71)~ grows near the zero set of
T>. These issues and other related issues will be considered in Sect. 5 dealing with
issues of convergence related to the sequences of deconvolvers.

The deconvolving sequences {v,;} and {v2 ;} are now formed by defining

vi,j=p1,j*(PpjoT1)and vy j = p2,j * (¢ o T2).

As previously, this gives the transforms

(Ty* v+ Toxvo )k, = Prjle, - T 1T+ Pajle, - To - 1/To
=p1jlk; + 021k, = 1.

We can also easily see that (T1 vy j + T2 * v2, j)~|(vj)c = 0. This verifies the claims
in the theorem, and the proof is complete. g

As noted above, the difference in these cases of the sphere and ball in Sect. 3.1
and the two balls of appropriate radii in Sect. 3.2 is the issue of distance of separation
of the zeros for 1 and fi5, which carries over to the rates of growth of the sequences
v, j} and {va, ;1 near these zero sets as j becomes infinite. This issue and related
issues of convergence will be revisited in Sect. 5, where we also address how the
deconvolving sequences {V ;} and {V ;} may be applied to recover the function f.

4 Using Weyl Calculus and the Group Fourier Transform

Observe how in the proof of the results Theorem 1 and Theorem 2 above, the con-
struction of the “local inverses” p; and p, was based on analysis of the Bessel
zeros, sets Uy and U,. The neighborhoods of each of these zeros naturally extended
to Laguerre zeros along an infinite number of Laguerre rays, based on the subspace
topology. The remaining Laguerre zeros are finite along each of the Laguerre rays
and are also locally finite. Since these zeros are easily incorporated using a finite
number of appropriate neighborhoods, they do not affect the process. Thus, the con-
struction of the “local inverses” in Sect. 3 above is based upon the construction for
the Bessel ray. It appears that the distribution of the zeros along the Bessel ray deter-
mines the potential for deconvolution, provided that there are no common Laguerre
zeros. In the context of the Weyl calculus, the Laguerre spectrum is a quantization
of the Bessel part, and the behavior of the Laguerre part, in the limit as k — oo and
A — 0, determines the behavior of the Bessel part.
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Recall the suggestion [10] that use of the Weyl calculus can establish connec-
tions between Pompeiu type results in Euclidean space and the Heisenberg group.
Furthermore in [11] there was also the suggestion that the cases of the Pompeiu
problem for the Heisenberg group and Euclidean space are actually very close, and
in particular deconvolution should extend to the Heisenberg case. In this section we
investigate specific points regarding how the deconvolution results of Theorem 1 and
Theorem 2 can be viewed primarily from the perspective of the “Euclidean part” of
the zero set, along the Bessel ray.

In this section we discuss the relations between these two avenues of investiga-
tion. The Weyl representation reduces to this central Bessel ray for the represen-
tations 7 ). The issue of extending the deconvolution process from the Bessel
ray /¢, to the Laguerre rays Uyez, J% + has parallels to the passage between the
operator-valued Weyl representation w4, on the entire spectrum and the Euclidean
part 7 ) on the central Bessel ray. We focus on the operator-valued Weyl repre-
sentations 7+ and 7 ;) of the distributions 77 and T, representing the sets over
which the average is taken. Through use of the Weyl calculus we relate 7;(0; p),
the Bessel part of the Gelfand transform, to 7 ;) 7T}, the Euclidean part of the Weyl
representation. This corresponds to analysis of the Bessel zeros U; for j =1, 2,
mentioned above. In fact the conclusion of the existence of deconvolving sequences
in Theorem 1 and Theorem 2 can be based on two points, the behavior of the Bessel
zeros and nonoverlapping of the zeros of the Laguerre part.

The Weyl calculus for the Pompeiu problem on H” allows a unification of both
Laguerre and Bessel parts of the zero sets U; and U, into the kernels of two
operator-valued functions. Furthermore, in the case where A — 0, this carries over to
the representation (¢ ), the Euclidean transform on C”. In this limit, the operator-
valued functions become identical to functions used in the analysis of the Pompeiu
problem on C". This is a nice bridge from Heisenberg to Euclidean and from Eu-
clidean to Heisenberg, and we will utilize it. In the case of Theorem 1, there are
no conditions needed for the common radius of the sphere and ball. In fact, these
two sets were selected to provide a representative example for the nice cases where
there exists a uniform separation between the zero sets. As such, these sets are in a
category comparable to the moment type results of [6, 9, 18] and do not require sets
of exceptional radii. This corresponds to the fact that

ker{juo1 (ry/IH(P2 + 02)) | nikerfju (r 121 (P2 4+ 02)) | = (01,

a fact which is true for any radius ». However, in many cases exceptional radii
are required, such as Theorem 2, corresponding to results such as those in [1, 5,
10]. In the context of the two-radius theorem for the Pompeiu problem on H", the
conditions for existence of the deconvolving sequences of Theorem 2 are expressed
as follows.

Theorem 3 Let ry and ry be two radii satisfying the condition

ker[jn (rl,/|k|(P2 + QZ))} mker{j,, (rz,/m(PZ ¥ Q2)>] — (0},
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so that Tl and ?2 do not have any common zeros. Then there exist sequences of
Sunctions {vy ;} and {v2 ;j} with the property that

TlT)'],j-l-TzT)’g’jEl on K;
and

ST T .

T\, +Tovy ;=0 on Vj,

where each V is an open set such that K; CV; C Kji1.

Note that in the case of the n-ball and (n — 1)-sphere of Theorem 1, the condition

ker{jn<" (P2 + Qz))] ﬂker[jn_1(r Al (P2 + QZ))} = {0}

is automatic due to results of zeros of Bessel functions of consecutive indices and
does not relate to the radius r. Similarly there is no condition for exceptional radii
needed in Theorem 1.

Here we describe the transforms associated to the measures used in Theorem 1
and Theorem 2 using the operator-valued Fourier transform on H". As described in
Sect. 2, the group Fourier transform for the measure p with respect to the repre-
sentation 7r4+) can be determined from the standard Euclidean Fourier transform on
R>"*! Z5,11(1)(X,y, ), by substituting the operators P and Q to give

T (i) = Fons1 () (FAV2P, =212 F0)  for x e Ry \ {0},

The case of the one-dimensional measures (¢ ), corresponding directly to the Eu-
clidean case, can be attained as a limit as A — 0 or by substitution of (£, ) in the
form

7, (r) = Fong1 (ur)(=§, —n,0)  for (§,7) eR" x R™.

Since the issue of deconvolution on the associated Euclidean spaces is already set-
tled, we may look here first. We first address the issue of common zeros required for
injectivity of the Pompeiu transform and inherent to Hormander’s strongly coprime
condition. In the case of the sphere and ball of Theorem 1, we have

Jnfl(r\/é'f+~~+€,%+n%+~~+n,2,)

e (S =c

(rJ8 4+ &R+ + ]

and
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B J& 4 )

e (Tr) =c ; ;
(r\/"§1 +"'+$3+711 +"'+7I%)"

p2n—l dp.

//r Jn—1(p\/§12+-~-+€3+n%+~--+ng)
=c
O (e g

These have no common zeros as a consequence of the well-known result for Bessel
functions of separate integer indices. In fact, there is a uniform separation among
the zeros, which are interlaced. Note that in moving to the infinite-dimensional rep-
resentations and using the series [15]

Jn—1(15)

Jn—1(ts) = sy =T

00
=2 Z(_l)je—IZ/zLEn—l) (t2)e—52/2L§n—1) (Sz) (5)
=0

to express the Laguerre part of the spectrum for these operators, we may write
7+ (i) in the form

o0
. . 2.2 _
T (S) =Y F2j+ D(=1)Ie MEHL0=D 0)31(P? 4 07)),
j=0

which can be represented using H = P% + 02, the harmonic oscillator Hamiltonian.
Thus we have

o0
T(S) =Y Fa@j+ (=D e M LD (2 1)
j=0

Noting that H has the Hermite functions E, as eigenfunctions with eigenvalues
2a + 1, we see that E; is also an eigenfunction for the operator e L;"_l) (2H).
This implies that each (1, k) € R* x Z such that L'V (|Ar2/2) = 0 yields a
function Ej in the kernel of ) (S,). The kernel of the operator-valued function

Jun—1(rv/|X|(P% 4+ Q%)) is then given by (£, n) € R” x R" such that

Jn—1(ry/ 1§12+ 1n1?) =0

and (1, k) € R* x Z such that L\"~"(1]r2/2) = 0. We observed above that the
zeros of J, and J,_1 have a uniform separation, due to the indices. To consider
the other part of the common kernel, we consider also 74 (7}), similarly computed
through the use of (5) to be

0 r
. o )
nik(Tr)ZCZ(—l)]</0 e M ALETD (13107 12) o2 1d,o>
j=0

« ef(P2+Q2)L§n—l)(2(P2 + Qz))’
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which similarly has the Hermite functions E, as eigenfunctions. In this case the
operator 1+, (7,) has a the eigenfunction Ej in its kernel for any (A, k) € R* x Z
such that

r
/(; e_|Mpz/4Ll({”*1)(|)"|p2/2)p2n—1 d,O =0.

Then recognize that f; 2/ 2e—x/2x”L§””>(x)dx and e—f2|*|/4L§.”*‘>(|x|r2/2) will
also have a uniform separation between their zero sets, as was observed previously,
in Sect. 3.1. Thus in this case the entire issue of injectivity, required as a prerequi-
site for deconvolution, is automatic. Furthermore the uniform separation within the
Bessel part of the transform extends to the whole spectrum .7Z°. This uniform sepa-
ration makes the larger problem of deconvolution easier, and this case allows for the
most direct application of these methods. We will have more to say later about the
role of the zero sets in the larger deconvolution problem.

The more general case is sometimes more akin to the case of the balls of separate
radii 71 and ry, as found in Theorem 2. In this case the zero sets may coalesce, and
furthermore there may be issues related to the size of the functions at the zero sets.
We investigate this case by forming the operator-valued transforms

Jn(rl\/é‘f-l----+§3+n%+---+nﬁ)

e (Try) =c
(71\/5124--~~+"§,%+n]2+-~-+17%)"

/n Jn_l(p\/$12+--~+$,$+n%+--.+ng) .
0

2 2 P dp
(P\/51 +...+§3+n1+...+n%)n71

and

Jn(rz\/$12+'~'+%’,%+n%+~~-+n,%)

e m(Trn) =c

(o J87 4+ E2 0]+ )

pZn—l dp.

[ et 4 0t 4
0

(p\/5§12+...+gn2+n%+...+nr2z)n71

Condition 1 of Theorem 2 is equivalent to the lack of a common kernel for these
two representations. For the operator-valued functions j,(r;+/|A|(P2 + 02)), we
still need to expand to the representations m+, (7;,) using the series (5) above. As in
the above case of the group Fourier transform of 7, we compute
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o ri 2 2
. i Al _ A
JTiA(Tri)ZCE (=1’ </ e_TpLi,” 1)<—| o )pzn_ldp>
: 0 2
j=0
—(P24+0% 7 (n=1) 2 2
x " PHOILUTD(o(P2 4 0%))
o] — 2
fon-l _ |A|r: 2.2 _
= i gD Y ) PP+ 0%) (=D 2 2
_c§. 0:( 1) <|XI" v < > ))e LTV (2(P? + %),
j=

which similarly has the Hermite functions E, as eigenfunctions. Thus the operator
745 (T},;) has the eigenfunction Ej in its kernel for any (A, k) € R* x Z such that

PN 5 T e/, (1) 2 2n—1
TR UMnﬂ%=A e MRV (110% 2) " dp = 0.

Thus we see that condition 2 of Theorem 2 corresponds to no common kernel of
43 (T,) and 4, (T,,) for A € R*. Now

ker{jn <r1 IAl(P2+ Q2))} N kerijn (rzm>} = {0}

implies that conditions 1 and 2 of Theorem 2 are met, which in turn implies the
existence of the sequences of deconvolvers. This completes the proof of the theorem.

Note, however, that the lack of common zeros provided by the unified condi-
tion on the operator-valued Bessel functions of Theorem 3 address only part of the
larger problem of deconvolution. This point can be seen from the analogous results
for Euclidean spaces where the issue for deconvolution of the Pompeiu problem for
two balls of appropriate radii divides into two separate cases, based on arithmetic
conditions associated to the radii. As observed in [1], the separate conditions for the
Bessel and Laguerre parts of the spectrum are unified by addressing the common
kernel of the operator-valued transforms. However, at the level of the transform of
the associated Euclidean space, the results of [4, 7, 8] demonstrate that for the prob-
lem of deconvolution and application of Hérmander’s strongly coprime condition,
it is necessary to divide into two cases related to the separation of these zeros and
how rapidly they can coalesce. The condition dividing these cases is how well the
quotient of radii :—; can be approximated by quotients of zeros p/g of the Bessel
function B, found in these transforms. We require the following definition for N-
well approximation. First, let E, be an infinite set with elements ordered by

Ey={A,A2,....,An,...}, where A; <Ajiq.

Definition 1 For N > 0, a positive number « is called N-well approximated by
ratios of E,, if, for every £ > 1, there exist indices j, k such that

loe — he/2j1 < 1/(6N).
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If for every N > 0, the number « is not N-well approximated by ratios of E,,
then « is called poorly approximated by ratios of E,. We mention a result of Beren-
stein and Gay [3, Proposition 6] demonstrating that when % is not N-well approxi-
mated by ratios of E,, then [i,, satisfies the estimate

|y )| = C /RN T2

at Ay, the zeros of ﬁrl. From this result it is easy to see that if radii r; and rp are
poorly approximated by zeros of J,, it can be shown that Héormander’s strongly
coprime condition holds, implying the existence of compactly supported decon-
volvers. When the radii r| and r, are N-well approximated, Hormander’s strongly
coprime condition is not met, implying that any deconvolvers cannot be compactly
supported. Thus the distribution of these zero sets is integrally related to the issues
of Hormander’s strongly coprime condition and the issue of deconvolution.

Note also that the procedure we have used in the above two results strongly sug-
gests that the Bessel zeros are where the issue lies. When we can describe these
zeros and find suitable neighborhoods to separate them, then it appears we can ex-
tend to a full neighborhood of the Bessel ray. What remains would then be only a
finite number of Laguerre zeros, and a finite number of zeros should not introduce
difficulties. Note that this assumes no common zeros, which assumption must be
made in order to have injectivity. However, as we observe in the next section, this
set of requirements refers to the type of deconvolution in the sense of limits as given
in Sect. 3. Somewhat more will be required for the stronger form of deconvolution,
in the sense of [4, 7], where a set of deconvolvers vy, ..., v, that are compactly sup-
ported distributions are shown to exist. We address these issues in the next section.

5 Convergence of Deconvolving Sequences

In this section we address the issue of applying the sequences of deconvolvers
formed in Sect. 3 to perform the deconvolution. The problem of deconvolution for
the Pompeiu problem can be interpreted to mean the reconstruction of a given func-
tion f from the integral information given in the Pompeiu problem, in this case
representable using the convolutions f % 77 and f x T,. We observe in this sec-
tion how the sequences {V; j} and V2, ;j} can be used to reconstruct the function f.
We also address related issues including the appropriate spaces for the functions
and distributions we are working with as well as issues of convergence. Finally we
will relate these issues to fundamental issues used in understanding deconvolution
for Euclidean space, the Paley—Weiner theorem and Hérmander’s strongly coprime
condition.

We will utilize a theorem of Benson, Jenkins, and Ratcliff [2, Theorem 6.1] to
describe the range of . (H") under the spherical function transform. In the notation
of this theorem, the Heisenberg fan 7" is represented by A(K, H"), where K =
U(n). The space . (K, H") consists of functions that are rapidly decreasing on
A(K,H"). The space . corresponds to radial functions in Schwartz space.
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Theorem 4 ([2]) If G S (H"), then fe f(K,ff”). Conversely, if F €
S (K, Hy), then F = f for some f € & (H"). Moreover, the map . . (H") —
S (K, ") is a bijection.

First notice that in the limit, our deconvolving sequences {v1,;} and {v; ;} allow
us to construct the sequence of functions { f 1} defined by

fi=(f TP+ (f D) -
Ef~~ﬁ ~T)'1,j+f-fz-72,j.

Noting that each j?; has the property that j?;-| K; = fl k; and f}|pj =0, as con-
structed above in Sect. 3, we easily pass to the limit to attain the deconvolution

= lim (F T+ (T
J—>00

This solves the problem of deconvolution, as f can be reconstructed from its “aver-
ages” f * w1 and f * po. It is not as strong as the usual method of deconvolution,
as we have here used a limiting procedure. It now remains to discuss the conver-
gence and to address the appropriate function spaces for both the deconvolving se-
quences and the associated sequences of functions. We further discuss the existence
of limits v = lim vy ; and v =lim v, ;, forming individual deconvolvers from the
sequences.

Before passing to the limit, we consider the issue of the spherical function trans-
form, showing the existence of sequences {v,;} and {v2 ;} whose spherical trans-
forms yield the deconvolving sequences we have constructed. The above theorem
of [2] characterizing the image of .¥"(H") under the spherical function transform
will be used. At the level of the sequence of functions { f /} as constructed above,
we recognize that since f j |1< = 1 while f jlr, =0, f ' is rapidly decreasing on
A(K,H"), and thus f/ € y(K J4;). By the theorem there exists F; € & (H")
such that F = f ;. Furthermore note that these F; in the sequence can be explicitly
constructed from the convolutions f * 77 and f * 7> using sequences of Schwartz
functions {v; ;} and {v; ;} as follows. We observe that v |F; =0 and V2, lF; =0
imply that vy ;, 7V ; € B2 (K, 2%,). This in turn implies the existence of the desired
sequences of vy j, vy ; € S (H"). Forming (f = T1) * vi j + (f * T2) * v j, we see
that

[(f*Tl)*vl,j+(f*T2)*V2,j]~=f' vV, +f D%,
=7

Thus (f *T1) xvij + (f * ) vy ; = F; € (H"). We will demonstrate below
that the sequence {F;} approaches f in the limit.

Noting that F; = f * (T1 * v1,j + T2 * v j), we now describe the appropriate
space for the elements V| j, v, ; as well as Ty % vy j, T> % v2 j. Each

(Th *vl,j+T2*vzﬁj)~e<57(K,<%’§1)
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since these were constructed to satisfy

1 onKkj,

(Tl*v1]+T2>kvzj) ( V11+T2 V2j)| =
0 on Fj,
and thus clearly are rapidly decreasing on A(K, H"). It follows from the theorem
of [2] that T} x vy ; + T> * vo ; € (H"). A similar argument shows that each 7 *
vi,j, Taxvyj € S (H").
On the side of the spherical transform we have constructed the v ;, V>, ; in order
to deconvolve f * T7 and f * T on K ;. Letting ¢; = Ty * vy j + T3 * vy ;, for each
J, we have

bjlk; = (Tixvij+Taxv )k, = (T -V + T2V )k, =1,
so that in the limit
;=T *xvij+Taxv;) —  lak ..

We then recognize that 15k, ) is a tempered distribution on A(K, 77;). Fur-
thermore, this is the spherical function transform of the Dirac delta function § €
' (H"). Since we know that (1, k) = y;:(0) = 1 and 8(0; p) = _#,(0) = 1, we
may write § = 15 (g, ). Thus the limit

~

(T v, j+Taxva ;)" — Aake =96

tells us that limj_, oo ¢; =limj_. o 71 * v1 j + T2 * vz j = §, by uniqueness of the
Gelfand transform. Also not that each ¢; € . and that these converge to the tem-
pered distribution § € ..

In the approach to deconvolution outlined in [8] the Hormander strongly coprime
condition is used to demonstrate existence of deconvolvers vy, ..., v, as compactly
supported distributions. The arithmetic condition for the radii of the disks not to be
N-well approximated by the zeros of the Bessel function J; is used to give the re-
quired estimates for the strongly coprime condition (2) near the Bessel zeros. The
explicit construction of deconvolvers given in [4, 7] utilize a different set of condi-
tions, closely related to these. Our approach is different from these in that we have
produced sequences of deconvolvers {v; ;} and {v2 ;} in (H"). Since the trans-
formations V1 ; and v, ; are compactly supported for each j, we were able to use
results on Schwartz space rather than Hérmander’s strongly coprime condition. In
this section we have been considering how to utilize these deconvolving sequences
to form the deconvolution through a limiting process. When we also address the
issue of the limits of the sequences of deconvolvers themselves, vy =limv; ; and
vy =limv;, ;, then the Paley—Weiner theorem and the strongly coprime condition of
Hormander again become relevant. Considering the limit in the sense of distribu-
tions, we need to describe lim(f, vy, ;) for every f € .(H"). Due to the definition
of vy o in terms of its Gelfand transform V) ,j» we consider the limits ( f v ,j) for
f € 5” where the inner products ( f V1,;) on the space 7%, are to be interpreted
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using Godement’s Plancherel measure, as given in [2]. For convergence, it is nec-
essary that V1 ; does not grow too rapidly. Due to the manner in which these were
constructed, this issue is directly related to the proximity of the zero sets of T
and T5, and their rates of decay near these zero sets. After setting up the limits and
the issue of their convergence, we will briefly address three separate cases.

To discuss the limits of the deconvolving sequences {vq, ;} and {v; ;}, we must
consider the limits in the sense of distributions. Since the deconvolving sequences
have been defined in terms of the transforms V1 ; and V>, ;, we consider the limits of
these sequences as tempered distributions. Tempered distributions use the space of
Schwartz functions as test functions, and this allows results to be transferred to vy ;
and vy ; through the above result of [2]. Since v, j € 72 C 572 , we have that

(fivij)=(f.T1,) forall fe.7,

and we want to investigate the behavior in the limit as j — oc. If we can show that
the limit converges for each f € .7, this will 1mply the existence of vy = limvy ;
and v =limv; ; as tempered distributions, in .% 7 and &, respectively. However,
this condition depends on the rate of decay, or growth, of V1, ;. Recall that the defini-
tion of V; i and V2, j requires inversion of T1 and T2 away from their zeros. Although
V1,j, V2, € .7 for each J» depending on the proximity of the zeros of T} and 75 and
the growth of V1 ; and v, ; near these zeros, the limit of V1 ; and V> ; may not remain
in Schwartz space. Even if the vy ; grow rapidly near the zero sets as j increases,
the limit still exists in the space 2’ since we know that for each f € 2, there exists
k such that

lim(f, vy ;) = (f. Vik),

where supp(f) C Ki. Thus the rate of growth of the vy ; and the space in which
this convergence occurs are directly related to the distribution of the zeros of T
and T, and these issues also relate directly to the Paley—Weiner theorem. In Eu-
clidean space C" the strongly coprime condition of Hérmander gives a condition for
the existence of D1, D, as Fourier transforms of compactly supported distributions,
or equivalently for the existence of vy, vy as compactly supported distributions. In
the case of Sect. 3.1 the zeros have uniform separation, and it is easy to show Hor-
mander’s strongly condition is satisfied. However in the case of Sect. 3.2, whether
or not Hérmander’s condition is satisfied is determined by whether the ratio of radii
%hls N-well approximated or is poorly approximated by ratios of Bessel zeros E,,,
where

E,,={xeR:Jn(x)=O}={A1,A2,...,An,...}, where A; <Ajy1.

In the first two cases, where the zeros have a uniform separation for the ball and
sphere of Sect. 3.1 or the radii of the two balls of Sect. 3.2 where the radii are poorly
approximated by ratios of E,,, it is possible to show that the convergence exists in the
space of tempered distributions. However in the third case in which the ratio of the
radii of the two balls of Sect. 3.2 are N-well approximated, the convergence is more
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delicate, and we can only guarantee limv; ; =V; € 2. Nevertheless the results of
the deconvolving sequences are still valid in the space of tempered distributions,
as discussed above. Note that the above conclusions were based on application of
the results of [2] for Schwartz space and did not require stronger Paley—Weiner-
type results. Ideally we would like to be able find methods to show the existence
of deconvolvers as compactly supported distributions, or even to extend methods
of [4, 7] to make an explicit construction of such compactly supported deconvolvers
using methods of summation, differentiation, integration, and convolution.

In the sequel to this paper we plan to revisit this issue and to deal more directly
with the issue of Héormander’s strongly coprime condition in the Heisenberg group
setting.

6 Extending Deconvolution from the Bessel Ray

Consider the case of radial distributions 71, ..., T, compactly supported satisfying
Hormander’s strongly coprime condition for C”*, implying the existence of distribu-
tions vy, ..., v, radial and compactly supported such that

TIENE) + -+ T (E) =1,
which can be written as
TLrD1(r) + -+ T () (r) = 1,

where r = |£|. Noting that T;(|€]) = Tj(r) = Tj(0; p) and likewise D;(|€]) =
’ﬁj (r) = 'f)'j (0; p), this is equivalent to a deconvolution of 77, ..., 7 on the Bessel
ray J¢,,

T1(0; p)V1(0; p) + -+ + T (0; p) 0, (0; p) = 1. (6)

It is important to ask whether such a deconvolution can be extended to the Gelfand
transforms 77, ..., T, on all of the Heisenberg brush 7. It is not guaranteed that
the deconvolvers on Euclidean space will extend to work for the Heisenberg group.
Considering the Gelfand transform of the same sum, 71v; + - - - + T,,V,, the goal is
to make this expression uniformly equal to 1 for all (A, k) € R* x Z,

TLOGOT LK) 4 -+ Ta (L T, (AL k) = 1. (7)

The existence of vy, ..., v, satisfying (6) and (7) would solve the problem of de-
convolution for H"; however a solution of (6) has not been shown to extend to (7).

Our general goal for a set of radial distributions T1, ..., T, is to extend the Eu-
clidean deconvolution

TLETDI(E) + -+ Ty (E)D(§) =1

to all of the Heisenberg brush .7 by expanding upon the method developed in
Sect. 3. In this section, we develop a method for extending the deconvolution from
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the central Bessel ray .73 to all of the Heisenberg fan ¢ for any 7, and S, sat-
isfying Hormander’s strongly coprime condition, or equivalently, satisfying condi-
tion (6). That is to say, given v; and v; satisfying

T.(8) - D1(€) + 5,(6) - 7€) =1 forall € e C",
we want to find 1 and py satisfying

T,(p) - 1(p)+ S-(p) - Tla(p) =1 forall p e,

equivalent to conditions (6) and (7), and furthermore [ i (0;0) = ﬁj (r), where
r = |&|. Note that the constructions in Sect. 3 do not quite solve this problem, since
the v; and v, produced do not necessarily agree on %, with a given Euclidean
deconvolution. However, in this section we will demonstrate the existence of the
desired 1 and py, and part of the construction is based on the methods of Sect. 3.

The idea is to use the existing Euclidean deconvolution T}TJ] + :ST,’\FQ =1 on the
Bessel ray 7, while using the construction of Sect. 3 on a neighborhood R away
from the Bessel ray. Note that this methods of Sect. 3 essentially amounts to past-
ing together the inverse 717 away from the zeros set of 7 with the inverse ’fl’z' away

from the zeros set of T». The two main points are then first to extend the Euclidean
deconvolution = 1 to a neighborhood V,, of the Bessel ray .7, and second to or-
chestrate the overlapping of these two methods on the space in between the two
neighborhoods V,, and R, through a construction comparable to a partition of unity.
We begin with the determination of the open set V), for which we extend the decon-
volution to = 1 for all p € V,,. Here we will rely on the continuity of the transforms
Ty, T», V1, V2 in the relative subspace topology to yield existence of a neighborhood
V, where

Ti(p)V1(p) + Ta(p)Pa(p) — 1| <& forall peV,,

where ¢ > 0 is a sufficiently small number. For the neighborhood R, we want to
be sure that all the zeros of ¢ (p) =7 (p)]N",(p) + T}'z(p)g, (p) are contained inside
of R. Also, R should be of the form R = U{_, 7 +. We simply choose the min-
imum value of « that will satisfy the property of R containing all the zeros of ¢.
Zhen auxiliary distributions ¥ and ¥, will be constructed such that 1;1 |[r =1 and
U, g =0.

We also choose to make V. of a similar form, i.e., V, = U,fiﬂf%ii, where 8 is
chosen to be a minimum so that V; still satisfies the inequality |¢(p) — 1| < & on V.
This will also provide the condition R NV, = @.

Theorem 5 Consider S, and T, radial distributions satisfying Hormander’s
strongly coprime condition on C", i.e., such that there exist vi and v,, radial,
compactly supported distributions satisfying ,T\r(é;‘)ﬁ] &) + E(E)ﬁz(é) =1 for
all £ € C". Also assume that for all (\, k) € R* x Z, either gr()»,k) #0 or
T,(k, k) # 0. Then there exist |11, o such that

Sifii(p)+ Tia(p) =1 forall pe #
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and such that [11(0; p) =V (&) and [i2(0; p) =V, (&) forall p € Ry and all § € C",
where |&E| = p.

Proof First construct the regions B and Vg, as described above, according to the
magnitude of |T, (A, k)Vi (A, k) + S, (A, k)V2 (A, k)|, and the location of any zeros.
If this expression has no zeros, it is possible to then define R by minimizing « to
instead satisfy the property that R contains all p such that ¢ (p) = y, where y is a
real number near 0 appropriately chosen so the set of such p is nonempty.

Then construct ¥; as follows:

— k>a,

1 k<a,

yielding limg_, o 7 (pr) =0 for py € 54 +, and furthermore 2 | Ay = 0.
Then we can construct ¥, as follows:

-9
_———e < on % R,
{172 — T,V 4S80 \
0 on R.

It is possible to make this inversion since 7~}'171 + §,’172 is bounded away from 0O on
JC\R. N N _ _
Then using 1] = llll(vflr)ﬁl + WY and up = lPl(-Slr),Ez + ¥,, we have the
desired relation T, w1+ S, 1o for all of 7, as follows:
~ o~ ~~ I\ v~ ~~f1\N ~~_
Trpi1 + Sppn = T, W1 7 p1+ T, Y0 + S ¥ T 02+ S, ¥,
r r
= U151 + 1,90 + 1 5 + S, %0
= (P + ) + ‘172(7}"71 + gﬁz)
=¥ + W (T,0 + 50).
Clearly on R this reduces to l171 =1, while on JZ \ R it reduces to

7 1= 0 +5%) =0 +(1-8)=1
o  w~ UrVY )= - =1
T,«V1+SrVQ rV1 r 1 1

Thus we have constructed w1 and wy with the property that §rﬁ1 +T, > =1 onall
of S, as required. This completes the proof of this theorem. U

In summary, we have constructed p; and wy such that ;| A, =71(J€]) and
| = D2(J€]), thus extending the deconvolvers vy, vy, compactly supported in
C", as guaranteed by Hormander’s result, to ©| and w, defined on H* with trans-
forms i1, i defined on all of .7#. Using the additional assumption of no common
zeros for S, and 7, on all of 2, it is possible to form a deconvolving sequence by
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the method of Sect. 3.2. The p; ; and py ; used as the “platform” for the decon-
volving sequences were used above to interpolate between the “local inverses” 1/S,
and 1/ YN}, away from the zero ) sets, and the deconvolvers Vj and v, along the central
Bessel ray, corresponding to C”.

Note that for radial distributions, Theorem 5 guarantees the existence of decon-
volvers ¥ and ¥, for H" when Hormander’s strongly coprime condition is satisfied
in the Euclidean setting and in addition the conditions for no common Laguerre ze-
ros are met. This essentially validates the claim in Sect. 4 that deconvolution for H”
depends essentially on what happens for the central Bessel ray, provided that there
are no common Laguerre zeros. The use of the type of deconvolving sequences
constructed in Sect. 3 further illustrates the importance of the methods developed
therein. These results also suggest that there should be a suitable version of Hor-
mander’s strongly coprime condition that will also apply to H”. We plan to explore
this and the related issues discussed in Sects. 4 and 5 in the sequel.
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Theta Functions Wronskians and Weierstrass
Points for Linear Spaces of Meromorphic
Functions

Hershel M. Farkas

Abstract In this note we consider the Weierstrass points for the linear space of
meromorphic functions on a compact Riemann surface whose divisors are multiples
of m, where P; are points of the surface, and « is a positive integer for
which there is no holomorphic differential on the surface whose divisor is a multiple
of Pg Py --- Py_1. Thus the dimension of our linear space is precisely a.

The Weierstrass points for our space are those points Q # P; for which there
is a function in the space which vanishes to order at least « at the point Q. Thus
the Weierstrass points are all zeros of the Wronskian determinant of a basis for our
space, and the weight of the Weierstrass point is the order of the zero.

We show that all the Weierstrass points are zeros of the Riemann theta function
0(a®p,(P) — e) on the surface where e = @ p (P --- P;_1) + K p,. The question
we investigate is whether the order of the zero of the theta function agrees with the
order of the zero of the Wronskian. We prove that this is so at least in the case of
zeros of order k =1, 2.

1 Introduction

The work exposed here should be viewed as a continuation of the material presented
in [1-3], and the reader should look at those papers and the references therein cited
for motivation and background. This was a topic that I often discussed with Leon
Ehrenpreis and therefore feel that it is appropriate for this volume dedicated to his
memory.

The motivation for the present discussion is the following: We consider a
compact Riemann surface of genus g at least 2 with canonical homology basis
(V1,5 Vg 81,...,8;). We let (61, ..., 0,) be the basis, dual to the canonical ho-
mology basis, of the linear space of holomorphic differentials on the surface. This

Dedicated to the memory of Leon Ehrenpreis.

H.M. Farkas ()

Institute of Mathematics, The Hebrew University of Jerusalem, E. Safra Campus, Givat Ram,
Jerusalem, Israel

e-mail: farkas @math.huji.ac.il

1. Sabadini, D.C. Struppa (eds.), The Mathematical Legacy of Leon Ehrenpreis, 95
Springer Proceedings in Mathematics 16,
DOI 10.1007/978-88-470-1947-8_7, © Springer-Verlag Italia 2012



96 H.M. Farkas

gives rise to a complex symmetric matrix IT = m;;, i, j = 1,..., g, with Im(IT)
positive definite. We can then construct the associated Riemann theta function

0(Z, M) = Z exp(2i)[1/2NITIN + NZ]
NeZs
where N = (n1,...,ng) and Z = (z1, ..., Zg). Itis easy to see that the theta function
is an even function of Z.
Following Riemann, choosing a base point Py on the surface, we define a map
@ p, of the surface into its Jacobi variety, J(S), where J(S) is the quotient space C#
modulo the group of translations

Z—>Z+é i=1,...,g, Z—>Z+I i=1,...,g,

where e, IT', are the ith columns of the identity matrix I and the matrix IT, respec-
tively. We then consider the locally defined holomorphic function

f(P)=6(®p,(P), ).

f(p) is not a single-valued function on the surface, but its zeroes are well defined.
More generally, we can consider for each @ € Z* and e € C$ the multivalued func-
tion

f(p)=0(a®p,(P)—e, ).

The properties of this function are given in [4], Chap. 6, and are summarized in the
following proposition.

Proposition 1 The multivalued function f(P) either vanishes identically on the
Riemann surface (in which case it is single valued), or it vanishes at a’g points
on the surface (counting multiplicities). In the latter case the zeroes Ry, ..., R,
satisfy

ae=®p (R Ryp,) +a’Kp,

where K p, is the vector of Riemann constants with base point Py. If 0(e) # 0, then
surely f(Py) #0.1If0(e) =0, then by Riemann’s vanishing theorem

e=®p (P1---Pg_1) + Kp,.
In the latter case, f(P) vanishes identically if and only if i (Py Py --- Pg—1) > 1.
This proposition is proven in [4], p. 312.
Let e = @py(Py---Pg) + Kp,, assume that Py # P; for all i and that

i(PgP1---Pg) = 0. This is of course automatic whenever i(Py---Py) = 0. If
i(Py--- Pg) > 0, then we have the equivalence

@py(P1-+ Py)=Pp,(PoP| - Pg’_l)
for a divisor Py Pl’ N _1 €quivalent to Py - -- Pg. Hence in the latter case we shall

consider e = @p,(P1--- Pg_1) + Kp,. The function f(P)=0(aPp,(P) —e) in
both cases is a nonidentically vanishing multivalued function on the associated
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Riemann surface with well-defined zeros. The difference between the two cases is

whether Q = Py is a zero of f(P) or not. We shall also always assume that o > 2.
Recalling the Riemann vanishing theorem [4], a point Q is a zero of f(P) iff

there exists an integral divisor of degree g — 1, T; - - - Ty 1, with the property that

O[d)Po(Q) —e= _¢P0(Tl T Tgfl) - KP()'

In the case that e = @ p,(P; --- Pg) + Kp, with i(P; --- Pg) = 0, this translates to

the condition that
AT Ty
on( ST ) =0,
PEP - Py

while in the case e = @ p,(P; - - - P;_1) + K p, the meaning is that

ATy e Ty
¢%<2_i__ii)za

P(()x Py Py
. 1 _ 1 — 3
In either case however we have r[P(ﬁ’*lPln-Pg] = r[Pé"Plu-Pg,l] = «, so that in
both cases Q is a zero of the Wronskian of a basis for the linear space L[*]

Pep Py
or the linear space L[m]. For what we are going to show here, there is no
difference between the cases; so rather than having to specify which space we are
dealing with, we will choose to use only the latter space where e = @ p, (P1..Pg—1) +
K p,. Let us further observe that the zeroes of the function f(P), Ry, ..., R
satisfy

O[Zg’

Lemma 1

Ri---Rp o —a
@ £ )= —2kp,).
PO(Pla...pgl) 7 (Tn)

Proof The nonidentical vanishing of 8 (« @ p,(P) — e) gives that
ae=Pp(Ry--- Razg) +a2Kp0.

Since we chose e such that e = @ p,(P; - -- Pg_1) + Kp, it follows that

PN (LR AL PP
Py Pla"'P(g_l - 2 Py)- D

We now recall that A, is the divisor of a meromorphic g-differential if and only if

degree A, = q(2g —2) and ¢p,(A,) =q(—2Kp,). Let g = @~ Then the divisor
g q 0\Sq 0 2
Ri-R
U "e% hag degree a’g — g — > 4+ o and thus has the degree of a g-canonical

le o o
Py PPy
.. . . g2l
divisor. Moreover our lemma has shown that its image in J(S) is **(—2Kp,),
. .. . . . . 2_
so that the divisor is the divisor of a meromorphic g-differential with g = *=*. In

particular this shows us that the divisor of zeroes of f(P) is related strongly to the
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zeroes of a meromorphic g-differential. In fact if we assume that r[ﬁ] =
o1 fg—1

j+1forj=0,...,a—1, we find that Pg‘z_“ P P;‘ | is the divisor of poles of

].
The issue we wish to raise here is the following: The above discussion has shown
us that Q # P; is a zero of f(P) if and only if Q is a zero of the Wronskian of a

basis for the linear space L[W]. The issue is whether the multiplicities of
0 8=

the Wronskian determinant of a basis for L[W
0 g

the zeros are also equal.
We do not give a complete answer to this question but will at least prove the
following theorem:

Theorem 1 For k = 1,2, Q # P; is a kth-order zero of the Wronskian of a basis
for L[m] if and only if Q is a kth-order zero of f(P) =0(a®p,(P) —e).

2 Weierstrass Points for L[W]
0 8-

Definition 1 For Q # Py, consider the sequence

Ql‘n
_, =0,...,a+g.

m = n will be called a “drop” for the linear space L[m], provided that

anl o"
r|:P°‘P mevo il ey R
(R g—1 o1l g—1

It is clear that there are precisely « “drops” at any point Q. If we denote the drops
by d;, then the order of the Wronskian at the point Q is equal to > ;- d; — %
The reason this is true is the fact that if the drops are d;, then there is always a

function in L[W] with a zero of order d; — 1 at the point Q. We shall denote
0 8-
the Wronskian determinant by W.

Definition 2 For Q # Py, abasis fi, ..., f, for L[W] will be called a basis
0 8-
adapted to Q, provided that ordg f; =d; — 1.

Definition 3 A point Q # P; will be called a Weierstrass point for the linear space
L[W], provided that there is a function in the space with a zero of order at
0 8-

least « at Q.
Lemma 2 [f Q # P;, then 1 is always a “drop” at Q.

Proof Q is anon-“drop” if and only if r[ﬁ] = o, which is true if and only
0 8=

Lo PPty _ | This contradicts i(P§Py---Pg_1)=0. -

if § (5
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Remark If we assume that for each point P;,i =1, ..., g, there is at least one func-

tion in the space L[W] with a pole at P;, then the assumption Q # Py would
0 8-

suffice in the above lemma.

It is clear that a point Q is a Weierstrass point if and only if there is a “drop” at
O of size at least o + 1, or stated otherwise that there is a non-“drop” of size less
than or equal to «. Thus if the “drops” are the positive integers 1,2, ..., «, the point
is not a Weierstrass point. The point is a simple Weierstrass point (a simple zero of
the Wronskian), provided that the sequence of “drops”is 1,2,...,a — 1,0+ 1. In
fact, the following lemma is fairly obvious.

Lemma 3 Assume that there are m non-“drops” in the set 1,2, ..., o. Denote these
non-“drops” by o — l;, i = 1,...,m, with [} > 0 so that there are also m “drops”
which are at least o + 1. Denote these “drops” by a + ki, i = 1,...,m, with

ki > 1. Then ordgW =) ; ki + Y, l;, where W is the Wronskian of a basis for
1
L[ PglePg,] ]

Proof 1Tt is clear that
o4 Ol(Ol—‘rl) m m
ordQW=Zd,'— Z“+ki_zo‘_li22ki+zlf'
i=1 i=1 i=1 i i

We now will require the following (well-known) properties of theta functions on
Riemann surfaces. These all follow from the Riemann vanishing theorem [4, 5].

Proposition 2 If f = ®p (R|---Rg_1) + Kpy and ifi(R| --- Rg_1) =1, then

239( f)e(P)
0z;

i
vanishes at the points Ry,...,Rg_1,81,...,8,-1, where the divisor
Ri---Rg_181-+-Sg_1 is a canonical divisor.

Proposition 3 If f = ®p,(R1--- Re_1) + Kp,, then (D o(P) — f) vanishes iden-
tically on the surface whenever i(QRy--- Rg—1) > 0.

Proposition 4 If f = @p(Ry---Rg_1) + Kp, and i(Ry---Rg_1) > 2, then
0(@o(P) — f) vanishes identically on the surface for any choice of base point Q.
Furthermore, aa;s;f) =0foreachi=1,...,g.

3 Multiple Zeros of 0 (P p,(P) —e)

Theorem 2 Let e = ®@p(P1---Py_1) + Kp, with P; # Py. Assume that
i(PyPy---Pg_1) =0. Then 0(a®py(P) — e) is nonidentically vanishing. Let
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QO # Py be a Weierstrass point for the linear space L[W] and assume that
0 8-

Q is a simple Weierstrass point. Then Q is also a simple zero of 0(a®@p,(P) — e).
Conversely, if Q is a simple zero of 0(a @ p,(P) — e), then Q is also a simple Weier-
. 1
strass point ofL[W].
Proof Recall that Py is always a zero of 6 (a @ p,(P) — e) independently of being a
Weierstrass point of L[W]. QO # Py a simple Weierstrass point means that
0 88—

the “drops” at Q are 1,2, ..., o —1,a+ 1, so that the basis adapted to Q, f1, ..., fu
has the property that ordg f; =i —1fori =1,...,a — 1 and ordg f, = a. In other
words, we have the divisor of f;,

014 :
(fiy)==>——7—, i=1...,a—1,
YRR Py
and

Q" A

(fo) = aia

PEP - Py
The divisor A, will play a special role, so we write
Ag =TTy

and observe that by construction Q is not in the support of any A;. In particular,
Q # T; for any i. Consider now g; = ]J:—; This is clearly a basis for the space

L[ﬁ]. Moreover we have

i=1,...,aa—1,

14
(gi) = m,
and g, = 1.

Our objective now is to show that i(QTi---Tg—1) = i(QAy) = 0. Recall
that we already know that Q # T; for any i. To this end, let us assume that
i(QTy---Tg—1) > 0. Then we would have a holomorphic differential whose divisor
is a multiple of Q A, . Call this differential @ and consider the meromorphic differ-
entials wg; . Clearly the divisor of wgy is just the divisor of the holomorphic differen-
tial w, but note that the meromorphic differential wg; fori =1, ..., o —1 has at most
only a singularity at Q, and it is a pole of order precisely « —i fori =1,...,a — 1.
In particular, when i = o — 1, we get a simple pole. This is impossible, so it means
that, in fact, the holomorphic differential w has a higher-order zero at Q. Recall
however that Q“Ay = Py Py --- Pg—1 so that i(Q%Ay) = i(Py Py Pg—1) = 0.
Thus the highest power possible is &« — 1, which will give a contradiction from wgj.
It thus follows that i (QAy) =0.

The above is the key ingredient needed to show that Q is only a simple zero of
0(a®@py(P) — e). We repeat the argument showing that Q is a zero of
O(a®p,(P) — e). Since Q is a Weierstrass point for our space, we know that there
is an integral divisor of degree g — 1, T - - - Ty 1, such that % is a principal
divisor. It follows that ‘

a®py(Q)+ Ppy(Ti -+ Tg—1) — Ppy(Py Pr--- Pg1)

0.
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Thus we have
a®py(Q) —e=a®p(Q) — Pp Py P+~ Py—1) — Kp,
=—-Pp(T1---Tg—1) — Kp,.
Denoting @ p,(T1 - - Tg—1) + Kp, by f, we have
0(a®(Q) —e) =0(-1),

and this vanishes by the Riemann vanishing theorem and the fact that the theta
function is even. The condition that Q be a simple zero is now the condition that

d
T 0@®r ()~ ) #0,
where 7 is a local coordinate at Q. A simple computation shows that

d 0= 1)
d—ze(aqﬁpo(Q)—e)_a; oz, 0@

where 6;(P) is the normalized basis of the holomorphic differentials dual to the
canonical homology basis which gave rise to the theta function.
Our propositions above tell us that

g J—
289( Do.p)

8 .
i=1 Zi

is either identically zero in the case that i (77 - - - Tg—1) > 2, which is not the case here
since it would imply that one could find a representative of 77 - - - Tg_1 witha Q inits
support which is ruled out by the fact that the Weierstrass point was simple, or that it
vanishes only at the points 77, ..., T 1, Ry, ..., Rg_y with T7 --- T 1Ry --- Ry
canonical. We showed however that i (QT; ---Tg—1) = 0, so this is also ruled out.
This shows that the zero of at the point Q of 8(a® p,(P) — e) is simple.

We now treat the converse and shall assume that Q is a simple zero of
6(a®p,(P) — e). This already implies that 3 %_, %;f)ei (Q) # 0, so that it is clear
that Q # T;, i(QTy---T, 1) =0, and i(Ty--- Ty 1) = 1. It thus follows that the
largest “drop” is « + 1 and thus that there is precisely one non-“drop”in 1,2, ..., «.
If the non-“drop” is «, then the Weierstrass point is simple, and we are done. If
the non-“drop” is any positive integer less than «, then we have that o and o + 1
are both “drops”. This implies that there are functions in the space with zero divi-
sors Q18 ... Sg and Q%Ty --- T, 1. The equivalence of these divisors yield that
S1---8g = QT ---Tg_1, and since Q # §;, this yields that i(QTy---Ty—1) > 1,
which is a contradiction. It thus follows that indeed Q is a simple Weierstrass point

for L[m]. This concludes the proof of our result for k = 1. O

We now turn to the case k =2 and divide it up into a series of lemmas.
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Lemma 4 Let Q # Py be a Weierstrass point for L[W] such that
0 8-

Y di — M = 2. Then there are only two possibilities for the sequence of
“drops”:

(1 1,2,...,a—1,a+2;
2 1.,2,...,a0a—2,a,a+1.
These correspond to the choices of the largest “drop” being a +2 or o + 1.

Proof This follows from the formula written for ordg W previously. The only pos-
sible solutions are k1 =2, =0ork; =1,/ = 1. Il

Lemma S Ifthe dropsare 1,2, ...,a — 1,0 + 2, then ordgf(a®@p,(P) —e) =2

Proof We begin by constructing the basis for the space adapted to Q, f1,..., fua
and observe that

()= Q““Tz'--Tg,]
o) — k)
P(‘)x Py Py
. . 0% QT Te_i . o . .
which we shall write as PP P thus having Q = T7 in our previous notation.
0 8—

This already shows that ord 90 (¢ @ p,(P) —e) > 2, something we already knew from
the kK = 1 case that we have already proven. This also shows that no other 7; = Q.
We wish to show in addition that if we write Ay, = QT ---T,_1, then i(Q7A,)=0
for all j. We already know this for j > «. The purpose of this is to show that while
indeed in this case

a0
Z ; D)=
i=1

since in this case Q = T or stated otherwise Q is in the support of Ay, it is also the
case that when i (QT; --- T,_1) = 1 (which we continue assuming now), then

0(—1) .,
; 9 6/(Q) #0,

which says that Q is a simple zero of the differential Zf’ 69( f )6 (P).
We now look again at the basis adapted to Q for our space f1 , ..., fo and observe
that just as before we have

ordgofi=i—1, i=1...,a—1,

but now we have ordg fo = + 1.
We, as before, construct g; = }C’ and observe as before that
A

(gi) = 0 "HQTQ i=1,...,a—1,
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so that if i(Q/(QT, - -- T, 1)) were positive for any j <« — 1, we would find a
meromorphic differential with a simple pole at Q, which is of course impossible.
Hence the conclusion is

i(QA) =i(QQT - Ty-1) =

which means that

00
Z - f)0<Q)7é0

i=1

as we wished to show. The conclusion i(QAy) = i(Q(QT2---Tg—1)) =0 also
shows that i(QT,---T,_1) cannot exceed 1. Hence the assumption above that
i(QT,---Tg—1) =1 was the only possibility.

The next ingredient that we require is that 6(@o(P) + f) vanishes identically
on the surface. This is so because

f = d)Po(QTZ' o Tgfl) + KP():
so that
_f = ¢P()(Rl o 'Rg—l) + KP()»

where QT ---Tg1R; --- Rg—1 is a canonical divisor. The result therefore is a con-
sequence of the proposmons above.
The identical vanishing of 6(® o (P) + f) on the surface gives us that

.90
0(f)=0, Y. D0 =

a .
i 0%

£, 9%
> D0, (Q)+Zﬁe (0)=0.

07;0z
ij=1 %1%

The first equality follows from the vanishing at Q, and the second and third equali-
ties from the vanishing of the first and second derivatives at Q.
In particular, we have

£L9%0(f) 0(f) (1)
,-,,-Zzl azl_azje,@e,(Q)— ;TO(Q) Zl 0 6/(Q).

Suppose now that ordp8(a®p,(P) — e) > 2. Then the second derivative with
respect to a local coordinate at Q of the function would have to vanish. This would
give that

2
Za °C f)el(Q>9,<Q>+ Z 20(= f)e(@

i=1

These equalltles, together with the fact that 0 is an even function of z, give that

200
Z (Zf)G(Q)_

i=1 !




104 H.M. Farkas

which we have seen is a contradiction to our initial assumption on the sequence
of “drops”. Hence we have shown that ordp0(a® p,(P) — ) =2 as we wished to
show. This completes the proof of the lemma. g

The second case with the drops being 1,2,...,a — 2, o, + 1 is much eas-
ier. Here it is automatically the case that i(Ay) = | since there can be no
representative with a Q in its support. We begin again constructing the basis
for the space adapted to Q, and we see from the functions f,_; and f, that
Q“_lRl -+ Rg = Q%Ty --- T, obtaining the result that i(QT; --- T, 1) > 1. The
conclusion is that

30
Z ; f)G(Q) 8(®o(P)— f)=0.
i=1

Furthermore we see from the associated functions g,—1, go—2 that i(Q7Ay) =0 for
all j > 2. This means that the zero of the differential Z,g de(f )0 (P) at Q is nec-
essarily simple. Using the argument given above, we see that the second condition,
together with ord g8 (a®p,(P) — e) > 2, will lead to

200
3 = Do) =0,
i=1

which is a contradiction. Hence we have in this case as well the conclusion that
ordpf(a®p,(P) —e) =2

We have therefore shown that if the order of the zero of the Wronskian is two,
then the order of the associated theta function at the point is two as well.

We now turn to the converse; so we assume that ord g8 (a®p,(P) — e) = 2. The
question is what can we say about ;" | d; — w The condition we are assuming
here yields that

00
=0 Y Lo =0
i=1

but that

8 920
Z (f)G(Q)G (Q)+a Z (f)G(Q)séO-

i=1

We must show that if > ;- d; — “(“;1) >3, then

02i02; 0z

i=1

8 5920
“22 T9D g (016;(0) +a Z (f)H(Q) 0.
i j=

This contradiction will yield the result.
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We shall first establish the contradiction when ) 7, dj — M = 3. In this case
there are three possibilities for the “drops”:

1 1,2,...,0—1,a+3;
2 L2,....,0a—2,a,a+2;
3 1.,2,...,a—3,a—1l,a,a+1.
These correspond to the cases ky =3, [1 =0; k1 =2, 1 =1; ki1 =1, [1 =2.

Case (1) is the easiest one to deal with. Constructing the basis of L[W]
0 5~

adapted to Q, we find that the divisor of zeros of f, is given by

QT+ Tg—1 Q% QT+ Ty_y

(fa) = PEP - Py1 PP - Pe

Hence, if we let f = ®@p (Q*Ts---Ty—1) + K p,, we find that

a0 a0
Z ;f)H(Q) Z ;f)H(Q)
i=l i=1

This is true (trivially) also when i(Q*T3--- Te—1) = 2. Letting now Rj---Rg_g
be the complement of 71---T; | = Q2T3--~Tg_1 with respect to the canon-
ical class, we have —f = @p (R;---Ry;—1) + Kp,, and therefore we obtain
i(QRy---Rg_1) > 0. This implies that 6(Po(P) + f) =0 on the surface, and
therefore, as we have seen above, the vanishing of the second derivative, to-
gether with the condition Z 39( A )9 (Q) =0, leads to the conclusion that
ordpf(a®p,(P) —e) >3, Wthh is a contradlcnon

Case (2) is similar, but here we need look at the divisors of zero of the two
functions f,_1, fo. Here we find

Qa_lSl-”Sg O%Ty---Tgq _ Qa(QT2 Ty 1)

It thus follows from the fact that these divisors are equivalent that

Sl g—Q T2 gla

from which we can conclude that i(Q2T2 -+-Tg_1) > 1 and can proceed as we did
in case (1).

Case (3) will require a bit more in that not only will we have to look at the
d1v1sors of the functions f; but will also have to look at the divisors of the functions

gj f_ We have in this case

Q% -+ Ugys Q%7281 -+ Sgt1
(fa3)=—g7— (fo— z)——,
PYP;--- P, P...p_1
0 8 8
f 1)ZQD[_IRI"‘Rg (f):Q“Tl-..Tg,l
* PEP - Pyy’ TPEP Py’
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from which we can easily see that

Ry -- g—QTl g 1,

so that i (QT; ---Tg—1) > 1. This will not be enough to obtain a contradiction, so
we look and find that

U Ug+3 Sy Sg+1
(8a-3) = O T (Co-2)= 77—
8a Q4T - Ty—y 8a Q2T Ty’
Ri---Rg
(Ga-1)=—F—7—, =1.
Sa—1 QTI"'Tg—l 8a

Let @ be a holomorphic differential in £2(Q7T; --- Tg—1) whose existence is guar-
anteed by i (QT;---Tg—1) > 1. Let us assume however that i(Q2T1 T 1) =0
If we now multiply the functions g; by the holomorphic differential @, we obtain
meromorphic differentials with the property that

ordgwgy—3 = —3, ordgwgy—> = —1

and that wgy—1, wg, are holomorphic. This is however impossible since one cannot
have a meromorphic differential with a simple pole at Q. Hence it must be the case
that i (QT} - Ty 1) > 1. This will once again give Y"5_; 24=220/(Q) = 0, which
again gives us a contradiction to ord g6 (a®p,(P) —e) = 2.

We have actually shown here in the proof that if ) ;" d;j — M =3, then
ordgf(a®p,(P) — e) = 3. We believe that this true in general, but have not written
down a proof. It is however clear from the above that the same proof will work when-
ever there is only one “drop” greater than «. However, when Z?:l d;i — % >4,
there can be sequences when there will be more than one “drop” greater than «. For
example, when we have equality, we have the sequence of “drops”

1,2,...,0a—2,0+1,a+2,

where in our previous notation we have ky =1, ko =2, {1 =0, L =1.Insucha
situation we have
Q%Ry -+ Rg— Q*0T,---T,

_ g1
ap .-~Pg,] , (fa) = ,

(fam1) = TNy

so that i(Ty---Te—1) =i(QT2---Tg—1) = 2. In this case the Riemann vanishing

theorem says that Mif ) =0 for all i, so that one gets the usual contradiction

to ordpf(a®p,(P) — e) = 2. Another way of saying this perhaps is that since

Y di — w is simply the order of the zero of the Wronskian at Q, raising

the order simply puts on “more” conditions and does not remove any prior ones.
We have therefore concluded the proof of the following:

Theorem 3 For k = 1,2, we have that Zf‘:ldi — M = k is equivalent to
ordpf(aPp,(P) —e) =
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4 Classical Weierstrass Points

We would like to show that our ideas above are indeed generalizations of the clas-
sical situation or, in other words, that an appropriate choice of e and « gives rise to
the classical Weierstrass points on the surface. Let us consider

e=Ppy(P1---Pe_1) + Kpy,

where the points Py, ..., P, satisfy the condition that i (Pé” - Py---Pe1)=1.In

this case & > g, and let us consider 8 (g® p,(P) — ). Here the space L[W] is
8

g-dimensional, and Q # P is a zero of 0(gPp,(P) — e) and a Weierstrass point for

S — M
PP Py ]Wlth(f)_PPl Py

We claim that in this case, Q must be a class1cal Welerstrass point. The proof 1s
immediate. By hypothesis i(P(f ! Pi--- Pg_1) =1, so that there is a holomorphic

the space if and only if there is a function f € L[

differential w with (w) = qu Py --- Pg_1.Hence, wf is a (meromorphic) differen-

tial with (of) = % This is of course not possible, so it is necessarily the
case that some point 7; = Py. Without loss of generality, let 77 = Py. It then fol-
lows that (wf) = Q8T --- T,_ and indeed Q is a classical Weierstrass point. If we
were to write a basis for L[m] adapted to Q, we would find that what we
called a “drop” in this case is in fact what classically one calls a “gap”. The astute
reader will of course see that in fact the function we have constructed here is re-
ally 6(g®p,(P) + K p,), from which one can readily see that the zeros are classical
Weierstrass points.

S Multiplicity at Py

In this section we say something about the order of vanishing at the base point Py.
To this end, let e = @p(Py --- Pg_1) + K p,, and let ag be the least value of a for
which i (Pg Py - - - Pg—1) = 0. Furthermore, let us assume that P; # P; fori # j and
that for each point P;,i =1,..., g — 1, there is a function in L[m] with a
simple pole at P;. Finally, let us also assume that i (P; - - - Pg_1) = 1. It follows that
for any a > o, we have that 0 («®p,(P) — e) is nonidentically vanishing on the
surface, and we would like to know its order of vanishing at P = Py.

If op = 1, then we clearly have r[j;] = j for all positive j, which implies
Py P1-+Pg_1

that we can find a basis fi,..., fy of L[W] with the property that f] =
1, —ordp, f; =ifori=2,..., a,so that
—ordp,W (fi,..., fa) = —ordeW(dfz, cndfy) =@+ D@—-1)=a*>—1.
- 1= | — — _— 1 =
P,P] i ] j+lforj=1,..., 00 l,r[P(_),Pl_“Pg_l]
jfor j =, ..., a. Thisimplies thatwecanﬁndabasis flyeoos fu ofL[W]
0 8-

If g > 2, then we have r[
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with the property that fi =1, —ordp, fi =i —1fori =2, ..., a0, —ordp, fi =i for
i=oap+1,...,a. From this it follows that

—ordp,W(f1,..., fu) = —ordp,W(df>,...,dfy)
=(ag— Do+ (a+ 1)(a —ag) =a? — .

The condition assumed above that for each point P;, i =1,..., g — 1, there is a
function in L[W] with a simple pole at P; implies that we can find a ba-
sis for the space f1, ..., fo with the property that f; has a simple pole at P; and
that f;, i =2,...,«, are all holomorphic at P;. From here it is clear that the or-
der of the Wronskian determinant of this basis for the space, W(fi, ..., f«), has
a pole of order at most « at each such point P;. If we assume that the order at
each point P; is actually equal to «, then the polar divisor of this Wronskian is

2_
Py "“P--- P¢ . This Wronskian is a ¢-differential with ¢ = 2D 5o that its

degree is o (o — 1)(g — 1). Its divisor of zeros must have degree a?g — . Each zero
of this Wronskian is, as we have already seen, a zero of f(P)=0(a®p,(P) —e),
and hence we have proven the following:

Theorem 4 Let f(P) = 0(Pp,(P) — e), where e = Pp(P1---Pg_1) + Kp,,
P; # Po for any i, and i(Py--- Pg_1) = 1. Let ag be the least positive integer
such that i(Pg OPi---Pg_1) =0 and assume that for each P; in the support of
Py --- P,_1, there is a function in L[a;] with a simple pole at P;, and that
g PEP Py

the order of the pole of the Wronskian determinant at P; is o. Then the a®g zeroes
of f(P) are the zeroes of the Wronskian determinant of a basis for L[
with an additional zero of order ag at P = Py.

S——
P((JIP]mPg,]

Let us now take an example with &« =2 and ¢ = 1. In this case there is a non-
constant function f in L[ﬁ] with a double pole at Py. There are thus g + 1
o1 Fg—1
poles and hence a total of 4g branch points. There is one branch point over the point
at oo, so that the Wronskian (differential in this case) has 4g — 1 zeros in agree-
ment with our result. If however «g = 2, then there is a nonconstant function f in

L(ﬁ) with a simple pole at Py. Hence the total number of branch points is
ol lFg—1
2(2g — 1) =4g — 2, again in agreement with our result.

In the discussion above we assumed that i (P --- Pg_1) = 1. Now we shall re-
move that assumption and assume that i (P --- Pg_1) =r > 2. This implies that

ag > r. We shall assume that op = r. This clearly implies that

1 1 1
r(7>=r, r<7>=r,...,r<7r ):r,
Py Pyy PPy Py PyPy - Pyy

1 1
r| ———— :r—i—l,...,r(—):a.
<P5+1P1"'Pg—l) Py Pr--- Py

It thus follows that we can find a basis for this space fo, f1,..., fr—1, frs---s fa—1
with the property that fo =1, f3,..., fr—1 are all holomorphic at Py and such that
forall j,r <j <a—1, we have ordp, fj = j + 1.1t is then clear that
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—ordpyW(fo, ..., fa—1) = —ordpW(df\,...,dfy—1) = (@ +r)(a—r)

s

At each point P; as before assume that —ordp, W(df1, ..., dfy—1) = a. It thus fol-
lows as before that the divisor of zeros of the Wronskian must be of degree

alc—1D(g—D+a(g— 1)+a2—r2=a2g—r2.

It thus follows that we have proven the following theorem.

Theorem S Let f(P) = 0(a®Pp,(P) — e), where e = @p(P1--- Py_1) + Kp,
P; # Po for any i, and i(Py--- Pg_1) =r. Let ag be the least positive integer
such that i(PaO Py---Pg_1) =0 and assume that for each P; in the support of
Py Pg_y, thereis a functton in L[W] with a simple pole at P;. Assume

that ag = r. Then the o g zeroes of f(P) are the zeroes of the Wronskian determi-
nant of a basis for L[W] and an additional zero of order r* at Py.
0 8=

There is an additional interesting fact that we can obtain in the case where e =
@py(PyO Py Pg_1)+ Kp,and i (P - -- Py_1) = r = a. Since by the definition of
ao,

(PO P Pyt) =1, i(PSOP - Peoy) =0,
there is no function in L[W] with a pole of order «q at Py. This allows us
0 8-

to do the following: For each function f € L[ ] of is a holomorphic

P 1P Py

differential where div(w) is a multiple of POlO 1P1 - Pg_1. This means that if fj =
1, f1, ..., fay—1 is a basis of L[P(‘)"P—&
a linear space of holomorphic differentials. Recalling that

W(waa)flv e 7a)f01071) Zwaow(la fla ey faofl) zwaow(dfla A 7df0(()71)7

we see that when o = o, the Wronskian of a basis for the space of meromorphic
functions can be computed in terms of the Wronskian of a basis of a linear space of
holomorphic differentials.

Explicitly, the space of holomorphic differentials is the space £2(Q1--- Qg¢—o,),
i.e., the space of holomorphic differentials whose divisors are multiples of the divi-
sor { = Q1 -+ Qg—qy, Where the integral divisor ¢ is the complement of the integral

1, then @, @fi, ..., wfy,—1 is a basis for

divisor Pg‘ o-1 Py -+ Pg_1 with respect to the canonical class. The Weierstrass points
for this space are the points P such that i (P* Q1 --- Q4_4,) > 0. This also explains
the phenomenon of the previous section, where we showed how the classical Weier-
strass points enter the discussion.
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The Admissibility Theorem for the Spatial
X-Ray Transform over the Two-Element Field

Eric L. Grinberg

Abstract We consider the Radon transform along lines in an n-dimensional vector
space over the two-element field. It is well known that this transform is injective and
highly overdetermined. We classify the minimal collections of lines for which the
restricted Radon transform is also injective. This is an instance of .M. Gelfand’s ad-
missibility problem. The solution is in stark contrast to the more uniform cases of the
affine hyperplane transform and the projective line transform, which are addressed
in other papers (Feldman and Grinberg in Admissible Complexes for the Projective
X-Ray Transform over a Finite Field, preprint, 2012; Grinberg in J. Comb. Theory,
Ser. A 53:316-320, 1990). The presentation here is intended to be widely accessible,
requiring minimum background.

1 Introduction
Dedication and two Mathematical Moments

This paper is dedicated to the memory of Leon Ehrenpreis. His colleagues were
fortunate to have countlessly many discussions with him, after seminars (and dur-
ing), in offices, hallways, and at the lounge blackboard. These served to inspire,
energize, and generate many new ideas. The subject of this essay may well have
come up in one of these chats.

During graduate school, I learned about the role of spreads in integral geome-
try from Ethan Bolker, via an early, handwritten version of [2], and when I joined
Temple University, the concept of linear spreads followed and came up in early
conversations with Leon. He found spreads to be useful in his approach to integral
geometry, and he formulated a nonlinear variant which he employed in framing his
notion of the nonlinear Radon transform. See the major work [5] and the review [1]
by Carlos Berenstein.

I recall vividly a two-panel chalk board with the level sets of a homogeneous
polynomial drawn on one panel, and the heat equation displayed on the other. I also
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recall sharing a car ride with Ethan and Leon, from San Francisco to Arcata, CA, on
the way to the 1989 AMS summer conference on integral geometry and tomography,
which led to [10] and [3]. It is safe to say that the majority of the travel time was
devoted to an intensive discussion of Radon transforms (and I hope that this did not
impair the safety of the ride). The beautiful California coastline was superceded by
admissible line complexes.

The structure of spreads (discussed concretely below) is particularly simple in
the case of the hyperplane Radon transform over finite fields, and this can be used to
solve the admissibility problem in that context. In contrast, the structure of spreads
is not as simple for transforms that integrate over planes of larger codimension, and
thus we expect the admissibility problem to have a more complicated solution. Here
we investigate the simplest higher-codimension case.

2 The Radon Transform in a Finite Geometry

The theme of integral geometry, in the style introduced by P. Funk and J. Radon and
prominent in the work of Leon Ehrenpreis, involves the recovery of functions (or
data) from integrals. In applications one might imagine recovering the density distri-
bution of biological tissue from X-ray data. If “all” integrals (X-ray) measurements
are available, then the problem is overdetermined. It is natural to look for minimal
sets of data (X-rays) with which complete recovery is still possible (even though in
applications such minimal measurements may present stability problems). Finding
and classifying such minimal families is an instance of .M. Gelfand’s admissibility
problem [8], which initially occurred in the context of the Plancherel formula for
semi-simple Lie groups. In the continuous category, the problem depends in part on
the choice of function spaces, mapping properties of integral operators, and smooth-
ness properties of collections of lines. Here we focus on a finite model of integral
geometry in which analytic considerations are removed and sets of lines take center
stage. In the admissibility theory work of Gelfand and collaborators within the con-
tinuous category (R? or C3 and their projective and higher-dimensional analogs) the
family of lines meeting a curve (the Chow variety) and the family of lines tangent
to a surface occur as admissible complexes [7, 12]. Here we will search for finite
analogs of these. For discussions of Radon transforms in finite geometries, see, e.g.,
[13, 15]. Recent results on admissibility in the context of finite projective spaces
may be found in [6].

Starting with the g-element field IF;, one can build lines, planes, vector spaces of
dimension n, projective spaces, Grassmannians, and more. It is easy to use counting
measure to define the Radon transform taking functions on Fy to functions on the
set of k-planes in Iy :

Ref(H)= ) f(0),

{xeH}
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where H is a k-dimensional affine plane in Fy. Informally we write
Ry : {point functions} —> {k plane functions}.

It is natural to ask: is the transform Ry invertible ? Rather than answer the question in
this specific case, we consider a more general context, informally borrowing from
S.S. Chern’s (1942) formulation of integral geometry [4]. Consider the following
double fibration diagram:

XV XY

Chern’s formulation was presented in the continuous category; here X, Y, and
Z are finite sets. We think of X as our space of points, Y as the family of lines or,
more generally, submanifolds of X, and we think of Z as the incidence manifold of
point-line (or point-generalized line) pairs, so that the point belongs to the line

{( »lx ey}

The maps 7 and p are projection functions, e.g., 7(x, y) = x, so that & x p is one
to one. Thus thinking of X as a set of points and Y as a family of subsets of X is
manifested by [11]:

Fy=mop '{y}

When y is a line, F), is the set of points on the line. Dually, for every point x, we
have the set of all subsets y passing through x:

Gy=p orfl{x}.

With the definitions of Fy and Gy, it is possible to relax the condition that 7, o
be projections and consider more general diagrams, though we will not need these
here. The double fibration diagram has been used extensively as a paradigm for
Radon transforms and their generalizations by Gelfand and collaborators, S. Helga-
son, V. Guillemin and S. Sternberg, and many many others.

A double fibration diagram together with a choice of measures leads to an integral
transform. In the finite category we will use counting measure and define the notion
of Radon transform without making any additional choices.

Let C(X), C(Y) denote (R- or C-valued) functions on sets X, Y, respectively,
and let f(x), g(y) be functions in the appropriate spaces; then we define the Radon
transform from point functions to line functions by “integrating” over points in a
line and the dual Radon transform by reversing the role of points and lines:

R:C(X) — C(Y), R':C(Y) — C(X),
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Rf= ) f), Rg= Y g

{x|xey} {ylxey}

With X, Y, Z and the double fibration diagram so general, can anything be said about
invertibility of the induced Radon transform? Surprisingly, the answer is affirmative:

Theorem (Bolker [2]) Assume that the double fibration diagram satisfies the fol-
lowing two conditions:

o #G, =« Vx € X  (uniform count of lines through each point),
o #G,, NGy, =B Vx1 #xp  (uniform count of lines through each point pair),

for constants a,  with 0 # o # B. Then the Radon transform associated with the
diagram is invertible, with an explicit inversion formula.

The conditions above, bundled together, are now known as the Bolker condition,
which is used extensively. The proof of the theorem is straightforward.

Proof We first construct a basis for C(X). Let §,, be the function on X with value 1
at p € X and 0 elsewhere. Let n be the cardinality of X. Then {5, }cx is a basis for
C(X), which has dimension n. There is a similar basis for C(Y). The matrix of the
composed transform R’ o R in this basis is

a DEERY ﬂ
: C ] =(@—- I+ A1,
B - «a

where I, 1 denote the n x n identity matrix, and the n x n matrix with 1s in every
entry, respectively. To invert, note that (al 4+ b1) - (cI + d1) = (ac)l + (ad + bc +
nbd)1. d

The Bolker condition is satisfied by many geometric double fibrations but does
not hold for many others, even when the Radon transform is injective. The Radon
transform on a triangle, rectangle, and pentagon can be represented by the graphs
and matrices in Fig. 1. It is easy to verify the properties in Table 1 for the Radon
transform on these geometries.

The k-plane transform in IE"Z satisfies the Bolker condition, since given points
X1, X2, there is an affine map 7 that carries x| to x; and the set of lines through x
to the set of lines through x», and given two pairs of points, there is an affine map

Table 1 Bolker conditions

for finite geometries # sides Bolker C. Satisfied? R injective?
3 Yes Yes
No No

5 No Yes
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1000 1

Fig.1 Some finite geometries with and without the Bolker condition, and corresponding matrices

that carries one pair to the other and the lines through one pair to the lines through
the other pair. More generally, the Bolker condition holds whenever there is a dou-
bly transitive group action that preserves the appropriate incidence relations. When
group symmetry is available, it is natural consider the use of group representations.
Interestingly, representation theory can be used to understand Radon transforms on
the one hand, e.g., [16], and Radon transforms can be used to understand represen-
tation theory, e.g., [11, 14].

We may also inquire about a range characterization: when is a function of k-
planes the Radon transform of a function of points? We first look at the hyperplane
case, k=n—1.

Definition A spread of hyperplanes in Iy is a presentation of Iy as a disjoint union
of hyperplanes.

Fact A function g(H) of hyperplanes H in Iy is the Radon transform of a function
of points x € IFZ only if the average of g(H) over any spread is the same as the
average over any other spread:

Z g(H) = Z g(H) (for any two spreads £21, £27).
(He$2} {Hes2,}

These are called the Cavalieri conditions. By way of illustration, in the diagram
in Fig. 2, they state that the sum over lines with positive slope equals the sum over
lines with negative slope.

Theorem (Bolker) The Cavalieri conditions characterize the range of the hyper-
plane Radon transform over a finite field.

The proof is based on a counting argument. This range condition yields an ad-
missibility theorem.
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Fig. 2 Two spreads leading
to a Cavalieri condition

3 Admissible Complexes

Definition Recall that a complex of hyperplanes % is a collection of hyperplanes
{H|H € ¢} so that #¢" = #IF; = ¢" (there are as many hyperplanes as points). We
shall also use “complex” to denote the appropriate number of lines, curves, etc.

Definition The complex % is said to be admissible if the Radon transform opera-
tion, restricted to planes belonging to % is still injective:

Ry : C(F’;) — C(%).

Theorem ([9]) A complex € of hyperplanes in g is admissible if and only if it
omits precisely one plane from each spread, except for one spread, which belongs
to € in its entirety.

To prove “if”, it suffices to show that Ry f determines Rf. A counting argument
shows that every complex contains an entire spread. To evaluate Rf on a plane H
which % omits, simply use the total mass of f encoded in a spread that belongs to
% in its entirety. To prove “only if”, take two parallel hyperplanes and construct a
“capacitor” charge distribution: 41 on plane, —1 on the other, and zero elsewhere.
Only the two chosen planes can “see” this distribution via the Radon transform. The
rest have vanishing Radon transform because of cancellation.

Thus the hyperplane case turns out to be the easy case. We now explore the next
simplest, the line transform in Z%. The three-dimensional vector space over Z, has
8 points, 7 lines through a given point, 28 lines in all (see Fig. 3).

Here are some ways to construct admissible complexes:

o Write Z% as a union of two parallel planes (a spread of planes) and choose an
admissible set of lines on each plane (four lines chosen in each plane).

e Choose one plane & C 73, choose an admissible set of (four) lines within 22,
then extend four “/egs” perpendicular to .

e Construct, if possible, admissible complexes in Z% without using planar relatively
admissible complexes.

The first two methods are illustrated in Fig. 4.
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The Radon transform for lines in Zg can be represented by the following 28 x 8
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Fig. 4 Some ways to
construct admissible
complexes

Fig. 5 A brute force program A brute force program to list all admissible complexes:
to count admissible There are (%) = 3,108,105 complexes in Z3.

How many are admissible?
complexes

a=0

mat= zeros( 28,8)

acc =0

for i=1:7

for j=i+1:8
acc=acctl ;
mat(acc,i)=1 ;
mat (acc,j)=1 ;
endfor

endfor

for al=1:21
for a2=al+1:22
for a3=a2+1:23
for a4=a3+1:24
for ab=a4+1:25
for aB=ab+1:26
for a7=a6+1:27
for a8=a7+1:28
minor=zeros(8,8);
minor(1,1:8) = mat(al,1:8);
minor(2,1:8) = mat(a2,1:8);
minor(3,1:8) mat(a3,1:8);
minor(4,1:8) = mat(a4,1:8);
minor(5,1:8) mat(ab,1:8);
minor(6,1:8) = mat(a6,1:8);
minor(7,1:8) mat(a7,1:8);
minor(8,1:8) = mat(a8,1:8);

a = det (minor)

if a!=0
printf("%d,%d,%d,d,%d,d,%d,%d" ,al,a2,a3,a4,ab,a6,a7,a8)
endif

endfor
endfor
endfor
endfor
endfor
endfor
endfor
endfor

The admissibility problems asks:
What are the nonsingular 8 x 8 minors of this matrix?
We would like an answer that is geometrically motivated. The linear algebra com-

puter environment Octave can be used to locate all admissible complexes for this
transform, as illustrated in Fig. 5.
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Rest of Complex

A complex with an even cycle

Fig. 6 Some inadmissible configurations

The program results give:

e 3,108,105 line complexes,
e 2,170,667 inadmissible complexes,
e 937,438 admissible complexes.

Can we describe the moduli space of admissible complexes? Can we enumerate
them without using brute force?

There are some clear obstructions to admissibility. In particular, a complex % is
inadmissible if it has any of the following features.

e An omitted point.
e Anisolated tree.
e An even cycle.

Clearly, a line complex that does not pass through a particular point cannot recover
data at that point. Similarly, complexes with even cycles or with isolated trees are
rank-deficient, as manifested by a +1, —1 data pattern. These contexts are illustrated
in Fig. 6.

It turns out that these are the only obstructions to admissibility.
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Theorem (Admissibility for Z3) Let ¢ be a line complex in 7. Assume that €
omits no point, has no isolated trees, and does not contain an even cycle. Then € is
admissible.

Proof Take a point p € Zj. There is a line £ € ¢ containing P. Expand £ to a
maximal connected set of lines, .#. Then .#Z cannot be a tree, so .# contains
cycles, hence odd cycles. Each odd cycle is “self inverting”. Every point in . is
linked to an odd cycle by a contiguous path of lines, hence is solvable. g

Note Added in Proof The program was mildly corrected, yielding 937,440 admissibles; these
have been explicitly enumerated by Mehmet Orhon and the author in a forthcoming preprint.

Acknowledgement The author thanks the referee for helpful comments and suggestions.

Appendix: Counting a Majority of Inadmissible Complexes

Here we will count two basic archetypes of inadmissible complexes, along with their
intersection. This will serve to illustrate the combinatorics of the complete count.

A.1 Complexes that Omit One or More Points

First we enumerate complexes that are “missing points”, that is, complexes € so
that there exist points p € ]F% so that no line £ € ¥ passes through p. It turns out
that there are many of these. There are seven lines through p, so the complexes that
miss p have 8 lines chosen from the 28 —7 =21. Now ( 81) =203, 440. Multiplying
this by the number of points, 8, and accounting for double counting (because there
are complexes that omit more than one point) we obtain:

Lemma 1 There are (281) x 8 = 1,627,920 complexes that omit points. Here, each

complex is counted with multiplicity equal to the number of points in F% which it
misses.

A.1.1 Complexes that Omit Two or More Points

How many complexes miss two points? There are 7+ 7 — 1 = 13 lines through one
or the other or both points. So a complex that misses both points has 8 lines chosen
from among 28 — 13 = 15 lines. There are 28 pairs of points, so we have double
counted 28 x (185) =28 x 6,435 = 180,180 complexes. (Note that we have double
counted the double counting, because there are complexes that miss three points.)

Lemma 2 The number of complexes that omit a pair of points is 28 x (185 ) =
28 x 6,435 = 180,180. Here each complex is counted with multiplicity equal to
the number of pairs of points that it misses.
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A.1.2 Complexes that Omit Three or More Points

How many lines pass through one or more of three given points? All but the 10 that
form the complete graph on the remaining 5 points. Thus, to exhibit all complexes
omitting three or more points, choose three points from 8 and then choose 8 lines
from among 10. Thus we have:

Lemma 3 The number of complexes that omit precisely three points is (180) X (g) =
2,520. There are no line complexes that miss four or more points.

Putting the above lemmas together we have:

Lemma 4 The number of complexes that avoid one or more points is 1,627,920 —
180,180 + 2,520 = 1,450,260. This count is without multiplicity.

A.2 Complexes with Isolated Lines

A.2.1 Complexes with One or More Isolated Lines

Another type of nonadmissible complex is one where a single line ¢ is “isolated”,
i.e., meets no other line in the complex. (This is the simplest case of an isolated
tree.) How many of these are there? Well, how many lines meet £? 7+ 7 — 1 =
13 =28 — 15. So the number of complexes having ¢ as an isolated line is (175 ) =
6,435. Accounting for each of 28 lines, with the usual double counting reminder,

we have:

Lemma 5 There are 6,435 x 28 = 180,180 complexes with one or more isolated
lines. Each complex is counted with multiplicity equal to the number of isolated
lines it has.

A.2.2 Complexes with Two or More Disjoint Isolated Lines

If ¢ is a line, there are 13 lines meeting ¢ and 15 lines disjoint from /. Thus there
are (28)(15)/2 = 210 pairs of disjoint lines. Given a complex with a pair of disjoint
lines, the other 6 lines of the complex must form the complete graph on the remain-
ing four points. Thus there are 210 complexes with precisely two disjoint isolated
lines. Clearly a complex cannot have three disjoint isolated lines.

Lemma 6 There are (28)(15)/2 =210 complexes with precisely two isolated lines,
and there are no complexes with three or more isolated lines.

Lemma7 There are 180,180—210 = 179,970 complexes with one or more isolated
lines. These complexes are counted without multiplicity.
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A.3 Complexes with Both Omitted Points and Isolated Lines

A.3.1 Complexes with One or More Isolated Lines and One or More Omitted
Points

There are five points disjoint from the designated omitted point and the isolated line,
hence there are (g) = 10 permissibile lines. We must choose 7 lines among these to
form a complex, and there are 8 x 28 point, line pairs.

Lemma 8 There are no complexes with one isolated line and two omitted points.

Proof The complement of the union of the omitted points and the isolated line has
4 points, and these form 6 lines, not enough to form a line complex. O

Lemma 9 There are no complexes with two disjoint isolated lines and an omitted
point.

Proof There are five points in the union of the two lines and point, hence three
points left, not enough to span a line complex. g

Lemma 10 The number of complexes with one isolated line and one omitted point
is (8 x 21)(170) = 20,160. The count is multiplicity free.

Proof There are 8 x 21 = 168 disjoint point-line pairs (or 28 x 6 = 168 disjoint
line-point pairs). Given a disjoint point-line pair, there are 5 remaining points and
(;) = 10 lines in their complete graph. Of these we must choose 7 to obtain a line
complex. Because of the preceding lemmas, there are no multiplicities. Hence the
claimed count is verified. g

We have counted a majority of inadmissible complexes and illustrated the com-
binatorics of intersections of archetypes. If sufficient interest develops, we will post
a completion of this analysis.
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Microlocal Analysis of Fixed Singularities

of WKB Solutions of a Schrodinger Equation
with a Merging Triplet of Two Simple Poles
and a Simple Turning Point

Shingo Kamimoto, Takahiro Kawai, and Yoshitsugu Takei

Abstract We first show that the WKB-theoretic canonical form of an M2P1T
(merging two poles and one turning point) Schrodinger equation is given by the al-
gebraic Mathieu equation. We further show that, in analyzing the structure of WKB
solutions of a Mathieu equation near fixed singular points relevant to simple poles of
the equation, we can focus our attention on the pole part of the equation so that we
may reduce it to the Legendre equation. The Borel transformation of WKB-theoretic
transformations thus obtained gives rise to microdifferential relations, which lead to
the microlocal analysis of the Borel transformed WKB solutions of an M2P1T equa-
tion near their fixed singular points. The fully detailed account of the results will be
given in Kamimoto et al. (Exact WKB analysis of a Schrodinger equation with a
merging triplet of two simple poles and one simple turning point—its relevance to
the Mathieu equation and the Legendre equation, 2011).

1 Introduction

The purpose of this article is to announce the main results of [9] emphasizing the
atypical points in its reasoning which cannot be found in earlier papers dealing with
seemingly related problems, such as [3] and [8]. As the logical structure of the
argument in [9] is intricate, we try to explain the ideas that underlie its formulation
of the problem. The target of [9] is the exact WKB analysis of the Schrédinger
equation

dx?

d2
2 —
(——77 Q(x,a))lﬂ—(), (1)
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where 7 is a large parameter, and the potential Q contains a triplet of two simple
poles and one simple turning point that merge as the parameter a tends to 0. Here
“exact WKB analysis” means WKB analysis based on the Borel transformation with
respect to the large parameter 7; thus our principal aim is to analyze the singular-
ity structure of the Borel transformed WKB solution g (x, a, y), which solves the
Borel transformed Schrodinger equation

32 9?
<ﬁ - Q(x,a)a—yz)lﬂB(X,a,y) =0. )

Hence the exact WKB analysis belongs to the most favorite field of the late Pro-
fessor Ehrenpreis, Fourier analysis in the complex domain (see [6]). Our interest
in the class of Schrodinger equations with a merging triplet of poles and a turn-
ing point originates from our desire to understand the semi-global structure of a
Schrodinger equation with two simple poles in its potential. As is now well known
(see [12, 13]), a simple pole gives an effect to the Borel transformed WKB solutions
that is similar to the effect which a turning point gives. Thus the analysis of the
class of Schrodinger equations with two simple poles in their potentials is a natural
counterpart of the classes of equations studied in [3] (Schrddinger equations with
a merging pair of simple turning points) and in [8] (Schrédinger equations with
a merging pair of a simple pole and a simple turning point). One can then easily
guess that a WKB-theoretic canonical form of such a Schrodinger equation is the
Legendre equation with a large parameter, that is,

d2
a5 =0 3)
<dx2 1 QLeg(x’a)>w ’
where
S Y =
Q]“eg_xz—az—i_l7 ((X—a)2+(x+a)2> @

with . being complex numbers and with A being an infinite series in 7~ with con-

stant coefficients that satisfies an appropriate growth order condition to be discussed
later. To emphasize the fact that A is not a genuine constant but an infinite series,
we sometimes call such an equation the co-Legendre equation. Parenthetically we
note that, in what follows, we basically concentrate our attention to the core part of
the potential, that is, A /(x> — a?) by mainly considering the situation where y.. and
y_ are 0; this limitation is helpful in clarifying the logical structure of our reason-
ing by avoiding technical complexities. By the way, in the exact WKB analysis, an
important subject is the analytic structure of the Borel transformed WKB solutions
near their fixed singularities (see [11, pp. 112—-113]; see also [4, 5], and [17]), that
is, singularities located at

y:—/x\/Q(x,a)dx+21/a\/Q(x,a)dx I==%1,42,..), (5
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where « and « are turning points (with a simple pole being regarded as a turning
point) of the equation. An important point in [3] and [8] is that the period integral

Z/a\/Q(x,a)dx (6)

tends to 0 when we let a tend to 0; hence by showing that the domain of definition of
the transformation operator to the canonical form can be chosen to be independent
of a, we can analyze the analytic structure of the Borel transformed WKB solution
near a fixed singularity with |/| >> 1. But this time we find that

@ dx . 7
e "

does not change even as a tends to 0. Thus the strategy in [3] and [8] is not effective
in this case. To circumvent the problem, we dismantle the potential of its homo-
geneity and seek for the class of Schrodinger equations which can be transformed

to
d*>  ,aA+xB
(W_n X2—CZ2 >¢/—0 (8)

with A and B being infinite series in ~! that are independent of x, that is, the
algebraic co-Mathieu equation (if we follow the usage of the terminology of [7,
p- 98]), which we call the co-Mathieu equation for short. In view of the explicit
form of the potential in (8), we imagine that the class which we now try to analyze
would consist of Schrodinger equations with two simple poles and one simple turn-
ing point. Fortunately, this guess turns out to be correct, as is explained in Sect. 2
below. Thus, widening the target class gives a clean result, but the problem is the
fact that the Mathieu equation is a notoriously difficult object to analyze. Hence
we next contrive to deduce the analytic properties of Borel transformed WKB so-
Iutions near the fixed singularities relevant to the pair of simple poles, which was
our original target, by “driving off”’ the simple turning point. This contrivance will
be explained in Sect. 4, but here we note the following geometric fact that explains
why we introduce an auxiliary parameter p into our formulation (see Definition 1
below).

To describe the geometric situation, let Ag (resp., Bp) denote the degree O (in 1)
part of A (resp., B). Then we can confirm that

Aola=0#0 (see (50) and (15)) 9
and
Bola=0 = Zop with Zg==41 (see (51)). (10)

Now, keeping a/p =: k(£ 0) fixed sufficiently small, we let p tend to 0. Then, since
the turning point 7o of (8) is given by
aly _ kAp(0)

By Zo+xp O o
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with some constant f, it stays away from 0. On the other hand, the simple poles
t = +a tend to 0. Thus one may expect that the singularity structure of Borel trans-
formed WKB solutions near the fixed singularities relevant to the simple poles can
be deduced from that of Borel transformed WKB solutions of the Schrédinger equa-
tion whose potential contains two simple poles only, i.e., without a turning point.
And this expectation is realized in Sect. 4. In ending Introduction we note that in
deducing the results in the final section (Sect. 5) from those in Sect. 2 and Sect. 4,
we make full use of microdifferential relations among objects on the Borel plane
which are discussed in Sect. 3.

2 Definition of an M2P1T Equation and Its Reduction to the
Mathieu Equation

In what follows, U (resp., V and O) denotes a sufficiently small open neighborhood
of the origin {r € C; t = 0} (resp., {a € C;a =0} and {p € C; p =0}),and f (¢, a, p)
denotes a holomorphic function that has the following form (12) on U x V x O:

ft.a,p)=tpg(t, p)+Y_a’ fO, p) (12)
j=1
with
g(t, p) and f(j)(t, p) being holomorphic on U x O, (13)
8(0.p)=1, (14)
£100,0) #0, (15)
P2 # (f00,p)* forpin 0. (16)

In what follows we use the symbols f Oz, p) and f O, p) respectively, to denote
tpg(t, p) and pg(z, p).

Definition 1 Let f (¢, a, p) be as above, let g4 () be holomorphic functions on U,
and let Q denote the following potential:

f(t,a,,o)Jr 2( g+ (1) g (1)
7 (t—a)?  (t+a)?

2 _ 42 ) (n: a large parameter). 17)

Then the Schrédinger operator
2

i —1*Q(t,a, p,n) (18)

is called an M2P1T (merging two poles and one turning point) operator.
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Remark 1 For the sake of simplicity, we assume the following condition (19) in
Sect. 2:

gr=g_=0. (19)

Remark 2 1t immediately follows from (14) that (18) for p # 0 has a simple turning
point when V is chosen sufficiently small.

Remark 3 It follows from the trivial relation

¢ FO 4 af® _ FO 4 FO )
12 —a? 2(t —a) 2(t +a)

(20)

that we obtain a sum of simple poles at a = 0, not a double pole. Parenthetically we
note that assumption (16) guarantees that their residues are different from 0.

Remark 4 The reader might wonder why the assumption about the structure of
f Oz, p) is so restrictive. But, since we want to uniformly deal with the problem
for an arbitrarily small parameter p (s 0), some strict restriction on the structure of
f O, p) is inevitable. Actually one will be able to find that the function x(()o) (t, p)
given by (38) below cannot be holomorphic on a fixed neighborhood of the origin

{r = 0} if we choose, for example,

fO@ p)=1+0p, Q1)
although it satisfies
F90,p)=p, (22)

the condition we frequently use in our computation.

The purpose of this section is to show that an M2PIT equation is WKB-
theoretically transformed to an co-Mathieu equation. We refer the reader to [11,
Sect. 2] for the basic properties of “WKB-theoretic transformations,” but we note
their heuristic explanation as follows: in an intuitive description its core is a formal
coordinate transformation from ¢ to x = x(¢, a, p, n) defined by an infinite series

x(t,a,p,m) =Y xxu(t,a,p)n (23)
k>0
which satisfies
ax\?(aA+xB\ 1 _,
ts ’ ’ = o, 5 5 —=-n ;t 24
Q(t,a,p,n) (a;) <x2—a2> K {x;1} (24

for some infinite series

A=Y Ayla.pyn (25)
k>0
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and

B= Z Bk (a, p)n~ 2, (26)
k>0

where {x; t} stands for the Schwarzian derivative

ax\ 2 92 fox\ /2
2(=) —=(= ) 27)
(8t> 81‘2<8t)

In what follows we call the Schrodinger operator

d? ,aA+xB

P R) (28)

an co-Mathieu operator. Using appropriate growth order conditions that xox (¢, a, p),
Asi(a, p), and Bok(a, p) satisfy, we can construct microdifferential operators 2~
and % so that they “intertwine” the Borel transformed M2PIT operator and the
Borel transformed co-Mathieu operator; we have (Theorem 2)

NZ =% My, (29)

where M, denotes the Borel transformed co-Mathieu operator, and N denotes the
Borel transformed M2PIT operator written in (x, y)-variable with the effect of the
coordinate change appropriately taken into account (cf. (122) for the concrete form
of N). See Sect. 3 for the explicit description of 2 in terms of the infinite series x.

In constructing the infinite series x, A, and B, we further expand x2 (¢, a, p) etc.
in powers of a; that is, we will seek for x, A, and B in the form of double series as
follows:

X = Z xéi)(t, ,o)ajn_zk, (30)
Jk=0

A=Y A a7, 31
j.k=0

B=Y" By (p)aln . (32)
J:k=0

Substituting these series into (24) and comparing the coefficient of n°, we find

ft,a,p) _ (0dx0 2 aAo+ x0Bo (33)
2 —a? o Jt xg = a2 ’
where
xot.a.p) =Y x5t p)a, (34)

j=0
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Aota, p) =Y A (p)a’ (35)
=0

Bo(a,p) = By (p)a’. (36)
j=0

After multiplying (33) by (1> — az)(xg — a?) we compare the coefficient of a? to
find

— i) (k
R SR N G

jtk+l=p
() 5..(k) () 4..(k)
0xy’ 0X 0xy~ 0X
2 0 0 -1 0 0 (D) pim)
=t E — A + E ————x, B
. ar  or © , ar  or 00 )
J+k+l:p j+k+l+m:p

() 5, () 5,
_ 9xg 0% ,a-1) 0xg 0%~ ) pom)
> Ay U+ Y xg B ).
, ar  at , ar ot
Jj+k+l=p-2 Jjtk+l+m=p-2
(37.p)

In (37.p) terms whose indices do not meet the requirements should be ignored,
as usual. With this convention, (37.p) with p =0 or 1 is of a peculiar form. For
example, we find

(£ O FO 2,072,050 (37.0)

Here, and in what follows, x’ stands for dx/39¢. Hence we find

©) 1 NICT Y
X (t,,o)=4B(()O)/O ; dt ] , (38)

where B(O) is a nonzero constant to be fixed later. Then it follows from assumptions

(13) and (14) that there exists a holomorphic function x(() )(t p) that satisfies

~(0)

x ), p) =55 (2, p) (39)
with
70,0 =2 (40)
B

Next we consider the case p = 1. Then, by using (39) we find

21705 W; FO 4 2502 ¢
= 20240 4 2 OV O gO 02,1 pO) 02,0 gDy (37,
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Hence it suffices to solve
zx(O)/ (1)/ (O)B(O) +x (0)/2 (I)B(O) 292(()0))651)]?(0)

_x(()O)/ZA(()O) i x(()O)/ZxéO)B(gl) +)E(()0)2f(1). 41)

Here and in what follows, we use a new variable s given by

s=x3"(t,p). (42)

Using the symbol x to denote dx /ds, we then find the following equation (43) with
the help of (38):

d
By <2s% - 1>x(§1)(s, p)
-2~
=—Ay" —sBg" +[(x”) 52 f V(e s, 02, 0), 43)

where 1 (s, p) denotes the inverse function of s = x(o) (¢, p). It is clear that (43)
admits a solution x(()l)(s, p) that is holomorphic near s = 0 for arbitrary constants

A(()O) and Bél), which are to be fixed later. Furthermore we can immediately see that

1
x$(0, p) = G — (4 = 100, ), (44)
0

1
£ 0.0) =~ (=B + 25 (0. V0. 0) + £V ). 45)
0

where
Zo=x"(0, p) (46)
and

2t p) = (x (0, ) 25 0, )2 47)

For p > 2, (37.p) assumes the following form:
(») (p) 20 _ 4
Co (p)+ Dy (p)t +176y"" =0, (48.p)

where C(()p ) and D(()p ) are free from ¢, and éao(p ) contains in it at least

Al 0 49)
Jtk+l=p Jt+k+l+m=p

One can readily find that Céz) is absent in (48.2) and that D(()z) =0 gives a quadratic
constraint on (A(()O), B(go)) (see [9, (1.1.1.17)]). Hence, by assuming D(()z) =0, we
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can solve the equation 50(2) =0 to find x(gz) (t, p) that is holomorphic near t = 0.
As one of the most exciting points in our computation becomes visible at the next
stage, we hasten to study the situation where p = 3; we will come back to the ex-

plicit computation of x; )(t p) after the study of the case. For this purpose, we
assume that C(g3) = 0. Then a straightforward computation shows that this gives
another quadratic constraint on (A(()O), B(go)) (see [9, (1.1.1.19)]). The equations
D(z) C(3) 0 lead to

AY" = F1, p) (50)
and
B = p%. (51)
Thus it follows from (40) and (46) that
Z2=1. (52)

And, by (44) we find the following amazing result:

P, p)=o0. (53)

Relation (53), together with (52), plays a crucially important role at several points
in the reasoning of [9]. As a typical example of such points, we show here how
(52) and (53) effect the computation of x(()z) (0, p). To begin with, we rewrite (37.2)

explicitly in s(= x(()o) (t, p))-variable:

d
0) (2)
B, <2s P 1>x0 (s, p)

=AY — BYs —2i8" (s, p) A
- 2Xol)(s p)x(l)(s, ,o)BéO) - 2)2(()1)(5, p)sBél)
— x5 B = 5" (5. 025 BY + (2, 2) f Pt )
[ ) (@Y 0) - V0.0 ey BT2)
where z(, p) is the function given by (47), and

BV, p) = fO = x (DT FO 250D p® _ (25O g0 (54)

By way of parenthesis, we note that the condition D(()Z) = 0 is given by
200, p) = 0. To evaluate the term in the brackets in (37'.2) at s = 0, we com-
pute 88 /dt|;—¢ to find

pg (0. p) =220 f (0, p)xg (0, p) — 2B5" %" (0, ) — B 750, p). (55)
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In this computation we have repeatedly used (52) and (53); for example, we have
used (53) to claim

(4270 | g = G 10|y =0 9

Using (52), we further notice a remarkable cancellation of terms in the right-
hand side of (37’.2) when they are evaluated at s = 0; it follows from (50) that

2510, p)AY is canceled by —(x{"(0, p)"2(=2Zo £ D (0, p)x{"(0, p)) in
(55),ie.,
2210, )AL +2252(224L 10 0, p)) = 0. (57)

An important implication of (57) is that the canceling terms originally depended on
B(gl) through )'c(()l)(O, p) (see (45)). Furthermore, other B(gl)-dependent terms in the
right-hand side of (37'.2), i.e.,

.(1 1 0 .(1 1 1 1 .(1 0
=257 (s, p)xg (s, p) B — 257 (s, p)s B — x5 (s, ) Bg” — 35 (s, p)?s B,
(58)
also vanish when evaluated at s = 0, thanks to (53). It then follows from (37’.2) that

By x;? (0, p) = Ay — fP0,0) + x5 By, (59)

where Xéo) is a constant fixed by g(¢, p) (and Zgp = £1). Thus x(()z) 0, p) is free

from B(gl), and this fact, together with the explicit form of )&(()1) (0, p) given by (45),

enables us to explicitly describe D(()3) and C(()4). An important point is that these
“cancellations and vanishings” occur for every p > 2 and that they make the con-
crete expression of the core parts of D(()p 1 and Cép 2 to be “uniform,” as is shown
below:

0)
_ A _
C(()p+2) — 2<A(()[7 bh_ —(()0) B(()p 1)) depends only on (A(()q), Béq))
B
0
(g < p —2) and given data such as f© (0, p)(¢g < p — 1), (60)

and

0)

A

+1 -1 -1

D(()p ) _ ZZO(ﬁA(()p ) B(gp )> depends only on (A(()Q), B(()Q))
0

(g < p —2) and given data. (61)

As is clear from (60) and (61) we can determine (A(()p_l), Bép_l)) (p = 2) recur-
sively by solving linear equations. (The solvability of the equations is guaranteed
by the assumption (16) together with the explicit computations (50) and (51) of
A(()O) and B(()O).) Here we emphasize the importance of the point that the main parts

248" — AL BV /By and “22o(AV APV /BY — BV are of the
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same form for every p. Parenthetically we note that C(()p +2) (resp., D(()p +1)) read off
from (37.p + 2) (resp., (37.p + 1)) at first contains xép) (0, p) and xép_l)/(O, 0);

their “principal parts,” the parts which may be dependent on A(()p ~ and Bép 71), are
at first respectively given as follows (see [9, Lemma 1.1.2.1]):
0)\2 4 (p—1) Oy, (p D74 (0) (0)/2 (p) (0)
[(x") APV +2x +x By 1|, (62)
[Z)Eéo)xéo)/xép_l)/B(O) + 3 ~(0) (0)/2B(p D 2)?(()0)f(1)xép)
O\2_(p=1) [ (0)
+(x0 )% By |- (63)

Thus the clean and uniform results (60) and (61) are almost miraculous, and at the
same time we believe that, without such uniform expressions, it should be impos-

sible to find conditions that would guarantee the recursive solvability of equations
C(P+2) D(P"'l) 0.

Thus a naive way of inductively determining (x(p ) A(p ) B(()p )) (p=1)is as
follows:
In order to find a holomorphic (in ¢) solution xép ) (t, p) of (37.p), one first re-

quires C(p) D(p) = 0; then by rewriting (37.p) in s(= x(o)(t p))-variable we
find

d _

0 1 0

B )<25$ - 1)x(§”) (s,0)=—AY"V —BPs + BORP (s, 0),  (37.p)
where

0
By Ry (s, p)

- _ Z x(()l)x(()J)A(k) Z x(()l)x(()J) (k)B(()l)

i+j+k=p—1 i+j+k+l=
k<p-2 l'-jkaSP*l
2 B . .
n [(x(()o)/(t ,0)) 2< Z x(g’)/x(gj)/A(()k)
i+j+k=p—3
+ Z x(gi)/xéj )/x(()k) B(()l)
i+j+k+H=p-2
£ A0 Y a0 - ) (647)
i+j+k=p i+j=p 1=t(s.p)
k>1 i,j=1

It is then clear that (37’.p) admits a holomorphic solution xop ) (s, p) for any com-
plex numbers A(()p -D and Bép ), as we have assumed C (P) D(p ) = 0. On the other
hand, if we admit (60) and (61), the equation C(()p ) — 0 combined with D(()p -b_ 0,
a relation required in the preceding stage, will fix Aép 9 and B(()p =) (for p > 4),
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which have not yet been completely fixed so far. At the same time, the condition
D(()p ) = 0 will be used at the next stage to fix A(()p =2 and Bép =2 Thus the reader
might find the reasoning to be somewhat clumsy, particularly because of the uneven-
ness of the indices in question. Hence we present here the core of the more refined
induction procedure with some comments on its background. We note that the in-
duction scheme we present below is also suited for the growth order estimation of
the functions constructed. See [9, Sects. 1.1.3 and 1.2] for the details.

Let us first prepare some notation. We denote a triplet {x(()r) (s, p), A(()r), B(gr)} by

To(r) and use the symbol 2y (p) to mean the assertion that To(r) isgivenfor0 <r <p
so that each of them satisfies the following conditions (65.r)—(69.r):

x(()r)(s, ) is a holomorphic solution of (37'.r) near s =0, (65.r)

x{/(s. p) depends on (A olr — 11. Bolr]) = (45", AL Al ™",
€

5O BV 0, -
C(()r+3) and D(()r+2) depend on (1_4)0[;"], ?o[r]), and (Xo[r], go[r])
annihilates them, (67.r)
(r+3) o AL o ") )
Cy " — 2<A0r — ﬁBor ) is independent of (A", By"), (68.r)
0
(r+2) AP o oo ") )
Dy — 2Z0<WAJ - By ) is independent of (A;”, By"). (69.r)
0

Then we obtain the following:
Proposition 1 The assertion Ay(p) is valid for every p > 1.

The proof of this proposition is done in an inductive manner (cf. [9, Sect. 1.1.3]).
But we imagine that the first reactions to this proposition of the reader might be the
following:

[A] Is the claim logically self-contained? For example, the concrete expression (62)
(resp., (63)) of C(gpﬂ) (resp., D(()pH) ) indicates that we need x(ngH)(O, p) for

the description of C(()p 03 and D(()I7 02 but Ao(po) refers to To(r) (r < po)
only.
[B] Well, this may not be a logical question but a rather psychological one. Still,

I wonder why (67.pg) is valid despite the presence of xép 0D ip Cép 0+, in

view of (66.po + 1), I think that B o[r] in (67.r) might be B o[r + 1].

So let us first dispel potential sources of such uneasiness. Actually both [A] and
[B] are reasonable concerns, and the core of the proof of Proposition 1 is closely
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related to them. The answer to [A] is rather easy: although x(()p 0+1)(s, p) is not re-

ferred to in Ao (po), the assertion RAo(po) trivially entails the vanishing of Cép o+D)

(po+1)
DO

and , and hence the existence of a holomorphic solution xép 0Jr])(s, p) of

(37".py + 1) is guaranteed. Then it follows from (37".p, + 1) that x(g‘""ﬂ)(o, p) is
given by
1 -1 1
x(()P0+ )(0’ p) — (Béo)) A(()PO) _ R(()PO+ )(O, ,0) (70)

Thus x " (0, p) is described by T,.” (r < po). Note that R (s, p) is deter-

mined by To(r) (r < po) (cf. (64.p)). This concrete expression of x(()p 0+1)(O, p) will
also alleviate the anxiety [B]. Still, the reader might wonder:

[B’T How can we proceed with a seemingly rather vague expression like (70)? For
example, how can we find (68.pg + 1) and (69.pg + 1), which are needed
to proceed one step further, that is, to confirm 2o(po + 1) using the data in
Ao (po)?

Well, then, we present the core of the proof of Proposition 1, which will clarify

all these.

Remark 5 Here we have tried to follow the late Professor Ehrenpreis in his style of
lecturing—how do you find it, Professor Ehrenpreis?

To perform the induction procedure, let us suppose that 2o(po) is validated.
Then, as we noted, to see (70), we have

C(()P0+1) — D(()PO"FI) =O, (71)

and hence we can find a holomorphic solution xép 0+])(S, p) of 37".py + 1) for

any complex number B(g" °+1), which meets the requirements (65.pg + 1) and

(66.po + 1). Now, the intriguing part of the proof begins here. Since 2y(po) en-
tails

2 2
C(().DO"" ) — D(()PO"F ) :0’ (72)

we can further find a holomorphic solution x(()p 0+2) (s, p) of (37".pg + 2) for any
complex numbers A(()p 0D and B(()p 02 To confirm Ao(po + 1), we do not make
full use of x(()p %2 (s, p) but use only x(()p %20, p) for the computation of C(()p o+
and D(()p°+3). Since it follows from (37".pg + 2) that

0 2 1 0 2
B x""2(0, p) = ATV = B R0, ), (73)
the following Lemma 1 is the key to the proof.
Lemma 1 Let us suppose that Ay(po) is validated. Then we find

B(()O) R(()p 0+2) (0, p) is free from Bép o+l (74)
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Before giving the proof of this lemma, we note the following three facts: first,
once the lemma is proved, the confirmation of 2(g(po + 1) is an easy task as we will
note later. Second, although this is a rather obvious comment, the complex number
Bé” 02 introduced to define xép %2 (s, p) is actually irrelevant to x(()‘" 020, p) and
has no relevance to the later argument; in validating 2o (po +2) we may use another

complex number B’ép 0+2) to construct )Z(()p 0+2) (s, p) needed there, which may be

different from xép 0+2) (s, p) constructed above for the auxiliary purpose of finding
the constant x(()p 0+2) (0, p), which is irrelevant to B(gp 0¥2) Third, the cancellation
among several terms to be observed in the proof of Lemma 1 also plays crucially
important roles in the estimation of growth orders of To(p ) etc. (see [C1] and [C2]
after Remark 7).

Now we give:

Proof of Lemma 1 In view of (66.r) (r < pg) we find that the terms in
BéO)R(()p 020, p) which may contain Bép 0FD are those which contain x(()p o+l
JZ(()P 0+D “and BV itself. Furthermore we note that xép 0D (0, p) is seen to be free
from B(()p o+D) by (70) together with the fact that R(()[7 0D s, p) is determined by To(r)
(r < po). Thus we do not worry about —(Zi+]~+k=1 X(()i)(O, p))'c(()j)(O, ,o)B(()k)) X

xép OH)(O, p) in our computation. Hence it is enough to examine the contribution
from the following terms:

—( Yo i 0,070, 01557 0, p)) By, (75)
i+j+k=1
—( Yo 10 o) 0, p))xé‘” 0, p)BY”
i+j=po+2
i,j<po+1
—( Y 0. 00, p))( > xPo, p)Bg“), (76)
i+j=po+1 k=1
—2i6” (0. p)ig" P (0, p)AG, (77)

and

the terms that appear in the coefficients of the Taylor expansion in s of

[(xéo)/)%fz(zxéo)x(gpoﬂ)f(l) + 2x(()l)xé”°+l)f(0))]} (78)

t=t(s,p)"
Here we observe the following two facts:

(po+1)
BO

any term that may contain in (75) and (76) vanishes because

of the vanishing of x{ (0, p) (i =0, 1), (79)



Microlocal Analysis of Fixed Singularities of WKB Solutions 139

and

. (0 5 1 0 0)\—2 ~(0 1
—2)6(() )(07 p)xéPO"l‘ )(O, ,O)A(() ) 4 2()((() )/) X(() )x(()[’(H‘ )/f(1)| — O, (80)

1=t(0,p)

where the second term in (80) is the unique relevant term in (78). (Cf. Remark 6
below.) It is then evident that (79) (resp., (80)) is a counterpart of (56) (resp., (57)),

which we encountered in the computation of x(()z) (0, p). In any event, (79) and (80)
clearly prove the lemma. 0

Remark 6 Since xépOH)(O, p) is free from BépOH) as noted above, B(SPOH) is not
contained in

2(x5” 0, £)) %" 0. p) FO 0, p)x V0, ), (81)

despite the fact that (81) is resembling to the second term in (80) in the sense that
(81) originates from

[(x(()o)/)—2t72(2x(()1)x(()po+1)f(O))] |t:t(s,p)’ (82)
which forms the pair to
[(x(g())/)72t72(2‘x(()0)x(()p0+1)f(]))]|t=t(s,p) (83)
in (78), the term which generates the second term in (80).
Now Lemma 1 and (73) imply
P — 400+D  BO depends on only (A olpol. Bolpol).  (84)
On the other hand, (37".py + 1) entails
B(O) (1?0+1)(O 0) + B([?0+1) B(O)R(p0+1)(0 0), (85)

which also depends on only (74)0[170], 79)0[170]).

Substituting those into (62) and (63) with p = pg + 2, we can validate
(68.po + 1) and (69.pg + 1). Then we can readily choose (A(()p°+l), B(()p°+])) )
that they satisfy

C(p0+4) D([’0+3) 0. (86)
Thus the induction proceeds. This completes the proof of Proposition 1.
Remark 7 As (84) and (85) show, expressions like (70) nicely fit in with our induc-

tion scheme. This is the answer to the query [B’], and the important point in the
answer is Lemma 1.
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Thus we have formally constructed T(p ) {x(p ) A(p ) Bép )} for every p > 0.
We can further confirm (see [9, Lemma 1. 2 3]) that they actually define a function

xo(t.a,p) =Y x(t, p)a’, (87)
p=0
which is holomorphic on
{(t.a, p) € C; lt] < ro, p #0, lal, |p] < Mo, |a/p| < No}, (88)
and constants
Aota, p) =) AY (p)a” (89)
p=0
and
Bo(a.p) =Y _ By (p)a”, (90)
p=0
which are convergent on
{(@.p) e C*p#0,lal. |p| < Mo, la/p| < No} oD

for some positive constants ry, My, and No. Although we do not give the details of
the proof here, we note the following core facts [C1] and [C2]. Here we use the

symbol (o.j) (j =1, i, and iii) to denote the following sums in R(()p 0+1)(S, p) (cf.
(64.p) with p = po + 1):

o - (i) () )/ p©
(== > ¥ (s 0)ig" (5. ) Ay /By

i+j=po
(cf. the first sum in (64.py + 1)), (92)
.. 2 _
(‘7-“):[( o)) 1 2( Y X6 p)x(’)(s,p)f(”(t,p)/B(()O)>]
def | = t=t(s.p)
i+Jj=po
(cf. the fifth sum in (64.pg + 1)), (93)
2 _
(c-iii) = [( o) tp) "t 1f<°>(r>( Yoox G p)x‘”(s,p)/BéO)ﬂ
def i+j=po+1 t=t(s,p)
i,j=1
(cf. the sixth sum in (64.p, + 1)). %94)

Now in inductively showing the domination of {x(p ) A(p ) B(()p >} which guarantees
the domains of convergence (88) and (91) we at first ﬁnd that each of these three
terms might block the induction reasoning from proceeding. But, fortunately we
observe:
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[C1] What we encounter in the induction process is the estimation of the integral of
the form, say,

L) = 1 (0.iil) |
(111)_% S ds; 95)

then by the Taylor expansion of

o xg s 0x s, 0, (96)

i+j=po+1
ij=1

we find the following from the relation f O = pg:

1 dr\? i ,
|1(iii>|=‘%?§<d—;) (;)Zog(t,p){ Y x50, p)xg” (0. p)

i+j=po+l1
ij=1
; i ds
) (i) (/) eN AL
+ s<. D X0 005" 0.0) ) +0(s%) 15 97)
i+j=po+l1
i,j>1

Then in order to make the induction reasoning run smoothly, we use (53); the
second sum in the integrand of the right-hand side gives the contribution of

the form
L4 Y 10,0050, p) ds (98)
2l o 0 0 s
i+j=po+1
i>2,j>1

See [9] for the details which show how this gain in the margin of indices is
important in the induction procedures.
[C2] The integral

i 1 (0.1)
I1G)=—@ —=ds 99)
2mi s
is, notably enough, canceled by the contribution
1 1 s2 (dt 2 @) ) ds
- 42 (= : : (0] -
fo=7— 50 f 3 (ds) ( > 1500, p)igh o, p))f P,

i+j=po
(100)
which originates from

1) — 1 (0.ii)
(11)—% P ds, (101)

and, furthermore, [ (ii) — Ip is amenable to the induction procedure, as is
shown in [9].
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We readily find [C1] and [C2] are reasonable counterparts of (79) and (80), re-
spectively.

Thus we have succeeded in constructing {xo(¢, a, p), Ao(a.p), Bo(a, p)} which
satisfies the highest degree (i.e., degree 0) part in 1 of the required relation (24);
hence the reasonable approach to the proof of (24) is to try to construct the pertur-
bation series {x =3 ;o xun K, A= o Aun"*, B=3,., Bun 2} so that
they satisfy (24). As we mentioned earlier, we further expand {_xzk, Aoy, By} into
the power series of a (cf. (30), (31), and (32)), and by comparing the coefficients of
aP in the coefficients of n~" (n > 1) of (24) multiplied by (1> — a?)(x?> — a?) we
obtain

T ) fm):tz[ S AL 1 T O g

qtr+u=p q+r+u=p— 1 q+r+utv=p
i+j=n i+j+k=n i+j+k+l=n
! @ O e Lo -2
—5 Z Xy xz, {x; 1)y + E{X;t}2(n71)
q+r+u=p
i+j4+k=n—1
(q) (r) 4 () (@) (r)/ (u) (v)
_|: Z Xoi Xapj Ay + Z Xoi X B,
q+r+u=p-3 q+r+utv=p-2
i+j+k=n i+j+k+i=n
1 1 _4
-3 > XE?)xz,){x N 4 E{x;z}ggn;)], (102)
q+r+u=p-2

i+j+k=n—1

where {x; t}gf{) designates the coefficient of aqn_zk of {x; t}, that is,

iy = > natn . (103)

q.k>0

In view of the resemblance between (37.p) and (102), one expects that the construc-
tion and domination of the triplet Tz(r) {x(r) (s, p), A(r)(,o) B(r)(,o)} (n > 1) may
be performed in parallel with the construction and domination of To(r), and actually
this is really the case. We only note the following facts:

in the recursive construction of xéfl ) (s,0) (p=0,1,2,...) the relation

x2n) (0, p) =0 plays an important role, (104)
assertions similar to [C1] and [C2] (with the appropriate shift of indices)

also play important roles, (105)

and
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in dominating the growth order of Tz(: ) we first dominate {x; t}gg’)!_l)
using the induction hypothesis and then employ the similar argument

used in dominating To(p ). (106)

We refer the reader to [9, Sect. 1.2] for the details. Here we content ourselves by
quoting the final result which will be used later.

Theorem 1 Let Q(t,a, p,n) be a potential of an M2P1T operator given by (17).
Then there exist positive constants ro, Mo, No, Ry and holomorphic functions
Az, (a, p), Boy(a, p), and x2,(t,a, p) (n > 0) on

{(t.a,p) € C*; [t] <10, p #0. lal. |p] < Mo, la/p| < No} (107)

for which the following conditions are satisfied there:

A(a,p,n), B(a,p,n), and x(t,a, p, n) satisfy (24), (108)
L )
E’f 0,0)| < |Ao(a. p)| =2| (0,0, (109)
|Bo(a, p)| <2lpl. (110)
0
21,4, p) #0, (11
ot
xy(+a,a, p) =a’, (112)
if t =1to(a, p) satisfies f(ty,a, p) =0, then aAo(a, p)
+ xo(to, a, p) Bo(a, p) = 0 holds, (113)
the following estimates hold for n > 1:
|Azn(a, p)| < @n)!RG|p|' ™", (114)
|Ban(a, p)| < @n)'RY1pI" ™", (115)
|x20(t,a, p)| < @n)!RG 1P| 7", (116)
d
‘ ;?" (t,a,p)| < 2m)'Rylpl™". (117)

Remark 8 Although we have presented the results assuming (19), the con-
struction and the domination of {x = Y ,_qxun =%, A=Y, oAun*, B =
> k0 Boxn~ ¥} can be done without the assumption. In this case the potential of
the canonical form of an M2P1T equation is

aA+xB n _2<(g+(a) g_(—a)>.

x2—a? x—a)?  (x+a)?

(118)
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3 Intertwining the Borel Transformed Schrodinger Operators

As was first observed in [2], the analytic meaning of the formal coordinate trans-
formation becomes most transparent with the help of the Borel transformation. To
describe the situation concretely, let us first introduce the inverse function i (x, a, p)
of x =xo(t, a, p), that is,

X =xo(h(x,a, p),a, ,o), t= h(xo(t, a,p),a, ,0). (119)

Since we formally find

9
X=x0

(120)

1 "
-2 —4 _ —2k
Y(xo+n "x2+7 X4+-~~,n)—2 ;(E X2k1) ) —8x,,1//(x,n)

n>0" " “k>1

its Borel transform has the form

1 9\ \" 0"
(Z;(szk(h(x,a,p),a,pm@) )8xn)1//3(x,y)

n>0 =~ “k>1

= exp((szk(h(x,a, p).a, p)n—z")é> Y (x, y). (121)

k>1

In the right-hand side of (121), and also in what follows, we denote by £ the symbol
of d/dx and use the ideograms in the symbol calculus of microdifferential operators;
in particular the ideogram : o': designates the normal ordered product determined by
a symbol o. We note that : 0: makes sense as a microdifferential operator when the
formal series o satisfies some growth order conditions like those we discussed in
Theorem 1. (Cf. Theorem 2 below.) See [1] for the details of the symbol calculus.
Relation (121) indicates that the structure of Schrodinger equations should be most
clearly understood when they are Borel transformed. Actually we find Theorem 2
below by making use of the formal series constructed in Sect. 2.

To state the theorem let us prepare some notations.

Let N denote the Borel transform of an M2P1T operator written in (x, y)-
coordinates, that is,

v (2 292 92h/oh\ 9 ol ) 3\ 02 122)
=\ ~ 97 A 2\ 5 P X, da, A, Py — | —>-
ox 9x2  9xZ\ ox ox Pl p dy ) 9y?

We also denote the Borel transform of the co-Mathieu equation by M. Using
{x2n}n>0 and the function % in (119), we define

rae =xok (h(x, a, p). a, p), (123)
r=>Y run 2t (124)
k>1

s=x+r, (125)
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an\ 172 £ 95\~ 172

X = (5) (%) exp(re) -, (126)
an\ =32 / 9s\ 32

Y = (5) (ﬁ) exp(re) ;. (127)

To describe the geometric situation we introduce the following set W where Co, &,
and §| are some positive constants:

W ={(a, p) € C* la| < Colpl, 0 < |p| < o, lal <81} (128)

With these notations, we can deduce Theorem 2 below from the results in Sect. 2 by
using the same reasoning as in the proof of Theorem 2.6 of [8].

Theorem 2 Let U be a sufficiently small open neighborhood of the closed interval
[—a, al. Then, for sufficiently small constants Cy, &g, and &1, the microdifferential
operators X and % intertwine N and My, on U x Wy with the exception of (x> —
az)n =0, that is, we have

NZ =% My (129)
with Z and % being invertible there.

Although the co-Mathieu equation contains infinite series A and B, they satisfy
the growth order conditions stated in Theorem 1. The growth order conditions en-
able us to relate, by microdifferential operators, the Borel transformed oo-Mathieu
operator and the Borel transformed Mathieu operator M = M (A, B, c4+, c_), that
is,

2  aA+xB d? Cc+

c_
M(A,B,ci,c )=~ — - -
( Cs ) 9x2  x2—a? 3?2 (x—a)? (x+a)?

(130)

with A, B, and c4 being genuine constants, as the following Theorem 3 shows.

Theorem 3 There exist microdifferential operators </ and 9B for which the follow-
ing relation holds:

A BM = Moot B. (131)

The proof is essentially the same as the proof of Theorem 4.1 of [10]; it suffices to
define

o =: exp(Z Aanzk)aaQ: (132)
k>1
and
B = exp(Z szn_2k>ﬂo 2 (133)

d>1
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where o (resp., Bo) stands for the symbol of /3 (aAg) (resp., 3/3By).

These theorems assert that the microlocal structure of Borel transformed WKB
solutions of an M2P1T equation coincides with that of the Mathieu equation. By
appropriately representing the action of the microdifferential operator in question as
an integro-differential operator acting on multivalued analytic functions, we can de-
duce informations on the alien derivatives of WKB solutions of an M2P1T equation
from those of its canonical equation. To attain this goal, we first show the following:

Theorem 4 The action of the microdifferential operator 2~ (given by (126)) upon
the Borel transformed WKB solution {4 p of the oo-Mathieu equation is expressed
as an integro-differential operator of the form

y
%1//+’B=f K(x,a,,o,y—y’,8/8x)1ﬁ+,3(x,a,p,y')dy’, (134)
—V+
where
* |aAo(a, p) + xBo(a, p)
y+(x,a,p):/ \/ 22 dx, (135)
a

and K(x,a,p,y,d/0x) is a differential operator of infinite order (in the sense
of [15]) which is defined on {(x,a, p,y) € C*; (x,a,p) € U x W, |y| < C|p|'/?}
for some positive constant C. Similar expressions are also available for the action
of & and P on the Borel transformed WKB solutions of the Mathieu equation.

4 Can We Focus Our Attention on the Simple Poles of the
Mathieu Equation?

As we emphasized in Introduction, our original problem was to analyze the singu-
larity structure of Borel transformed WKB solutions near fixed singularities deter-
mined by a pair of simple poles contained in the potential. But the canonical equa-
tion of an M2P1T equation, i.e., the Mathieu equation, contains a simple turning
point besides two simple poles. Unfortunately no effective WKB-theoretic results
are known for the Mathieu equation, but T. Koike has succeeded in computing the
Voros coefficient for the Legendre equation (private communication; see also [14]).
Hence, if we can somehow focus our attention on the simple poles of the Math-
ieu equation, we will be able to make use of the results of Koike. Actually this
expectation is realized in Sect. 5. The problem is what we mean by saying “focus
our attention on the pole part.” The answer is given by Theorem 5 below. In what
follows, Q1 (z, C, y+, y—) denotes

aC of v+ Y- )
+ + . 136
Z2—a " ((z —a)?  (z+a)? (136)
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and Oy (x, A, B, cy, c_) denotes

aA+xB 2 Cc+ c_
it . 137
o T <(x—a>2+<x+a>2> (37

Theorem 5 Let r1(> 1) and ry be positive constants with ry sufficiently small and
denote by $2,, r, the following set:

{(x,a,A, B) e C |x| <rilal,a#0,A#0,|B| <rAl}. (138)

Then we can construct infinite series

2(x,a, A, B,m) =Y z(x,a, A, Byn* (139)
k=0
and
C(a,A,B.n)=Y_ Cxla, A, By * (140)
k>0

so that they satisfy the following conditions (141)—(145):

22k and Cyy are holomorphic on $2;, r,, (141)

for each fixed constants a, A, and B, the function zo(x,a, A, B) of x is

injective on {x eC; x| <n |a|}, (142)
(z0(+a,a, A, B))” =d?, (143)
aa%(x,a,A,B);éO on 2., r,, (144)
Oy(x,A,B,cy,c)= <§—Z)2QL(z(x,a, A,B,1),C,cq,c) — %n_z{z;x}.

! (145)
Further the constructed series 7 and C satisfy the following estimates:
for any ¢ > 0, we can find sufficiently small ry for which (146)
|z (x, a, A, B)| < 2k)le¥|aA|™* (146.1)
and
|Cak(a, A, B)| < (2k)'eklaA|™* (146.ii)

hold on $2,, ,, for every k > 1.

In parallel with the reasoning in Sect. 3, relation (145), together with estimates
(146.1) and (146.i1), entails that the Borel transformed Mathieu operator and the
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Borel transformed Legendre operator are intertwined on §2,, ,, by microdifferential
operators and that the microdifferential operators enjoy the integral representation
similar to (134). The point is that the simple turning point of the Mathieu equation,
i.e., —aA/B, is necessitated to be outside £2,, ,, for sufficiently small r,. We refer
the reader to [9] for the proof of Theorem 5; the formal construction of the series z
and C is rather straightforward, but their estimation is quite intricate.

As Koike has explicitly written down the Voros coefficient for the Legendre-type
equation with a large parameter that has the form

2 2 20,2 _
(d 2( al ! JaAa 2 azv +a“(u D))q&:O, (147)

de ZZ — a2 ZZ — a2 (ZZ _ a2)2

we prepare Lemma 2 below so that we may make use of Koike’s results in Sect. 5.

Lemma 2 We can rewrite

d2
(d_2 -17*01(, C, c+,c_))1//:0 (148)
Z
in the form (147) if we choose ., v, and
A, C.) =) Mla.COn* (149)
k>0
as
wr=1+2(cq +co), (150)
v =2(cy —c_), (151)
-1
A:\/C—(\/an)—2<c++c_—£>—(ﬁ#"). (152)

The proof is straightforward.

S Singularity Structure of the Borel Transformed WKB
Solutions of an M2P1T Equation

As stated in Sect. 4, we can focus our attention on the pole part of the Mathieu equa-
tion so that the part may be analyzed with the help of the results for the Legendre
equation. Hence by the same reasoning as in [8, Sect. 5] (see [4] and [16] for the
basic properties of the alien derivative) we obtain the following:

Theorem 6 Let lp+(t, a, p,n) be a WKB solution of a generic (i.e., a #0, p #0)
M2P1T equation that is normalized at a simple pole {t = a}. Then for every positive
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integer 1, we can find positive constants 81 and 82 so that the following relation
(153) holds, where Ay—_ . (1,a,p)+1w designates the alien derivative at the fixed
singularity —y+(t, a, p) + lw, and the suffix B indicates the Borel transform in the
parentheses:

(Ay:—y+(t,a,p)+lw¢+)B(ta a,p,y)

(=

2 4 _ 1,2
1 {1+(—1)’—cosh<2m1 M)

2

_ 4 _ 4,2
—cosh(2m’l u)}
2
x (exp(—l f Sodddz)wh) (t,a,p, ), (153)
14 B

where Soaq denotes the odd part of the solution S of the Riccati equation associated
with the M2P1T equation, and y is a closed curve that encircles two simple poles
counterclockwise, and

12 =1+2(g+(@) + g-(—a)), (154)

=2(g4(a) — g—(—a)), (155)

yi(t.a,p) = / fean, (156)
t —a

o (a, p)—yg (t 4@ p) dr. (157)

Remark 9 The highest degree part in n of fy Soda dt is nw (a, p).
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Geometric Properties of Boundary Orbit
Accumulation Points

Steven G. Krantz

Abstract We study the automorphism group action on a bounded domain in C".
In particular, we consider boundary orbit accumulation points, and what geometric
properties they must have. These properties are formulated in the language of Levi
geometry.

1 Introduction

In this paper a domain 2 € C" is a connected open set. We let &(§2) denote the
algebra of holomorphic functions on 2. Also we let Aut(£2) be the group (under
composition of mappings) of biholomorphic self-maps of §2. The standard topol-
ogy on Aut(£2) is that of uniform convergence on compact sets (equivalently, the
compact-open topology).

We shall use the following notation: D denotes the unit disc in the complex plane.
We let D> = D x D denote the bidisc, and D" = D x D x --- x D the polydisc
in C". The symbol B = B" is the unit ball in C".

Certainly domains with transitive automorphism group are of some interest. But
they are relatively few in number (see the classification theory of Cartan, as de-
scribed in [11]). A very natural and compelling alternative is to study domains with
noncompact automorphism group. A bounded domain £2 has noncompact automor-
phism group if there is a sequence ¢; € Aut(§2) such that no subsequence converges
uniformly on compact sets to another automorphism. Obversely, the automorphism
group is compact if every sequence {¢;} in Aut(£2) has a subsequence that con-
verges uniformly on compact sets to another automorphism. In this regard, the fol-
lowing result of H. Cartan is central and useful (see [23]):

Theorem 1 Let 2 C C" be a bounded domain. Then §2 has a noncompact auto-
morphism group if and only if there are a point P € 0§2 and a point X € §2 and
automorphisms ¢; € Aut(£2) such that lim;_, o ¢;(X) = P.
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A point P € 952 is called a boundary orbit accumulation point if there are
a point X € §2 and a sequence ¢; € Aut(£2) such that lim;_, o ¢;(X) = P. Of
special interest is the case where there is a single automorphism i such that
lim;_, o Y/ (X) = P. (Here ¥/ denotes the composition of ¥ with itself j times
when j =0, 1,2,...; also, if j <0, then wf denotes the composition of 1//_1 with
itself | j| times.) In this latter circumstance we call P a special boundary orbit accu-
mulation point. It is not clear when an arbitrary boundary orbit accumulation point
is a special boundary orbit accumulation point.

In this paper, a point P in the boundary of a domain

2={zeC":p(z) <0}

(where p is a defining function for §2) is Levi pseudoconvex if the Levi form

n 2
a°p _

L (7, A = — (P)AiA
0(z, ) ,-Ekzlazjazk( A jhi

is positive semi-definite for all complex tangent n-vectors A such that
Zj Aj(0p/0z;)(P)=0. The point P is strictly or strongly Levi pseudoconvex if
the Levi form is strictly positive definite on complex tangent vectors. Finally, the
point P is Levi pseudoconcave if the Levi form has a negative eigenvalue on some
complex tangent vector A at P. It is strictly or strongly Levi pseudoconcave if all
eigenvalues are negative. The book [18] is a good reference for all these matters. The
notion of Hartogs pseudoconvexity is useful on domains with nonsmooth boundary.
It is equivalent to Levi pseudoconvexity on domains with C? boundary. See [18] for
the details.

In this paper we concentrate on bounded domains, but add a few remarks about
unbounded domains.

We shall use Sect. 1 to collect some simple, preliminary results that have inde-
pendent interest. It is a pleasure to thank the referee for many helpful suggestions.

2 Background Results
The result that inspires the present work comes from [10]:

Theorem 2 Let 2 C C" be a smoothly bounded domain. Suppose that P € 952 is
a boundary orbit accumulation point. Then P is a point of Levi pseudoconvexity.

There is an analogous result for domains without smooth boundary (and in which
the conclusion involves Hartogs pseudoconvexity). But we shall have no use for it
in the present paper. See [10] for the details.

For interest’s sake, we provide here an alternative formulation of Theorem 2:
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Theorem: If P € 052 is a boundary orbit accumulation point, then P does not belong to
the holomorphic envelope §2 of §2 in the following sense: There is no neighborhood U of
P with a holomorphic mapping ¥ : U — §2 such that ¥ = (id)~! on U N £2.

We first give an example to emphasize that, even though the boundary orbit ac-
cumulation point is pseudoconvex, nearby points need not be.

Example 1 Let B € C" be the unit ball with defining function p(z) = 1zI2 =1 (see
[18] for the concept of defining function). Let ¢ be a C2° function on C"* with these
properties:

(a) ¢ is real-valued, and 0 < ¢(z) < 1/10 for all z € C".
(b) ¢ is radial about the point (i, 0).

(c) suppe < B((i,0), 1/10).

(d) ¢(z) =1/10 for |z — (,0)| < 1/20.

Set
Q' ={zeC’:—1+z2* + ¢(2) <0}
and
oo .
2= @,(2)
j=—00
where
zi—a 1—lal*z
¢a(zla ZZ): —_ ’ —_ (1)
1—az; 1—az;

for a € C, |a| < 1. It is easy to check, by direct calculation, that @, is an auto-
morphism of the unit ball B € C", and the domain £2 will be the unit ball with
countably many strongly pseudoconcave dents that accumulate at the points (1, 0)
and (—1, 0).

Now it is plain that the point (1, 0) € 052 is a boundary orbit accumulation point.
In fact we may let X = (0, 0) and ¢;(z) = (bl_/jz(z) forj=1,2,....S0(1,0) € 082
is certainly pseudoconvex. Notice that, at points in B along the normal line through
(i,0), -1+ |z|2 + ¢ (z) is negative when z is at least 1/5 units from the boundary of
the ball B,and —1+|z |2 + ¢ (2) is positive at (i, 0). So there must be an intermediate
point 7 on this line segment—a point inside the unit ball B—where —1 + |z|> + ¢ (2)
vanishes. It follows that 7 is a boundary point of £2. Hence & /2@ is a boundary

point for each j. The boundary points @{ /2(2) will be strictly pseudoconcave.

It must be noted that, in Example 1, §2 does not have smooth boundary. In fact,
at the boundary points (1, 0), (—1, 0), the boundary is only Lipschitz.

The following example is reasonably well known and gives a nice way to gener-
ate example of non-pseudoconvex domains with noncompact automorphism group.
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Example 2 Define

2
2 ={w,z1.22) € C* s [wl* + (211> = 122*)” + Alz|* < 1}

This domain is not pseudoconvex. Indeed, at the boundary point (0, 1, 0) the vector
(1,0,0) is a tangent vector and is a negative direction for the Levi form. One can
see that the domain has noncompact automorphism group by mapping it to the un-
bounded domain £2* = {4Im (W) + (|1Z11> — | Z2%)? 4+ 1| Z1|* < 0} by way of the
mapping

1—iw
w=-——-,
T+iw
ST U iw
2T a+ime

The domain £2* clearly has noncompact automorphism group because translations
in the Re W direction are automorphisms. Hence so does £2.
More generally, one can consider a domain of the form

E={(w,z1,22) : [w]*+ p(z1,22) < 1}.

Here M1, M>, ..., M, are positive integer weights, and we take p to be a polynomial
of the form
/!
- i in =il _=j2 =
p(z,2) = Zah,iz,...,in,jl,jz,...,jnZI] czg ez 7T T 2
where Z/ indicates that the summation is taken over all multi-indices (i, i2, ..., i)

and (ji, j2,..., ju) such that ij/M; +i/My + --- +i,/M, =1 and j;/M; +
/My /My = 1.
Then, as above, the mapping
1—iw
T wtHiw’
Zy
= i
Z)
T (L+iw)iM

21

22

sends E to an unbounded domain on which translations in the Re W variable act as
automorphisms. Whenever p is not plurisubharmonic, we obtain a non-pseudconvex
example.
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Of course the disc D € C has noncompact automorphism group. Let

—a
1 —a¢

9a(§) =

for a € C, |a| < 1. Then the automorphisms

{é—(l—l/j) :jeZ}
1= =1/j)¢

are a sequence of automorphisms of D that have no subsequence converging to an
automorphism. Indeed, any subsequence either converges to the constant function 1
or the constant function —1. It is a fact—see [19]—that any domain in C having
C! boundary and noncompact automorphism group must be conformally equiva-
lent to the disc. This is true without any topological hypotheses on the domain! In
C", the first result of this nature—due to Bun Wong [26] and Rosay [24]—is that
any C? bounded domain in C" with a boundary orbit accumulation point that is
strongly pseudoconvex must be biholomorphic to the unit ball B. It is not known in
general which smoothly bounded domains have noncompact automorphism group.
Certainly there are finite type domains with noncompact automorphism group—see
[2, 3]. More on this matter in what follows.

Example 3 In the complex plane C, there are unbounded domains with noncompact
automorphism group that are not the disc. The simplest example is when the domain
£2 is the entire complex plane C. The punctured plane also has this property.

3 New Results

The statement of Theorem 2 makes it desirable to have a formulation purely in terms
of the intrinsic, invariant geometry of the domain. For instance, one might hope to be
able to say something about the completeness of the Kobayashi metric at a boundary
orbit accumulation point. Unfortunately, the following example dashes that hope:

Example 4 Let B C C? be the unit ball with defining function p(z) = |z|*> — 1. Let
¢ be a CX° function on C”" with these properties:

(a) ¢ is real-valued, and 0 < ¢(z) < 1/10 for all z € C".
(b) ¢ is radial about the point (i, 0).

(©) supp¢ € B((i,0), 1/10).

(d) ¢(z) =1/10 for |z — (i, 0)| < 1/20.

Set

2'={zeC*: =1+ z]* +¢(z) <0}
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and
2= (] @2
—l<a<l1
where
z1—a 1—lal*z
D,(z1,22) = —, — 3)
1—az 1—az

for a € C, |a| < 1. Then £2 is the unit ball with a groove stretching from (—1, 0)
to (1,0). This new domain is strongly pseudoconcave along an entire curve from
(—=1,0) to (1, 0). Of course the point (1, 0) is still a boundary orbit accumulation
point. Indeed the automorphisms @,, —1 < a < 0, send (0, 0) to (1,0). And, along
the curve y () = (¢,0), 0 <t < 1, the Kobayashi distance to the boundary point is
infinite.

Now write ®,(z) = (¢! (2), (pa2 (2)). Let the point 7 be as at the end of Example 1.
We consider, in the same domain §2 as above, the curve

Ait—t-P,(2), 0<r<l.

Then this curve terminates at (1, 0) and is tangent to the boundary of £2 to order
1/2 at that point (as a calculation with the automorphisms in (3) shows). This last
means that |p(A(1))| & C - t'/2, where p is a defining function for £2. For Q € 852,
let vp denote the outward Euclidean unit normal vector at Q. Note that Ref. [20]
shows that, on the domain W = B(0, 2) \ B(0, 1), near the strongly pseudoconcave
boundary point Q = (-1, 0), a point 0* = Q — vy satisfies the estimate

FE (0% v)~ 8734,

By scaling this @Nstimate we see that, on the doglain II/' = B(0,2a) \E(O, «), with
boundary point Q = (—a, 0) and interior point Q* = Q — v o»we have the estimate

FY (0% v) ~a V4 as) =34, 4)
Moreover, in the tangential direction, we have
FZ(0*, 7)~C. (5)

We may utilize these estimates as follows. At a point on the curve A that is dis-
tance ¢ from the point (1, 0) in the normal direction z1, the curve A is laterally distant
about /¢ from 32. Hence, by estimate (4), we have that the Kobayashi metric in
the normal direction has size

N N N e A

This, combined with (5), tells us that the curve A has finite length as ¢t — 17

Therefore, at least on a domain with Lipschitz boundary, it is not the case that a
boundary orbit accumulation point will be a point at which the Kobayashi metric is
complete.
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On the positive side, we can prove the following result:

Proposition 1 Let 2 C C" be a smoothly bounded domain and P € 952 a boundary
orbit accumulation point that is holomorphically simple (i.e., there is no complex
variety through P that lies in the boundary). Assume that a boundary neighborhood
of P is pseudoconvex. Then it is not possible for §2 to have Levi pseudoconcave
boundary points in any part of 052.

Proof Let # denote the set of boundary points where the Levi form has a strictly
negative eigenvalue. Thus % C 942 is a relatively open set. Letting 2 denote the
envelope of holomorphy of §2, we see that the identity map id extends holomor-
phically to_a neighborhood of W . Thus # is naturally identified with a subset
d7) = Va C Q. If the boundary 952 is holomorphically simple near P then,
for every compact K C §2, there is a sequence of automorphisms ¢; such that
@;j(K) — P uniformly as j — oo (thls is a standard result, but see [8]). These
automorphisms extend to mappings 77 o @; : : 2 — C", where 7 is the projection of
the envelope into C". As j — oo, we see that 7 o ¢; — P uniformly on compact
subsets of 2. In particular, for any point Q € %', a sequence ¢;(Q) will approach
P as j — oo. Since ¥ is invariant under the ¢;, this gives the contradiction that
052 is not pseudoconvex in a neighborhood of P. O

Remark 1 In [5], Bedford and Pinchuk proved the following elegant theorem:

Theorem: Let $2 € C? be a domain with real analytic boundary. If there exists a boundary
orbit accumulation point for §2, then §2 must be biholomorphic to a domain of the form

En={@1,22) |21 + 22" < 1}

for some positive integer m.

It follows from the Bedford—Pinchuk theorem that the domain must be globally
pseudoconvex. Clearly our Proposition 1 is philosophically related to this result. [We
note that David Catlin has observed—unpublished—that the last theorem actually
holds in the generality of domains of finite type in C>.] In later papers Bedford and
Pinchuk produced analogous results in C".

A well-known conjecture in the subject says this:

The Greene-Krantz Conjecture: Let £2 be a smoothly bounded domain in C*. If P € 982
is a boundary orbit accumulation point, then P is a point of finite type in the sense of
Kohn-D’ Angelo—Catlin.

This conjecture has not been established in full generality. But results in [13] and
[14] support the conjecture. Now we have:

Proposition 2 Let 2 € C? be a smoothly bounded, pseudoconvex domain. Let
P € 082 be a boundary orbit accumulation point. Assume that the Greene—Krantz
conjecture is true. Then any path ending at P will have infinite length in the
Kobayashi metric.
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Proof This result is almost obvious for the hypothesis implies that P is of finite
type. And now the estimates on the Kobayashi metric in [6], together with the cal-
culations in [1], give the result about infinite length of paths. g

4 A Boundary Orbit Accumulation Point Characterization
of Domains

In [24] and [26], for instance, it is shown that, if a bounded domain has a strongly
pseudoconvex boundary orbit accumulation point, then that domain must be biholo-
morphic to the unit ball in C”". Put in other words, if two distinct bounded domains
have boundary orbit accumulation points, and if those boundary orbit accumulation
points are both strongly pseudoconvex, then the two domains must be biholomor-
phic (since they are both biholomorphic to the ball).

One might more generally formulate this question as follows:

Suppose that £21 and 2, are two bounded domains in C". Assume that §2; has boundary
orbit accumulation point Py and §2> has boundary orbit accumulation point P>. If P; and
P> have the same Levi geometry, may we conclude that §2; is biholomorphic to §2,?

I do not know the full answer to this question at this time. However, the following
partial answer may be proved using known techniques:

Proposition 3 Let 21, §25 be bounded domains in C"*. Let P| € 0§21 and P> € 952,
each be boundary orbit accumulation points. Assume that 052 is smooth near Pj,
J = 1,2. Suppose that each P; is of finite type in the sense of Kohn—Catlin—
D’Angelo and is also a peak point. Finally assume that there is a neighborhood
U, of P1 and a neighborhood U, of P, and a biholomorphic mapping

DU N2 —>UxN§2

such that (i) @ continues to a diffeomorphism of 9§21 N Uy to 9§22 N Uy, (ii)
D(P) =P
Then 21 is biholomorphic to $2,.

Proof Choose a point X; € £ and automorphisms ¢; of £ so that
@;j(X1) — P1. Likewise choose a point X, € £2; and automorphisms v/; of £2;
such that ¥;(X7) — P,. A standard argument (see [18], Chap. 11) shows that, for
any compact set K C §21, ¢;(z) converges to P uniformly for z € K. A similar
statement holds for £25.

Let K be a large compact set inside §21. Choose j so large that ¢; (K) € U1 N £2;.
Likewise let L be a large compact set inside §2>. Choose k so large that Y (L) C
Uy N §2;. Let € > 0 be small and set Uf ={z € U; : dist(z, “U; > €)}. Similarly set
U;s = {z € Up : dist(z, ‘U > €)}. By shrinking € if necessary, we may assume that
@(¢;(K)) € U;. By enlarging L if necessary, we may suppose that ¢ (L) 2 U;.
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Now consider ()" o @ o ¢ ;. This will be a univalent holomorphic mapping
that takes K C £2; to L, and the mapping is invertible. We may similarly assume
that the inverse mapping takes L to K. The set of all such mappings, as K exhausts
£21 and L exhausts £2,, forms a normal family. And we may extract a convergent
subsequence that converges to a biholomorphic mapping of §2| to £2,. That is the
result that we seek. 0

There are a number of different approaches to the classical Bun Wong—Rosay
theorem. Useful references are [8, 9, 15-17, 24, 26].

5 Concluding Remarks

Recall that, in Remark 1, we discussed a result of Bedford and Pinchuk that charac-
terizes complex ellipsoids in terms of noncompact automorphism group actions.

But it must be pointed out that, in higher dimensions, we cannot hope for a con-
clusion as simple as “the domain must be a complex ellipsoid.” For consider the
domain

2" = {1222 € C sl P+ (12 +1:P) < 1).

It has automorphisms of the form

z1—a J1—laPz \4/1—|a|2z3>
l—az1’ JT—az = J1—az

for a € C, |a| < 1. If we let a take the values 1 — 1/j for j =1,2,..., then we
see immediately that £2* has noncompact automorphism group. And £2* is not an
ellipsoid, even biholomorphically (see [7]). It has been conjectured by Catlin and
others (see [21] for the details) that the correct conclusion in higher dimensions
is that the defining function of the domain should satisfy a certain homogeneity
condition. Results along these lines have been obtained in [4].

It has been noted that the Greene—Krantz conjecture asserts that a boundary orbit
accumulation point must be of finite type. There is some evidence to support the
conjecture—see, for instance, [13, 14]. If it turns out to be true, then the Bedford—
Pinchuk theorem cited above can probably be streamlined to say that a smoothly
bounded domain in C> with noncompact automorphism group must be an ellip-
soid. We note also that the results of the paper [25]—we mention particularly The-
orem 1.1—may be conceptually simplified with the Greene—Krantz conjecture.

It is certainly a matter of some interest to understand the nature of boundary orbit
accumulation points. We know that they must be pseudoconvex, and the Greene—
Krantz conjecture posits even more specific information about these points. Another
subject of some study is boundary orbit accumulation sets—see, for instance, [12]
and [22]. Much more can in principle be said about these sets.

D4(z21,22,23) = (
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Automorphism groups are in some sense an invariant that is a substitute for the
lack in several complex variables of a uniformization theorem or a Riemann map-
ping theorem. It is in our best interest to develop their properties so that they can be
used effectively to study and classify domains up to biholomorphic equivalence.

We hope to study these matters further in future papers.
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Microlocal Analysis of Elliptical Radon
Transforms with Foci on a Line

Venkateswaran P. Krishnan, Howard Levinson, and Eric Todd Quinto

Abstract In this paper, we take a microlocal approach to the study of an integral ge-
ometric problem involving integrals of a function on the plane over two-dimensional
sets of ellipses on the plane. We focus on two cases: (a) the family of ellipses where
one focus is fixed at the origin and the other moves along the x-axis, and (b) the
family of ellipses having a common offset geometry.

For case (a), we characterize the Radon transform as a Fourier integral operator
associated to a fold and blowdown. This has implications on how the operator adds
singularities, how backprojection reconstructions will show those singularities, and
in comparison of the strengths of the original and added singularities in a Sobolev
sense.

For case (b), we show that this Radon transform has similar structure to case (a):
it is a Fourier integral operator associated to a fold and blowdown. This case is
related to previous results of authors one and three. We characterize singularities
that are added by the reconstruction operator, and we present reconstructions from
the authors’ algorithm that illustrate the microlocal properties.

1 Introduction

In Synthetic Aperture Radar (SAR) imaging, a region of interest on the surface of
the earth is illuminated by electromagnetic waves from a moving airborne platform.
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The goal is to reconstruct an image of the region based on the measurement of
scattered waves. For an in-depth treatment of SAR imaging, we refer the reader
to [6, 8]. SAR imaging is similar to other imaging problems such as Sonar where
acoustic waves are used to reconstruct the shape of objects on the ocean floor [3].

Depending on the acquisition geometry, the transmitter and the receiver can be
located on the same platform (monostatic SAR imaging) or different airborne plat-
forms (bistatic SAR imaging).

There are several advantages to considering bistatic data acquisition geometries.
The receivers, compared to the transmitters, are passive and hence are more diffi-
cult to detect. Hence, by separating their locations, the receivers alone can be in an
unsafe environment, while the transmitters are in a safe environment. Bistatic SAR
acquisition geometry arises naturally when imaging using a stationary transmitter
such as a television or radio broadcasting station. Finally, bistatic SAR systems are
more resistant to electronic countermeasures such as target shaping to reduce scat-
tering in the direction of incident waves [32].

Under certain simplifying assumptions, the scattered data can be viewed as inte-
grals of a function over a family of ellipses in the case of bistatic SAR, compared to
a family of circles for the case of monostatic SAR. Thus, imaging using a bistatic
SAR system leads to the question of recovering a function given its integrals over
a family of ellipses. With this as our motivation, we analyze two elliptical Radon
transforms in this paper. In Sect. 2 we give microlocal properties of the transform
that integrates over ellipses with one focus fixed at the origin and the other focus
moving on a line. We show using microlocal analysis why there are added singu-
larities in reconstructions. In Sect. 3 we consider the elliptical transform involving
a common offset geometry, where the foci are on a line at a fixed positive distance
apart and move along this line. In Sect. 4 we describe our algorithm and reconstruc-
tions from that algorithm. As before, we explain, using microlocal analysis, why
there are added singularities in the reconstructions.

Radon transforms over circles and spheres have a rich theory starting from the
early 1900s. In 1916, Funk inverted the transform integrating over great circles on
the sphere [22]. Then researchers such as John [33], Courant and Hilbert [9], Hel-
gason [30], and many others proved important results for spherical integrals in R”
and manifolds. The article [58] gives a very readable summary of the large number
of themes in the field up to that point. In the article [1], microlocal and harmonic
analysis are used to characterize invertibility for the circular Radon transform with
centers on a curve.

Our elliptical transform in Sect. 2 integrates over ellipses that enclose the origin.
Helgason [30] proved a support theorem for the transform integrating over spheres
in R” enclosing the origin under the assumption that the function is rapidly decaying
at infinity. Globevnik [23, Theorem 1] characterizes the null space of the Radon
transform integrating over circles enclosing the origin.

Leon Ehrenpreis considered spherical Radon transforms in several contexts. For
example, [12] is a lovely article involving integrals over spheres tangent to a set,
and he discussed spherical integrals in relation to Huygens Principle in his book
The Universality of the Radon Transform [13, p. 132 ff]. In the book, he applied
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Radon transforms to PDE, harmonic analysis, and Fourier analysis, as well as to-
mography and even topics related to number theory. He developed a theory of the
nonparametric Radon transform [13, p. 4 ff], and our two elliptic transforms can be
put in this framework. We work the details out for case (a) in Example 1.

Less is known about integrals over ellipses. Volchkov [56] and others considered
convolution integrals over sets such as ellipsoids. Elliptical integrals come up in
ultrasound [2, 54] as well. The sound source and receiver are at different locations,
and the sound wavefronts are elliptical giving rise to elliptical Radon transforms.

Microlocal analysis has a long history in integral geometry starting with [27—
29]. Then many other authors have applied microlocal analysis to integral geometric
problems. A very partial listing of the themes and a few papers in those areas include
microlocal properties of the operators and their compositions [25, 26, 46, 52, 53],
applications to support theorems and uniqueness [1, 4, 5, 35, 37, 48], applications
to SAR imaging [7, 16, 17, 36, 41, 43], and applications to other modalities in
tomography including X-ray CT [21, 34, 47], SPECT [50], electron microscopy
[51], and seismic imaging [10, 11, 18, 19, 40, 45].

2 Analysis of an Elliptical Radon Transform with One
Fixed Focus

In this section, we study the microlocal analysis of an elliptical Radon transform
integrating over ellipses in which one focus is fixed at the origin and the other is
free to move along the horizontal axis. As explained in the introduction, this ac-
quisition geometry is related to one in SAR imaging. The receiver is passive, often
smaller and less expensive to replace than the transmitter. Therefore, in dangerous
environments, it might be advantageous to let the transmitter and receiver move
independently. One useful case to study is where the receiver can use a radio or cell-
phone transmitter that is already in the environment. Thus, the radar problem has a
fixed transmitter location, and movable receiver becomes of interest. The transmitter
becomes one fixed focus of the ellipsoidal wavefronts, and the receiver becomes the
other focus.

The transform we now study is motivated by this SAR transform. It is an elliptical
Radon transform with one focus fixed on the ground and the other moving along the
horizontal axis. For the SAR transform, the transmitter and receiver would be above
the ground. From now on, we will let X = R2 and denote points in X as (xp, x2).
We let

Yo={(s,L): L >|s]}, (1)

where the subscript o refers to the fact that one focus is at the origin. We parameter-
ize the ellipse with foci (0, 0) and (s, 0) and major diameter L by

Eo(s,L)={x eR?:|x|+|x — (5,0)| =L} for (s, L) € Y,.

The restriction L > |s| in the definition of Y, is required because the major diameter
must be longer than the distance between the foci.
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The integral geometry problem that we are interested in is recovery of f from

%’Of(s,L):/ F(x)di(x) for (s, L) € Y,.

[x|+|x—(s.0)|=L

Here d! is the arc-length measure. This transform is just the integral of f over the
ellipse E, (s, L).

Example 1 Ehrenpreis’s nonparametric Radon transform is defined as integrals over
sets which are defined by spreads [13, p. 4ff]. Spreads are foliations of space that
depend on a parameter. For each fixed value of the parameter, the leaves of the
foliation define manifolds the Radon transform integrates over. For all parameters,
all the leaves of all the foliations are diffeomorphic copies of one manifold, such as a
line, plane, ellipse, or circle. The transform %, is easily put into this framework. We
fix s, and then, for L > s, the map L — E,(s, L) foliates the plane (except for the
segment between the origin and s) by ellipses. For any s, the leaves of the foliations
are ellipses, and so they are diffeomorphic.

Because of the nonuniqueness results for integrals over spheres enclosing the
origin [23], we expect that the transform %, is not invertible. However, we might
still be able to reconstruct singularities, so we will now understand what this trans-
form and its adjoint do to singularities by analyzing the microlocal properties of the
transform %, and the imaging operator Z, %, (see Remark 1).

Our first theorem is the following:

Theorem 1 %, is a Fourier integral operator of order —1/2 with canonical rela-
tion A, defined by

Xy —s
o= {(S,L,_w— o

V=92 +x3

( X1 x| —S§ )
X1,X2, —@ + s
\/xlz+x§ \/(xl—s)2+x§

(= =)
—w +

\/x12+x% \/(xl—s)z—i—x%

:a);éO,(s,L)eYo,ero(s,L)}

and with global parameterization (s, x1,x2,w). The left projection wp : Ay —
T*Y, \ 0 has a fold singularity along X = {(s, x1,0, w)}. The right projection
R Ay — T*X \ 0 has a blowdown singularity along X .

For the definitions of fold and blowdown singularities, we refer the reader to
[24] or [25]. While we do not show this here, knowing that 57, is a fold and 7g is a
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blowdown has implications for the comparison of the strengths (in a Sobolev sense)
of the original and added singularities discussed in Theorem 2.

Proof We use the framework of [27-29] and introduce the incidence relation of %, .
This is the set

Zo={(s,L,x):(s,L) €Y,, x € E,(s, L)}.

Then by results in [27, 29] we know that %, is an elliptic Fourier integral operator
of order —1/2 associated to the Lagrangian manifold N*(Z,) \ 0 (since we will
show that neither 7, nor g maps to the zero section). Computing N*Z, \ 0 and
twisting it gives the canonical relation A, above. It is easy to see that (s, x1, x2, ®)
is a global parameterization of A,.

We have

X1 —S
(s, x, w) = (s, x| +[x — (5,0)], — 00— —w>.

(xp — 5)2 —l—x%

Since w # 0, we have that 7y : A, — T*Y, \ 0. Now

1 0 0 0
X1 _X1=s X2 X2
o) (Gt |x—2<s,0)\) Gt =cop  *
L)x= X (x1—5)x2
*TORTGOP Oh=G.003 *
0 1

and

det((p)s) =

X ( x1(x —S)+x22>
w 1 .
lx — (s,0)]? lxllx — (s, 0)]

_ 2
Lemma 1 Under the hypothesis of (1), 1 + % > 0.
Proof 1t is easy to see that (x1(x] — ) +)c%)2 < |x%lx = (s,0)|? is equivalent to

x3s% > 0. By the hypothesis that L > |s], if x» = 0, the term f;‘ﬁ)g;?l =1 for all x;

and s, from which the lemma follows. O

Therefore det((;ry),) = 0 if and only if x, = 0. Also since d(det(rz),) on X is
nonvanishing, we have that r;, drops rank by one simply on X

Now it remains to show that T X N Kernel(r;, ), = {0}. This follows from the
fact that, above X, Kernel(ry ), = span(%) and TXY = span(%, 6371 %). This
concludes the proof that 77, : A, — T*Y, \ 0 has a fold singularity along X.

Next we consider wg : A, — T*X:

.= (xn o+ 720 ) (o)
nr(s,x,0)=|x1, %, — 0| —+ ——),—00| —+ —— .
K b2 x| Jx—(s,0)] x| | x—(5.0)]
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We now show that g : A, — T*X \ 0. For suppose g maps to the zero section,
then x, = 0. Now since L > |s|, we have that x; and x; — s have the same sign.

Therefore, 2 ‘x + m 3\ is never 0. Hence g never maps to the zero section.
Now
0 1 0 0
0 0 1 0
(TR)x = X% X1—§
oieor  * ¢ Gt G =G0
(X1 —=5)x2
reop * * G+ =cor

Since det((g),) = det((wy)«), mr drops ranks by one simply along X'. Further-
more above X, since Kernel(rg), = span(%) C T X, ng has a blowdown singular-
ity along X U

Next we analyze the wavefront set of the imaging operator Z; %, .

Remark 1 For the composition of %, with Z; to be well defined, we have to mod-
ify %, by introducing an infinitely differentiable cut-off function x, defined on Y,
that is identically 1 on a compact subset of Y, and O outside a bigger compact sub-
set of Y,. In the next theorem, we assume that %, is modified using this cut-off
function y,.

Theorem 2 The wavefront set of the imaging operator satisfies the following:
WF(%Z3%,) C AUCy,
where

A= {(x1,x2, 61,625 x1, %2, €1, &)} and
C :{(x11x21§11§2;x1»_x2’§17_52)}'

Here over the point x = (x1, x2), (&1, &2) consists of all nonzero multiples of the
vector

—Vi(lx] + |x = (5,0)])
forall s e R.

Remark 2 Given a point x and a focus location (s, 0), a vector (£, &) as in the
theorem above is a vector perpendicular to the ellipse E,(s, L) (where L = |x| +
|x — (s, 0)|) at the point x.

Note that Remark 4 in Sect. 3 applies to this transform and there is the left-right
ambiguity for Z, %, as in the common offset case discussed in that section. The
implications for imaging are the same as for Theorem 4 in the common offset case;
singularities of a function f on one side of the x; axis can be reflected to the other
side in the reconstruction %%, f .
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Proof Using the Hérmander—Sato Lemma, we have that WF(Z}%) C Al o A,. The
composition of these two canonical relations is given as follows:

R | G e ) B (R o)
oy = Lx,—ol =+ —— ), 0ol =4+ ———F—— |;
one x| |x — (5, 0)] x| |x — (s, 0)]
1 yi—S y2 Y2
oo B D) (22 )
(WIIy—@ﬁN Iyl 1y — (s,0)]

]+ [ — (5, 0)] = [y] + |y — (5, 0)| —1—> ”_S}
Cx x — (s, = — (s, = .
iy K= 0] y— (.0

Lemma 2 For all s > 0, the set of all (x1, x2), (¥1, y2) that satisfy

x| +1x = (s, 0=yl + 1y — (s, 01, 2
X1 — S y1— S

x— (0] [y—(s,0)

necessarily satisfy the relations: x1 = y1 and xo = *y».

3)

Proof 1t is straightforward to verify for the case s = 0. For s # 0, we use the fol-
lowing coordinate change to elliptical coordinates:

: + S cosh pcos 6 > + 3 cosh p’ cos6’
X1 = <= — y = — — s
1 275 1Y 1 ) 1Y

Xy = % sinh p sin6, V) = % sinh o’ sin@’.

From the first equation in (2), we have s cos p = s cos p’, which then gives p = p'.
From the second equation in (2), we have

coshpcos® —1  coshp’cos6’ — 1

coshp —cos  coshp’ —cosf’

Using the fact that cosh p = cosh p’ and simplifying this, we obtain, cosd = cos6’.
Therefore, & = 2nw £ 0’. This then gives sind = +sind’. Now going back to
(x1,y1) and (x2, y2), we have x1 = y; and x = £y». O

Now to finish the proof of the theorem, when x = y, Ag oA, C A=

{(x,&;x,&)} and when x; = y; and x, = —ys, AL 0o A, C C1 = {(x1,x2,§1, &
x1, —x2,&1,—62)}. O

3 Analysis of a Common Offset Elliptical Radon Transform

In this section, we consider an elliptical Radon transform over a family of ellipses
in which the foci move along the x-axis and are spaced a constant distance apart.
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We parameterize the right and left foci, respectively, by

yr(s)=(+a,0) and yr(s)=(s—a,0),

where o > 0 is fixed. If this were a radar problem, then y7 would be the location of
the transmitter and yr would be the location of the receiver. In radar imaging, the
phrase “common offset” comes from the fact that the transmitter yr and receiver yg
are offset a fixed distance from each other. In the case of common offset SAR, the
transmitter and receiver (the foci of an ellipsoid) are on a line 4 > 0 units above the
plane to be reconstructed, and they travel along a line with one behind the other.

The transform we now study is motivated by this SAR transform. It is an elliptical
Radon transform in which the foci are a fixed distance apart as they move along the
X1 axis in the plane. Again, X = R2, and we let

Ye={(s,L): L >2a}, “4)

where the subscript ¢ refers to common offset. The ellipse with foci y7 (s) and yg(s)
and major diameter L is denoted

Ec(s,L)={x eR*: |x —yr(s)| + |x —yr(s)| =L} for(s,L) e¥,.

The restriction L > 2« is needed because the major diameter of the ellipse must be
longer than the distance between the foci.
In this section, we consider the integral geometry problem of recovery of f from

P f(s, L) :/ f(x)di(x) for(s,t)eY,, (5)
x€Eq(s,L)
which is the integral of f over the ellipse E.(s, L) in arc-length measure. As we dis-
cussed for %, in Example 1, Z,. can be put into Ehrenpreis’s framework of spreads.
This case is very closely related to the results on common offset SAR in [36],
and we will state our theorems and then explain how they follow from the results
in [36].
Similar to Theorem 1, our first theorem in this section shows that %, is an FIO,
gives its canonical relation, and the mapping properties of the left and right projec-
tions from this canonical relation.

Theorem 3 The common offset elliptical transform %, is a Fourier integral opera-
tor of order —1/2 with canonical relation A, defined by

X1 —S§—o X1 —s+o
Ac={<s,L,—w< + >,—w>;
lx —yr ()l  |x —yr(s)]

< <x1—s—o{ xl—s+a)
X1, X2, —W + )
lx —yr)|  |x —yr(s)|




Microlocal Analysis of Elliptical Radon Transforms with Foci on a Line 171

X2 X
‘”<|x TR yR(s)|))

:L:\/(xl—s—a)2+x%+\/(x1—s+oz)2+x%,w;éO}. (6)

Furthermore the map X taking (s, x1, X2, w) to the point in A given above is a
global parameterization for A.

Finally, the projection 7wy : Ac — T*Y. \ 0 has a fold along ¥ = {s, x1, 0, w}
and g : A — T*X \ 0 has a blowdown along X .

Proof The assertion (6) can be proven as in [36], but here, as in Theorem 1, we
outline another proof using the framework of [27-29]. The incidence relation of Z,
is the set

Ze={(x,s,L):(s,L) €Y., x € Ec(s, L)}.

Then by results in [27, 29] we know Z. is an elliptic Fourier integral operator of
order —1/2 associated to Lagrangian manifold N*(Z;) \ 0 (since we will show in
the course of the proof that neither 7t nor g maps to the zero section). Computing
N*(Z.) and twisting it gives the canonical relation (6). This is the same as the
canonical relation in [36] for 4 = 0 where £ is the elevation of the transmitter and
receiver above the reconstruction plane.

In the parameterization A given in the theorem, the projection 7y : A, — T*Y,
is given by

(s, X1, X2, ®)
= (S,(

It is clear that r;, maps to T*Y, \ 0 since w # 0. Now from [36], by letting 7 =0
ERNS N U ) e O N

x—yr P lx—yr()I? [x—yr ®[lx—yr([’

easy to see that ((x; —s)> + x% —a?)? < (Ix — yr(s)|lx — yr(s)])? is equivalent to

N2 _ 2
4xJa? > 0. Since L > 2a, if xp =0, A= — 1. Therefore, det((m.).) =

0 if and only if x, = 0. Also since d(det(rz),) on X is nonvanishing, we have that
71, drops rank by one simply on X. Now as in the proof of Theorem 1, we have that
TY = span(%, 3371, %) and Kernel((7r7)«) = span(%) above X. This shows that
np : Ac = T*Y. \ 0 has a fold along X

Next we consider g : A — T*X. This is given by

X1 —S§ —«o X1 —s+uo
Ot ), w<|x—yr(s)|+|x—m(s)|)’ w>(7)

there, we get det((;rr)«) = wxa(

TR(S, X1, X2, W)
< <x1—s—a+x1—s—a>
=\ X1, X2, —@ ’
lx —yr()|  |x —yr()|

( R )) 8)
— .
lx —yr(s)|  |x —yr(s)]
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We now show that wp does not map to the zero section. For g to map to the
zero section, we must have xo = 0 and

X1 —§ —«o X1 —§ — o

+ =0. ©))
lx —yr(s)|  |x —yr(s)|
Using x5 =0 in (9), we see that
X1 —S—« X1 —S+a _o. (10)
|x1 —s—al  |x1 —s+cf

However, since (x1,0) is on an ellipse with foci (s — «,0) and (s + «, 0), either
X1 <s§ —oa or x; > s + «a. Therefore, both terms in (10) are nonzero and have the
same sign. This shows that 7z does not map to the zero section.

Now we show that g has a blowdown singularity along X. () is the same as
in [36], by letting & = O there. Then as in [36], we have that Kernel((wg),) C T X.
Therefore, g has a blowdown singularity along X. O

Next we consider the imaging operators %Z; %, and % D%, where D is a dif-
ferential operator on Y,. As in the last section (see Remark 1), we modify %, first
by multiplying it by an infinitely differentiable cutoff function ¥, that is identically
1 in a compact subset of Y, and O outside a bigger compact subset.

Theorem 4 The wavefront sets of %) %#. and X} DX, satisfy the following:

WF(Z}%:) C AUCy, (11)
WF(Z:D%:) C AUCy, (12)

where

A= {(x1,x2, 61,6 x1,x2,61,6)}  and
Cl = {(xls-va gls §2s X1, —X2, Elv _52)}

Here, over the point x = (x1, x2), (&1, &) consists of all nonzero multiples of the
vectors

—Ve(Jx =yr )|+ |x — yr()])
forall s e R.

We include the differential operator D in (12) because we will discuss a recon-
struction algorithm using this type of operator in Sect. 4.

Remark 3 Similar to Remark 2, note that given a point x and foci locations yr(s)
and yr(s), a vector (&1, &) as in the theorem above is a vector perpendicular to the
ellipse E.(s, L) where (L = |x — yr(s)| + |x — Yr(s)|) at the point x.



Microlocal Analysis of Elliptical Radon Transforms with Foci on a Line 173

Remark 4 Theorem 4 describes the added singularities in any reconstruction algo-
rithm % D%, f . Let f be a function of compact support in X. Using (12), one may
infer [31] that

WF(%Z:D%.)(f) C (Ao WE(f)) U (Ci o WF(f)).
Now,
Ao WF(f)=WF(f) (13)
and
CroWF(f) = {(x1, —x2, 61, —&2) : (x1, 22,61, 62) € WF(f)}. (14)

Therefore, the reconstruction operator % D%, f will show singularities of f by
(13). However, the operator will also put singularities at the mirror points with re-
spect to the x; axis. This is demonstrated by (14) because a singularity above the
point (x1, x2) can cause a singularity above (x1, —x2). We will observe this so called
left—right ambiguity in our reconstructions in Sect. 4.2. Finally, we note that the vec-
tors (£1; &) are all perpendicular to ellipses in the data set because of the condition
on (£1; &) given at the end of Theorem 4.

Proof The proof is similar to the one give in [36]. Since we use a slightly different

coordinate system, we will give it for completeness.
By the Hormander—Sato Lemma, we have that WF(Z*%.) C AL o A., where

Al o A,
{( <x1—s—a+x1—s+a>
= X1,X2, —W ’
lx —yr(s)|  |x —yr(s)|
~o( St )
lx —yr()|  |x —yr()|

<y1 ¥ _w<Y1—S—a+y1—s+a) _w< »__._» ))
e ly=yr®l  |ly—vr)|)’ ly—vr®)| |y —yr(s)|

Hx—yr@|+|x —vr@®)| =y —vr |+ |y — vr(s)

3

X —§s—« X —s+ao yi—Ss—« yi—s+o
+ = , W 75
lx —yrl  Ix—yr@)| |ly—yr&| |y —vr(s)I
We now obtain a relation between (x1, x2) and (y;, y2). This is given by the follow-

ing lemma.

Lemma 3 For all s, the set of all (x1, x2), (y1, y2) that satisfy

|x —yr®)| + |x —vr&)|=|y —yr©®| + |y — vr ()|, (15)
xl—s—a+x1—s+a_y1—s—oz yi—stao
x—yr|  lx—yr@®)|  ly—yre&)|  ly—yr&)I’

(16)

necessarily satisfy the following relations: x1 = y; and xo = £y».
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Proof In order to show this, we use the following change of coordinates:
x;1=s+acoshpcosf, y;=s-+acoshp cost’,
Xp = a sinh p sin @, y2 = a sinh p’ sin@’.

Using this change of coordinates, we have

]x — yT(s)‘ = a(cosh p — cosh), ]x — yR(s)| = a(cosh p 4 cosb),
xj—s—a _coshpcosd —1 xi—s+a coshpcosf + 1 )
Ix —yr(s)]  coshp —cos@ |x —yr(s)]  coshp+cosf

The terms involving y are obtained similarly. Now (15) and (16) transform as fol-
lows:

2cosh p =2cosh o/,
coshpcosf —1  coshpcosd +1 coshp'cos®’—1 coshp’'cosd’ + 1

cosh p — cosé coshp +cosf  coshp’ —cosf’ cosh p’ +cosf’

Using the first equality in the second equation, we have

cosf cos 8’

cosh? p —cos26  cosh? p — cos28’’

This gives cos = cosf’. Therefore, & = 2n7w £ 6, which then gives sinf =
+sin@’. Therefore, in terms of (xi, x2) and (yi, y2), we have x| = y; and xp =
+y2. O

Now to finish the proof of the theorem, when x; = y; and xp = y;, there is
contribution to WF(Z%;%,.) contained in the diagonal set A := {(x1, x2, &1, &;
X1, x2,&1,&)} and when x; = y; and x = —y;, we have a contribution to
WF(Z:%.) contained in C1, where C| := {(x1, x2, &1, &2; x1, —x2, &1, —&2)}. We
restrict to vectors perpendicular to ellipses in the data set, vectors given by the condi-
tion at the end of Theorem 4, because these are the vectors in g (A.) in (8). Finally
note that introducing a differential operator D does not add any new singularities,
and so the same proof holds for the analysis of WF (%} D%,). This completes the
proof of the theorem. O

4 Our Algorithm and Reconstructions for the Common Offset
Elliptical Radon Transform

In this section we describe the authors’ algorithm and the refinements and imple-
mentation from [38] for the common-offset ellipse problem that was discussed in
Sect. 3. Recall that the forward operator %, and its dual % are both of order —1/2.
Our reconstruction operator is

AP =% (xeD(Z%:(1))), (18)
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where D is a well-chosen second-order differential operator, and x. is a compactly
supported cut off in L. Therefore, A is an operator of order one, so it emphasizes
boundaries and other singularities.

One includes the cutoff function x. because Z.(f) does not have compact sup-
port in general, even if f has compact support. Therefore, one cannot evaluate %
on Z.(f) in general, without this cutoff. We will provide more details about x. and
the differential operator D later in this section, but for the moment we will discuss
this general type of algorithm.

An algorithm like (18) is called a derivative-backprojection operator because it
takes a derivative and then takes some type of dual operator, a so-called backpro-
jection operator. Such an algorithm will, typically, reconstruct singularities of the
object, such as jumps at boundaries. It will image shapes and locations of objects
rather than density values, and it is not an inversion method. Backprojection algo-
rithms typically use other filters besides derivatives, and such algorithms have been
considered in the context of bistatic SAR imaging in [57].

Therefore, researchers need to understand which singularities the algorithm re-
constructs, which singularities are not imaged, and which singularities can be added
to the reconstruction by the algorithm. This is one reason microlocal analysis and
theorems in Sect. 3 are important.

Derivative-backprojection algorithms are useful in many problems, in particular
when there is no inversion formula, when there is limited data, and when one is
interested only in shapes, not density values.

The earliest modern tomography algorithm of this type is Lambda tomography,
which was independently developed by Smith and Vainberg [55] (see [14, 15] for
the state of the art). This algorithm is for planar X-ray tomography, and it is useful in
medical [14] and industrial tomography (e.g., [49]). The planar Lambda operator is
an elliptic pseudodifferential operator, so the reconstruction shows all singularities.
However, in limited angle tomography some singularities can be invisible, as in
electron microscopy [51].

In three-dimensional tomography problems, singularities can be spread, and ar-
tifacts can be created that are of the same strength as the original singularities. This
occurs in local backprojection algorithms for cone beam 3-D CT (e.g., [34, 39]),
and this was proven in [21] (see [25] for general admissible line complexes on
manifolds). A derivative-backprojection reconstruction algorithm was developed for
slant-hole SPECT in [50]. It was shown in [20] that if one chooses the right differen-
tial operator D, then the added singularities are suppressed in relation to the genuine
singularities, and so they are less obvious in the reconstruction. Unfortunately, %,
spreads singularities in a more complicated way than the slant-hole SPECT trans-
form, and it is an open problem to find a differential operator to globally decrease
the strength of the added singularities.

4.1 Our Algorithm

The choices of the differential operator D and of the cutoff function x. in our re-
construction operator A (18) are important, and we describe them in this section.
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Fig. 1 The top figure shows
the ellipse E (s, L) tangent to
a ball at the top point of the
minor axis. The figure on the
lower left shows the ellipse if

L is increased slightly, and 4.2 0 2 |4
the ellipse intersects the ball. -2
The figure on the lower right '
shows the ellipse if s is -4
increased slightly. In this
case, the ellipse remains 4 4
outside the ball i
2 2
4 -2 0 2 |4 -4 -2 0 2 4
-2 -2
-4 -4
It is shown in [38] that the operator
82
p=—-2_ (19)
aL2

gives better reconstructions than the operator —3722. Boundaries are imaged more
clearly as we will now explain using Fig. 1. Let f be the characteristic function
of the ball in Fig. 1, and let x be the point of tangency of the ellipse in the top
picture in Fig. 1. One can see from the lower left image in Fig. 1 that because the
ellipse moves into the ball as L is increased, and the integral X, f (s, L), increases

%’ f will be unbounded at
% f all ellipses

from zero like a square root function. Therefore L2

this ellipse. The reconstruction operator, Z.: 3‘22%’ f, averages
through x. Therefore, the reconstruction at x will be large.

However, movement in the s (horizontal) direction keeps the ellipse outside of

8L2

the ball, so %, f (s, L) remains zero, and 2 Y %’ f will be zero at this ellipse. For
ellipses nearby, the s derlvatlve of the data will also be small. Therefore, the recon-
struction operator, % % [, which averages this derivative on all ellipses through
x will be small. These horlzontal boundaries were almost invisible in the 32 /3s? re-
constructions in [38]. If the ellipse was tangent at another point, then as s increased,
the ellipse could intersect the ball, but %, f would, in general, increase from zero
more slowly than if L were increased and so the derivative in s would be smaller
than the derivative in L.

4.2 Reconstructions

We now present reconstructions of the characteristic function of a ball of radius 1/2
and centered at (0, 1): B((0, 1), 1/2). The backprojection % is implemented using
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Fig. 2 Reconstruction of the 2
ball B((0, 1), 1/2) using the _
function x. supported on i\
[—3,3] and equal to 1 on 1 A A
[—9/4,9/4] N o/
0
/ \
-1 \\ /a
-2
-2 -1 0 1 2

the trapezoidal rule, and the derivative D is implemented using a central second
difference. The common offset is d = 1/4 (¢ = 1/8). Details are in the second
author’s senior honors thesis [38].

We will analyze both types of artifacts in the reconstructions, those caused by the
left-right ambiguity and those caused by the limited range on s.

As noted in Remark 4 after Theorem 4, the reconstruction operator (18) for the
common offset elliptical transform has the left—right ambiguity: singularities on one
side of the x; axis are reflected on the other side in the reconstruction. This explains
why our reconstructions put copies of the circle on both the right and left of the
flight path. This global spreading of singularities is more difficult to decrease than
the local spreading in SPECT [20, 50] and electron microscopy [51].

The second type of added singularity is the “parentheses” surrounding and tan-
gent to the circle, and they are explained by the limited values of s or, equivalently,
the support of the cutoff yc. The choice of cutoff function y. makes an important
difference to the reconstruction [38]. Two parameters, M > m > 0, are chosen, and
the cutoff function y.(L) is supported in [—M, M] and equal to one in [—m, m]. In
this case . does not need to be compactly supported on Y, but only in L since the
functions we reconstruct have compact support.

If one looks carefully at the reconstructions, one can show that the “parentheses”
artifacts are parts of the boundaries of ellipses that are tangent to the circle and with
s = —M (for the ones “pointing” right) and with s = M (for the ones “pointing”
left). These are ellipses with foci at (—3,0) and (—2.75, 0) tangent to the ball and
two with foci at (2.75, 0) and (3, 0) tangent to the ball.

The authors believe that there are both microlocal reasons and practical grounds
for these elliptical artifacts. If the integration had been over [—3, 3] without a
smooth cutoff x., then the operator would not have smooth kernel, and that could
cause the artifact because A would not be a smooth Fourier integral operator. How-
ever, the algorithm includes the smooth function x. and there is still an artifact. In
order to reduce the effect of these artifacts, we changed the cutoff x.. In Fig. 3, the
artifacts caused by these ellipses are decreased, but somewhat fewer singularities
are visible than in the reconstruction in Fig. 2, which is with a sharper cutoff.

Smith’s implementation of Lambda tomography includes a constant term in the
derivative D. This shows contours of the object because it adds a multiple of the
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Fig. 3 Reconstruction of the
ball B((0, 1), 1/2) using the
function y, supported on
[—3, 3] and equal to 1 only at
the origin, [0, 0]

Fig. 4 Reconstruction with

D=1- %, which includes

the simple backprojection as
well as the derivative in L

simple backprojection; for our case, it would be % x.Z%.. The reconstruction in
Fig. 4 illustrates this, and the inside of the ball has higher “density” than the outside.

5 Discussion

In this section, we will discuss the implications of our work for bistatic SAR, and
we will suggest some open problems and conjectures.

The elliptical Radon transforms we consider in this article, while motivated by
bistatic SAR imaging, are simplifications of the operators that appear in bistatic
SAR. In our case, the transmitter and receiver are on the ground, and in general, in
SAR, they are above the ground. The canonical relations in SAR are different from
ours, but they become the same if the transmitter and receiver are on the ground. The
SAR operators are also FIOs of a different order. For the common offset case with
transmitter and receiver above the ground, the projections are a fold and blowdown
[36], as in our case. It is easy to see that the same holds for the transform with one
fixed focus above the origin and the other moving above the horizontal axis.

The appearance of ambiguities is a serious issue in SAR imaging. In the acqui-
sition geometries we considered in this paper, we showed in Theorems 2 and 4 that
there are only left-right ambiguities. We can decrease such ambiguities by focusing
the antenna beam (known as beam forming) to the right or left of the flight path.
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However, one then images only one half of the scene, and one must fly over the
scene again to image the other side. In general, one needs to know the nature and
structure of such ambiguities in order to decide if focusing the beam could decrease
these ambiguities. For general bistatic acquisition geometries, this is an open prob-
lem. The structure of ambiguities could be very complicated in this case.

Monostatic SAR has colocated transmitter and receiver. For such SAR systems,
more is known. For linear flight trajectory, a similar theorem to Theorem 3 is true,
namely for that canonical relation, 7y, is a fold along the set X' at which it drops
rank, and g is a blowdown along X', and Theorem 4 is also true in this case [16,
17, 42].

For linear flight paths and monostatic or bistatic SAR, it is conjectured that, with-
out beam forming, the left-right ambiguity is intrinsic to the problem and cannot be
eliminated.

However, for other flight paths, more can be done. Injectivity holds for the circu-
lar transform with centers on a curve as long as the curve is not a line or a Coxeter
system of lines [1]. This suggests, but does not prove, that the general monostatic
SAR transform is injective for such curves. For nonlinear flight tracks, there is a lo-
cal left-right ambiguity as can be seen from reconstructions in [38]. However, these
added singularities seem to be spread and look quantitatively weaker than for linear
flight tracks. Felea [17] showed that for the monostatic SAR transform with circular
flight tracks, one can displace added singularities far away from the image [17].

We conjecture that Felea’s methods would work for the circular transform be-
cause it has the same canonical relation as the monostatic SAR transform. For the
elliptical Radon transform with transmitter and receiver a fixed distance apart along
a circle, the reconstruction operator is an elliptic pseudodifferential operator as long
as the scene is sufficiently inside the circle [2]. This suggests that ideas in [17] might
be helpful for the bistatic case with circular trajectories.

Nolan and Dowling [44] showed that if one takes monostatic data over two per-
pendicular linear flight paths, then the added singularities caused by the left-right
ambiguity are quantitatively weaker than the image itself. This makes sense because,
when one adds the images, only the real image reinforces itself.

The authors and their colleagues will continue investigating novel flight paths
and reconstruction algorithms, evaluating them using microlocal analysis as we
have done in this article for the elliptical transform with one fixed focus and for
the common-offset case.
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Mathematics of Hybrid Imaging: A Brief Review

Peter Kuchment

Abstract The article provides a brief survey of the mathematics of newly being
developed so-called “hybrid” (also called “multi-physics” or “multi-wave”’) imaging
techniques.

1 Introduction

Leon Ehrenpreis was a mathematician of remarkable strength, famous accomplish-
ments, and extremely wide interests. In the last couple of decades of his life, integral
geometry was one of the main areas he was interested in. This had lead in particular
to his involvement with problems of tomography [7, 53]. E.T. Quinto and the author
had the honor of writing at Leon’s request an Appendix [83] dedicated to tomogra-
phy for his last book [52]. He was also interested in new developments in medical
imaging, which in some instances turned out to be directly related to some integral
geometric and PDE problems he considered in [52]. It is thus appropriate to address
some of these new techniques in an article dedicated to Leon’s memory.

It is natural to wonder, why do we need new methods of medical imaging in the
first place, if we already have the whole bunch of well-developed ones [95, 104]?
Indeed, one can mention the widely known “standard” X-ray CT (Computed To-
mography) scanners, MRI, and ultrasound scanners, which can be found in most
hospitals nowadays. There are also less known to the general public, but well de-
veloped by now PET (Positron Emission Tomography) and SPECT (Single Photon
Emission Computed Tomography) techniques, Optical Tomography (OT), Electrical
Impedance Tomography (EIT), Elastography, as well as quite a few others.

It seems that even the existing methods are way too many. Why would one need
all of them? One of the main answers is that different imaging techniques “see”
different things. One can say (in a crude approximation) that the CT scan can distin-
guish between the tissues of different density. What if two tissues (e.g., the cancer-
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ous and the healthy one) have essentially the same density but absorb significantly
different amounts of light in certain part of the spectrum? One can think of using
OT then rather than the X-ray CT. Some modalities can show the metabolism (e.g.,
the PET and SPECT), while some others cannot. Some new methods can show the
level of oxygenation in blood, while those relying upon density would not be able
to do so. This list can go on and on, and so the reader can see the point in having a
variety of imaging techniques.

There are several other parameters that make a difference when using different
types of scanners. Here are the most common ones:

1. Safety for the patient and practitioner. Indeed, X-ray scans are clearly not too
safe, while, for instance, OT or ultrasound tomography are not harmful. If there
is a choice, one surely would shoot for a safer method.

2. Cost, in the times of the high medical expenses, is clearly one of the major issues.
Some imaging techniques (X-ray CT-scan, MRI, PET, and some others) require
very expensive devices, with the price tags in millions of dollars. Some others,
however, e.g., OT and EIT, are orders of magnitude cheaper.

3. Contrast is another important feature. For instance, if the parameter that a
method can detect is, say, electric conductivity of the tissue, then one will be able
to distinguish between the tissues that have a significant conductivity contrast and
will not see any difference between tissues that happen to have very close elec-
tric conductivities. So, high contrast between the features that we would like to
distinguish is crucial. One clearly would prefer the contrast that is on the order of
hundreds (or at least dozens) of percents, while one percent contrast, albeit still
usable, is much less desirable. For instance, some breast tumors on early stages
might have almost no contrast with the healthy tissues with respect to ultrasound
propagation, but a huge contrast (several hundreds of percents) in their optical
and electric properties.

4. Resolution, which determines what is the smallest size of a feature that a method
can “see,” is another very important parameter. Indeed, resolution of several
centimeters probably is not good for early breast tumor diagnostics, where sub-
millimeter resolution is desirable.

These are the reasons, why the quest for new and “better” (at least in some of the
parameters) imaging methods not only does not subside, but intensifies in the recent
decades, involving new physics, engineering, and mathematics ideas. However, all
attempts to find a “magic wand” method that would “see everything” and feature
low cost, safety, high contrast and high resolution are clearly futile. Thus, having a
variety of techniques at our disposal is apparently the way to go.

For a mathematician, however, the main motivation for working on these various
tomographic modalities is that they bring about a large variety of challenging and
beautiful mathematical problems that involve more or less all areas of mathematics.

Let us describe now the structure of this article. After a general discussion of hy-
brid methods in Sect. 2, we will concentrate in more details on three of the emerg-
ing hybrid methods. The largest Sect. 3 contains an overview of the most devel-
oped (both experimentally and mathematically) Thermo-/Photo-acoustic Tomog-
raphy (TAT/PAT). The next, shorter, Sect. 4 addresses the much newer technique
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of Acousto-Electric Tomography.' Although AET was initially suggested (and its
principle experimentally proven) by biomedical engineers [148], here mathematics
is getting developed fast in the recent few years, while experimentalist still struggle
with reaching good signal-to-noise ratios (SNR) in the measurements. This situation
is reversed in the Ultrasound Modulated Optical Tomography (UMOT, also called
UOT), which by now is significantly studied experimentally, while the mathematics
of this modality is still in its infancy (and even mathematical models are still being
agreed upon). This topic is addressed in ever shorter Sect. 6.

Both AET and UMOT rely upon an assumption of a “perfect focusing” of ultra-
sound at a given location, which is a crude approximation to the reality (see, e.g.,
[66]). The synthetic focusing technique, discussed in Sect. 5, allows one to use more
realistic sets of ultrasound waves.

The common feature of AET and UMOT (as well as some other hybrid imag-
ing techniques, such as CDI and MREIT, which are just mentioned in this text) is
that the measurements provide the researcher with some interior information, i.e., a
function of an interior location x. There has been a rather common feeling that such
an interior information might stabilize the notoriously unstable modalities such as
EIT or OT. This issue is briefly discussed in Sect. 7.

The topics surveyed in this article are highly technical and involve a wide range
of interesting mathematics. Due to space limitations, the author was forced to show
very few technical details and instead to try to give a hand-waving heuristic descrip-
tion. The literature references (as well as the references therein) will provide the
interested reader with more details.

2 Hybrid Imaging Methods

As we have indicated in the introduction, each of the available imaging methods has
its advantages and deficiencies. For instance, in breast imaging ultrasound provides
a high (sub-millimeter) resolution while suffers from a low contrast. On the other
hand, many tumors absorb much more energy of electromagnetic waves (in some
specific energy bands) than healthy cells. Thus, using such electromagnetic waves
offers very high contrast. Alas, the resolution in this case is very low. One can go on
and on with such examples.

Since both the advantages and disadvantages of various modalities come from
the underlying physics, can one do anything to combine the advantages and si-
multaneously alleviate the problems associated with different type of physical
waves/radiation involved? The natural idea is to try to this end to combine differ-
ent imaging modalities into some kind of “hybrid” ones. This is how the hybrid
(also called multi-physics or multi-wave) techniques have been appearing in the last
decade—decade and a half [10, 16, 19, 121, 131, 134, 138, 139, 141].

IBesides the name AET, suggested in the original paper [148], other names are also used: Ultra-
sound Modulated EIT (UMEIT) [17], Impediography [10], and some others.
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The “hybridization” can occur at different stages of the imaging process. Let us
recall the crude scheme of all CT methods: on the first step, some wave(s) are sent
through the body and the outgoing (transmitted or reflected) waves are measured;
on the second stage, mathematical processing of the measured data is done; finally,
the third stage provides a picture (tomogram). Correspondingly, one can combine
different techniques at different stages. The simplest, and already industrially im-
plemented (e.g., in PET/CT scanners) idea is to run two types of scans of the same
patient and then somehow “combine” the images so that they hopefully complement
each other. Here reconstruction of both individual images requires neither new types
of scanners nor new mathematical reconstruction algorithms. Certainly, some (often
nontrivial) processing is needed to correctly overlap the two images (the so-called
image registration).

Another option is to combine the techniques on the second stage. Namely, af-
ter collecting data from two independent types of scans, a reconstruction algo-
rithm is applied that uses both data sets. The additional information can signifi-
cantly improve the quality (stability, resolution, etc.) of the resulting picture (to-
mogram). Such combined techniques might not require any new physics or en-
gineering, but do demand new mathematical processing. There are several recent
imaging procedures that successfully implement this idea. Some of them (CDI, cur-
rent density imaging [99-101], and MREIT [122, 142]) combine MRI and EIT
measurements. Having the extra MRI data makes the mathematical problem of
EIT reconstruction (the so-called Calderén problem, or inverse conductivity prob-
lem [15, 27, 31, 37, 41, 73, 95, 98, 129, 132, 133, 135]), known for its severe
ill-posedness, significantly less ill-posed and thus allows for good quality recon-
structions of the internal electrical conductivity maps. Another actively developing
method of this kind, called MRE [96, 97], combines MRI with elastography: MRI
allows one to observe propagation of elastic waves through the tissue, which then
leads to mathematical reconstruction of mechanical properties (e.g., stiffness) that
carry important medical diagnostic information. Probably the oldest such combina-
tion is of CT and SPECT. The CT scan provides the reconstruction of the attenuation
map, which is used then to recover the distribution of a radio-pharmaceutical inside
the patient’s body [33].

Due to the author’s limited expertise and lack of space, these types of hybrid
methods will not be discussed in the article. The interested readers are referred to
the literature cited above.

We reserve in this text the name “hybrid methods” only for the techniques that
combine different types of waves already on the first, scanning stage. In the exam-
ples that we will discuss this will lead to one physical type of irradiation triggering
or modulating the other one and thus producing new types of measurements, which
hopefully allow one to improve images in comparison with the two techniques done
separately.”

2The reader should be aware that this classification of hybrid modalities into three classes, al-
though being reasonable, is not commonly accepted and is used in this text only for the author’s
convenience.



Mathematics of Hybrid Imaging: A Brief Review 187

transducer
\ ﬁ ucer
\‘l
TN
1
Q { S
’
e

EM pulse

object
observation surface

Fig. 1 The TAT procedure

We now move to considerations of some of the hybrid techniques in more detail.
We start in the next section with the probably best developed (both experimentally
and mathematically) among the hybrid techniques Thermo-/Photo-acoustic tomog-
raphy (TAT/PAT) and then move to the less studied ultrasound modulated electrical
and optical tomography.

3 Thermo-/Photo-Acoustic Tomography (TAT/PAT)

As we have already mentioned, in many medical diagnostics situations, ultrasound
displays low contrast (and thus sees the tissues as almost homogeneous), while pro-
viding fine resolution. Optical or radio-frequency EM illumination, on the other
hand, gives an enormous contrast between the cancerous and healthy cells, while
both are known to suffer from low resolution. How can one combine their strengths?
The answer is in the photo-acoustic effect, which was discovered by Alexander Gra-
ham Bell [28] but had to wait for another century for its applications to follow [32].

Imagine that a biological object is irradiated by a wide, homogeneous, but ex-
tremely short electro-magnetic pulse in radio-frequency range (Fig. 1). Some part
of the electromagnetic (EM) energy will be absorbed throughout the tissues. Let us
denote by f(x) the density of energy absorbed at a location x. It is known that the
values of this absorption function will be several times higher at the cancerous loca-
tions than in the surrounding healthy tissues [50, 89, 90, 108, 109, 130, 131, 138—
141, 143]. Thus, if this function were known, it would provide an extremely valu-
able diagnostic information. However, the radio-frequency waves are too long to
lead to any reasonable resolution. This is where the photo-acoustic effect kicks in:
the EM energy absorption leads to heating, and higher levels of absorption lead to
more heating. In turn, the resulting thermoelastic expansion creates a pressure wave
p(x,t) (acoustic wave), whose initial value is essentially (proportional to) the func-
tion of interest f(x). Placing an ultrasonic transducer (a microphone) at a location
y at the boundary of the object, one can measure the value of p(y, ) at this point
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for any time ¢ > 0. If we now surround the object by transducers located on an ob-
servation surface S (this can be done using optical interferometers, which do not
obstruct the acoustic wave propagation), we can collect the values of p(y,t) for
all (y,t) € S x RT (Fig. 1). Now the problem reduces to finding the initial values
p(x,0) inside the volume surrounded by the surface S. This is the idea of Thermoa-
coustic Tomography (TAT), which found its implementation in the middle of 1990s
[75, 108, 109], in particular in the work of R. Kruger [75], who started a company
OptoSonics manufacturing TAT devices. The Photo-acoustic version (PAT) differs
by the choice of heating radiation, a laser beam instead of radio waves. A large part
of the corresponding mathematics is parallel in TAT and PAT cases, and thus we will
only mention TAT here.

The mathematics of TAT/PAT reconstruction happens to be fascinating and oc-
cupied attention of a large group of mathematicians throughout the 1st decade of
this century. The reader can consult with the recent surveys, collections, and books
[3, 12, 19, 56, 58, 77, 80, 84, 111, 114, 121, 124, 131, 134, 138] for details and
further references.

We will now describe the mathematical model of TAT. Let us denote by c(x) the
sound speed in the interior of the body. Then the pressure p satisfies the following
wave equation:

2p =c2(x)Ap inR3 xR,

arr
p0,x) = f(x), (D
0,x)=0.

The data g measured by a TAT machine provides the values of the pressure p on the
observation surface S:

J&x) =g, 0) = plsxr, - 2

The goal of TAT thus is inverting this forward operator.

3.1 TAT/PAT and (Restricted) Spherical Mean Operators

In the case of an acoustically homogeneous medium (i.e., when c(x) = const), one
can reduce the TAT problem to an equivalent integral geometry question. Namely,
using the standard Kirchhoff—Poisson formulas [46, 71] for the solution of (1), the
TAT inversion can be reduced to the equivalent (see [6]) problem of recovery the
function f(x) from its spherical averages over spheres centered at the transducers’
locations, i.e., on the observation surface S:

f'—>g(y,f):=(Rsf)(y,t)=/|. | f(x)do(x), yeS, t=0. (3)
x—y|=t

Here Rg denotes the operator of taking spherical averages over all spheres centered
onsS.
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One can notice that such transforms were considered in more general situation
and without any relation to tomography by Leon Ehrenpreis in his book [52] and by
V. Lin and A. Pinkus in [92, 93] for the needs of approximation theory and neural
networks. The restricted spherical mean transforms also play important role in the
Radar and Sonar studies [40, 94]. One can find a list of other applications in [6].

3.2 Main Mathematical Problems in TAT

As in all tomographic methods, the following questions play the central role:

Uniqueness of reconstruction: Is the collected data g sufficient for the unique re-

construction of the tomogram (function f(x))? When the author first looked at
this problem in terms of system (1), he was confused for a second. Indeed, the
measured data g seems to be the boundary value of the solution of the wave
equation in a cylinder, and the function f to recover is the initial condition.
This clearly is impossible, since g essentially does not carry any information
about f, besides the standard junction conditions where these functions meet.
However, the thing is that (1) is not a boundary-value problem in a cylinder, but
rather a problem in the whole space, whose solution we observe on the surface
S only. What is even more important, if the sound speed is nontrapping (e.g.,
constant) and S is a closed surface (i.e., the boundary of a bounded domain),
then the local energy decay theorems [35, 51, 119, 136, 137] show that the
solution decays in the interior of S. This turns out to be the main feature that
brings about uniqueness and inversion [2, 68, 69, 124].
The question of sufficiency of the data collected on a nonclosed hyper-surface
S is much more complicated and can be considered largely resolved only in
2D, when the sound speed is constant and the function f(x) is compactly sup-
ported (see (61,3 as well as surveys [3, 77, 80] for the results and further discus-
sion). This is a fascinating mathematical problem, which involves a variety of
techniques from PDEs, integral, differential, and algebraic geometry, microlo-
cal analysis, commutative algebra, etc. A more general problem (with spheres
replaced by the level surfaces of a polynomial) is discussed in L. Ehrenpreis’
book [52].

Reconstruction procedures: Having a uniqueness of reconstruction theorem is far
from being sufficient for tomography, since one needs to be able to actually
reconstruct the tomogram. So, the natural question, after proving uniqueness,
is: how can one actually invert the mapping f — g? We will briefly describe
the known algorithms in the next subsection.

Stability: Having uniqueness of reconstruction theorem, or even a reconstruction
algorithm, is no guarantee that the reconstruction is practicably feasible (or

3Some microlocal arguments in [6], although correct, were incomplete. The missing arguments are
provided in [123].
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at least that it can provide sharp pictures). The word “stability” in this con-
text means the effect that small errors in the measured data have on the re-
constructed image. In other words, stability means well-posedness (in the
Hadamard’s sense [46]) of the inverse problem. Unfortunately, essentially all
tomographic problems are ill-posed to some degree. Some of them, such as
Radon transform inversion, are very mildly unstable, which allows for wonder-
ful CT-scan images. Some others, like EIT and OT, are known to be severely
ill-posed, and thus reconstruction of sharp images is practically impossible.
The stability of the TAT/PAT reconstruction with full data (i.e., for the obser-
vation surface surrounding the object completely) is known to be very good,
the same as for the Radon transform inversion, which leads to excellent recon-
structions. This applies both to the case of an acoustically homogeneous object
(when c(x) = const), as well as to the case of a variable nontrapping sound
speed c(x) [2, 69, 107, 124, 126, 127]. The proofs are based upon inversion
procedures and/or a microlocal analysis of the problem.

Range: As it is common in integral geometry and tomography [60, 61, 63, 64, 104,
105], the range of the forward operator f +— g has infinite codimension in
the natural scales of function spaces. The description of this range is an im-
portant part of integral geometric and tomographic studies [ibid]. In the case
of a spherical observation surface S and constant sound speed, the complete
range descriptions are known [1, 4, 5, 9, 57]. Some of these range conditions
are known to be necessary for more general observation surfaces and sound
speeds, but in these cases complete range description is not known (and might
be impossible).

Incomplete data: In the TAT/PAT case, one usually mentions an incomplete data
situation, when the observation surface S does not surround the object com-
pletely [3, 77, 80, 145, 146]. This is a common, albeit somewhat misleading
description, since depending on the location of the object, the “incomplete”
data might be sufficient for unique, and sometimes even stable, reconstruc-
tion. It is quite common that even a small observation surface S can provide
enough data for proving uniqueness of reconstruction. For example, in the
case of a constant sound speed, it is known that any set S that is not a part
of an algebraic hyper-surface leads to the injectivity of the spherical mean
operator Rg and thus to unique TAT reconstruction (see [6] and references
therein). Note that such S can be geometrically very small. It is clear that for
all practical purposes, in spite of an uniqueness theorem, something should
go wrong with the actual reconstruction in this case. And indeed, microlocal
arguments similar to those of X-ray CT [118] show that most of the singulari-
ties (i.e., wave front set directions) of f(x) will be “invisible” (“not audible’)
[3, 69, 77, 80, 107, 111, 112, 124, 145, 146]. This implies, in particular, the
high instability of the reconstruction (all “invisible” interfaces will be blurred,
no matter how sophisticated the algorithms are) [69, 107, 124, 145, 146]. This
is also well known in the more standard X-ray CT and SPECT [82, 118]. The
wonderful feature of the microlocal analysis is that it not only explains, but also
allows one to predict these blurring effects [ibid].
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On the other hand, if one is in the situation where there is a uniqueness result
and all singularities of the object are “visible,” one indeed can reconstruct the
object stably [13, 14, 87]. Conditions of unique reconstruction and “visibility”
have been also figured out for the case of variable sound speeds and can be
expressed simply in terms of geometric optics rays [3, 69, 77, 80, 107, 124,
145, 146].

While the questions above are common for all tomographic techniques, there is
one issue that is specific for TAT (a similar, still not completely resolved, problem
arises also in SPECT, see [76] and references therein, as well as the recent papers
[20, 34]). This is the following:

Speed recovery problem: Problem (1) involves the unknown function f(x), the to-
mogram, as well as the sound speed c¢(x), which in all reconstruction methods
is assumed to be known. It has been observed [69, 70] that errors in the val-
ues c(x) introduce significant artifacts into reconstruction. In other words, one
needs to know the speed c(x) well, which is normally not the case. One of the
options suggested to alleviate this difficulty is to run an ultrasound transmission
scan beforehand, which would provide the speed map [70]. However, there is
numerical evidence [147, 149] that it might be possible to determine both the
speed c(x) and then the tomogram f (x) from the TAT data. Proving the unique-
ness of reconstruction of ¢(x) happens to be a difficult problem. Some very
limited partial results have been obtained recently (and not published, except
[67, 69]) by various mathematicians: M. Agranovsky, D. Finch, K. Hickmann,
Y. Hristova, P. Kuchment, L. Nguyen, P. Stefanov, and G. Uhlmann. However,
the problem (which, according to D. Finch’s observation, is closely related
to also not completely resolved well-known transmission eigenvalue problem
[36, 43-45, 74, 110, 128]) is essentially open. Somewhat more understanding
has been achieved concerning possible instability of the speed reconstruction
[107, 124, 125].

3.3 Reconstruction Methods in TAT/PAT

What techniques are available for actual TAT reconstructions? There are several
groups of approaches that have been used successfully:

Closed-form inversion formulas: Closed-form inversion formulas in tomography
bring about better theoretical understanding and lead to efficient reconstruc-
tion algorithms. The best known example is the so-called filtered backprojec-
tion (FBP) algorithm in X-ray tomography, which is derived from one of the
popular inversion formulas for the classical Radon transform (see, for example,
[63-65, 104, 105]).

The first such formulas for TAT (the very existence of which had not been clear)
were obtained in odd dimensions in [55], for the observation surface S being a
sphere and the sound speed being constant. Let the function f(x) be supported
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within a ball of radius R, and the detectors be located on the boundary S = dB
of this ball. Some of the formulas obtained in [55] are:

Ax/ gy, ly —x|) dA(Y). @
B

872R ly — x|
f(X)__87T2R /33(1’ 3r2g(yvr)> rely—z (y)v ( )

__ L[ (1o, 280
f)= 87T2R/€;B(r8r<r3r r ))

where d A(y) is the surface measure on 0B, and g represents the values of the
spherical integrals (3).
Here differentiation with respect to r in (5) and (6) and the Laplace operator in
(4) represent the filtration step, while the (weighted) integrals correspond to the
backprojection: integration over the set of spheres passing through the point x
and centered on S.
A different family of inversion formulas valid in any dimension was found
in [85]. Still another set of closed-form inversion formulas applicable in even
dimensions was found in [54]. Finally, a unified family of inversion formulas
was derived in [106].
Having closed-form inversion formulas has the advantage that they usually lead
to fast and precise inversion algorithms. However, there are several disadvan-
tages of these formulas in TAT. First of all, the FBP formulas are now available
only for the observation surface being a sphere (see discussion above), with the
only exception of [88], where such formulas are derived for a cube and some
other crystallographic domains. Secondly, it is known (e.g., [77]) that if some
part of the source function f (x) is supported outside the observation surface S,
then its reconstruction inside S using FBP formulas might be incorrect. Finally,
there are no FBP formulas known for the case of a variable sound speed.
Eigenfunction expansions: This approach, which theoretically works for arbitrary
closed surfaces, was proposed in [86] (and extended in [2] to the case of vari-
able sound speeds). It is based on expansion into eigenfunctions of the Lapla-
cian operator in the interior B of S with zero Dirichlet conditions on S. It is thus
nicely implementable whenever the spectrum and eigenfunctions of the Dirich-
let Laplacian are known explicitly, e.g., for spheres, half-spheres, cylinders,
cubes, and parallelepipeds, as well as the surfaces of some crystallographic
domains.
The function f(x) can be reconstructed inside B from the data g in (1), as the
following L?(B)-convergent series:

flx)=-

dA(y), (6)

r=ly—x]

fO) =) i), (7)
k

where Y (x) are properly normalized eigenfunctions of the operator (—c%(x)A)
in B with zero Dirichlet conditions, and A,% are the corresponding eigenvalues.
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The Fourier coefficients f; can be recovered from the data g in (3) using one
of the following formulas:

oo
fio =2 g () =27 / sin (1) gy (1) d1,
0

fi = 2281 (0) + 2 / cos (Akt)gp (1) dt, or
0 8)

o0
fi= —?»;1/ sin (At) g (1) dt
0
o0
0
=—x;1/ /sin(xkr)g(x,t)ﬂ(x)dxdt,
0 S al’l
where

9
8k (1) Z/g(X,t)%(x)dx.
S n

This method becomes computationally efficient when the eigenvalues and
eigenfunctions are known explicitly and a fast summation formula for the se-
ries (7) is available, for instance, when the acquisition surface § is a surface of a
cube, and thus the eigenfunctions are products of sine functions. The resulting
3D reconstruction algorithm is extremely fast and precise (see [86]).

This method applies in any dimension and is stable. It also does not have the
deficiencies of the FBP formulas that we have mentioned above. Namely, pres-
ence of a part of the function f(x) outside f(x) does not hurt the reconstruc-
tion inside. The method, at least theoretically, works for arbitrary closed ob-
servation surface s and variable speed c(x). However, its practicality in these
circumstances is still questionable.

Time reversal: We now describe an inversion technique that has the same advan-
tages as the eigenfunction expansion method above and in addition is easy to
implement for any shape of the observation surface and acoustically inhomo-
geneous media. One can come up easily with this method if one notices the
underlying assumption of TAT, which is often hidden, and which we have dis-
cussed explicitly before: local energy decay of the solution of (1). Then one
can naturally come up with the idea of running the wave equation in (1) back
in time, starting at the infinite time with zero initial condition (which reflects
the local energy decay) and using the measured data g as the boundary value.
Eventually, at time ¢ = 0, one arrives to the tomogram f (x). Certainly, the so-
lution never vanishes exactly at any finite time (unless the sound speed is con-
stant and the dimension is odd, where the Huygens’ principle kicks in). Thus,
one has to start from some sufficiently large time r = T with zero conditions
and go back in time to arrive at an approximation of f(x), which one expects
to get better as 7 — oo. This approach has been implemented by various re-
searchers, its feasibility was shown, and error estimates were provided (see,
e.g., [62, 68, 69, 144]). This works [62, 69] even in 2D (where decay is the
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slowest) and in inhomogeneous media. However, when trapping occurs, some
parts become “invisible” and blur away [69].

A more sophisticated (than just zero) cut-off at time # = T is used in the version
of time reversal suggested in [117, 124, 125]. This leads to an equation with a
contraction operator, which allows the use of the Neumann series (fixed-point
iterations) to obtain high-quality images.

It is the author’s belief that the time reversal is the most versatile and easy to
implement method of TAT reconstructions.

Algebraic reconstruction techniques: ART is the well-used workhorse in approach-
ing inverse problems (especially, when analysis of the problem is too compli-
cated). To put it simply, in ART one discretizes the problem and uses one’s
favorite method (usually an iterative one) for solving the resulting linear alge-
braic system. Such techniques have been used in CT for quite a while [104].
ART algorithms frequently produce very good images. However, they are noto-
riously slow. In TAT, they have been used successfully for reconstructions with
partial data [13, 113] and sound speed recovery [147, 149].

Parametrix approaches: Some of the earlier noniterative reconstruction techniques

of approximate nature [75, 115, 116] were based (explicitly or implicitly) upon
microlocal analysis. For example, in [75], by approximating the integration
spheres by their tangent planes at the point of reconstruction and applying one
of the inversion formulas for the classical Radon transform, one reconstructs a
decent approximation to the image.
Such techniques are related to the general scheme proposed in [29] for the in-
version of the “generalized” Radon transform that integrates over curved mani-
folds. One constructs a parametrix (usually an integral Fourier operator (FIO))
for the forward operator F : f — g, i.e. such operator P that the operators
PF — I and F P — I, while not equal to zero, as in the case of a true inversion,
are “smoothing.” Thus, applying a parametrix P to the data g, one recovers the
image f up to addition of a smooth function. This also often reduces the prob-
lem to a Fredholm integral equation of the second kind, which is well amenable
to numerical solution. In other words, the parametrix method provides an effi-
cient pre-conditioner for an iterative solver; the convergence of such iterations
can be much faster than that of algebraic iterative methods. On the other hand,
parametrix reconstructions can be often accepted as approximate images.

3.4 Examples of TAT/PAT Reconstructions

Now, the mathematics looks nice, but does the TAT/PAT procedure really work? The
reader can find below (Fig. 2) the wonderful PAT image (courtesy of Wikipedia) of
a blood vessel structure inside a human hand.

The next Fig. 3 (from [145]) shows several TAT reconstructions of a muscle+fat
phantom shown on top left.
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Fig. 2 A PAT reconstruction of the blood vessel system of a human hand. The picture is courtesy
of Wikipedia

3.5 Quantitative PAT

The usual TAT/PAT procedure essentially recovers the initial pressure f(x), which
is proportional to the energy deposition function H (x). How does H (x) relate to the
actual electric or optical parameters of the medium? It is less of a problem for TAT,
where radio frequencies are used, and one can hope to obtain more or less homo-
geneous irradiation of all tissues. The situation is different in PAT. In the diffusion
regime, one has

H(x)=1T(x)o(x)u(x),

where I is the so-called Griineisen coefficient, o (x) is the EM energy absorption
coefficient, and u(x) is the radiation intensity. The following equation is satisfied by
u(x):

—V-Dx)Vu(x)+ox)u(x) =0,

where D is the diffusion coefficient. The question arises whether, after doing the
TAT/PAT reconstruction and recovering H (x), one can go further and recover the
actual optical parameters (D, o, I') from H(x)? This is the goal of the so-called
Quantitative PAT (QPAT), which has started developing only recently [21, 22, 24,
26, 47-49, 120, 147] and is in a very active stage now. In other words, QPAT takes
of where PAT lands.

4 Acousto-Electric Tomography

Electrical impedance tomography (EIT) strives to recover the interior distribution
of electric conductivity by measurements on the boundary [15, 27, 31, 37, 41, 42,
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Fig. 3 a. The phantom. b. Reconstruction from partial data with “invisible” details blurred. ¢. Re-
construction from partial data with all features visible. d. Reconstruction from full data [145]

73, 95, 98, 129, 132, 133, 135]. Namely, one creates various boundary voltages
and measures the resulting boundary currents (or vice versa) see Fig. 4. From these
measurements one tries to recover the internal conductivity. The mathematical in-
carnation of EIT is the inverse conductivity problem, which was apparently sug-
gested first by E. Calderén and has by now a glorious 30 years history. Efforts of
many leading mathematicians were directed towards proving that the measured data
is sufficient for the unique recovery of internal conductivity. This happens to be
much more mathematically difficult topic than those arising in traditional tomog-
raphy or in TAT. To large extend, this is due to the significant nonlinearity of the
corresponding mapping and instability of its inversion. This is still an active area,
for instance, since the optimal result in 3D is still not known. However, the general
understanding is that one does have sufficient information for the reconstruction of
the conductivity. We provide just a sample of references to this bursting with life
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Send acoustic waves!

Keep currents

steady! Measure potentials

Fig. 4 The AET procedure: electrical boundary measurements are done concurrently with scan-
ning the object with ultrasound. The picture is courtesy of L. Kunyansky

topic [15, 31, 37, 41, 73, 129, 132, 133, 135], where the reader can find plenty of
information and further references.

In this text we will be interested in the issues related to the actual reconstruction
in EIT, which has also attracted enormous attention of scientists, including math-
ematicians. Due to the already mentioned instability,* the pictures come out very
much blurred and of low resolution. This is a rigorously proven fact of life, not
the deficiency of the mathematics used. It is the author’s opinion that by now ex-
perts have achieved as good EIT reconstructions as humanly possible ... unless one
changes the physical set-up of the measurements and/or uses some a priori infor-
mation. Changing the experimental setup is what is suggested in Acousto-Electric
Tomography (AET).

The main obstacle of EIT (and similarly of OT (optical tomography)) is that
the signals measured at the boundary loose, exponentially fast with the depth, the
information on where they came from. This is a simple-minded explanation of why
reconstructions are blurred. So, if one could somehow get some type of “interior”
information about where the signals came from, one could hope for stabler image
reconstructions. AET is one of the implementations of this idea. It has been known
for some time that ultrasound irradiation of soft tissues modifies the tissues’ electric
and optical properties (electro-acoustic effect [89, 90]). It was thus an easy step to
decide to send an ultrasound beam that focuses on some internal location x and thus

“4Here instability = ill-posedness = super-algebraic decay of singular values of the direct mapping.
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modifies (by a multiplicative factor close to 1) the electric conductivity o (x) at this
location. This would lead to a perturbation of the boundary EIT measurements, and
what is crucial, the practitioner will know where the perturbation came from—from
the point x. Then one could scan the focused beam throughout the whole object
and get hopefully sufficient information for a stable reconstruction. This idea of
AET was suggested and tried by a direct measurement in [148]. It was shown there
that a detectable (albeit rather small) signal does exist. However, no reconstruction
was done at that time. In a few years, the topic started developing fast [10, 11, 30,
38, 59, 78, 79, 148], sometimes with the researchers being unaware of the original
work [148]. Let us describe briefly the current state of affairs in AET (although by
the time of publication, the situation will definitely change).

The following observation was made experimentally and justified theoretically
[89, 90, 148]: the acousto-electric effect, although detectable, is so small that one
can safely linearize the problem.

Another smallness assumption was used in most works: the ability of sharp fo-
cusing at a given location (i.e., creating a delta-type ultrasound pulse). Such perfect
focusing is clearly impossible (see the discussion in the book [66] devoted to this
issue). Still, let us assume for the time being that sufficiently good focusing is possi-
ble (and return to this discussion in Sect. 5). This allows one to use the well-studied
“small volume inclusion” asymptotics, as in [10, 11, 38, 39], where such asymp-
totics play the crucial role. On the other hand, in [78, 79], only smallness of the
acousto-electric effect is needed, and no perfect focusing is required (see Sect. 5).

In all these works the authors studied what kind of interior quantities can be
stably recovered from the measurements if perfect focusing (in particular, small
volume asymptotics) is possible. For instance, if u(x), u2(x) are the (unknown)
potentials created by some boundary current setup, then one can recover the values

o () Vur(x) - Vua(x)

for any interior point x, where u - v denotes the inner product of two vectors. Some
other local functionals of the form F (o (x), u; (x), Vu; (x)) could be recovered (this
is also the case in the previously mentioned MREIT and CDI [99-101, 122, 142],
which we do not discuss in this paper).

It was shown then that such values, if recovered from measurements, lead to
locally unique and stable reconstruction of the conductivity o [30, 38, 78, 79, 81].
Essentially, one can prove that the Fréchet derivative of the mapping

o +— values of F(o,u;, Vu;)

(in appropriate function spaces) is an injective semi-Fredholm operator.

A variety of inversion procedures has been suggested and mostly tested on nu-
merical phantoms: those involving numerical optimization [11, 38], those reduced
to solving well posed hyperbolic problems [16], or the ones that lead to solving
transport equation or Poisson-type elliptic equations [78, 79].

In most cases one could achieve wonderful quality reconstructions; e.g., see
Fig. 5, where the method of [79] is used, which reduces to solving a Poisson equa-
tion for determining the conductivity.
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Phantom Noiseless reconstruction 50% noise reconstruction

Fig. 5 An example of AET reconstruction. The picture is courtesy of L. Kunyansky

Looking at Fig. 5, one might (and should) feel cheated. Indeed, how can one get
such a good reconstruction with the data contaminated by a 50% noise? The answer
will be given in the next section.

By now, the mathematics of AET, albeit just a few years old, is already rather
successful. The experimental implementation of the AET lags behind, due to the
difficulty of acquiring good signal-to-noise ratios.

A different combination of ultrasound and EIT is suggested in [59]. Here one
again creates currents through the interior of the body of interest. These currents
lead to a small inhomogeneous heating of the tissues and thus to thermoelastic ex-
pansion. Then the TAT procedure, using the microphones surrounding the body,
reconstructs a local functional F (o (x), u(x), Vu(x)), after which one of the previ-
ously mentioned procedures of reconstruction can be applied.

5 Synthetic Focusing in Hybrid Techniques

As it has been mentioned, the unfeasible [66] perfect focusing is assumed in most
mathematical work on AET, in particular, when using the small volume asymptotics.
Can this be avoided? The answer, as it was explained in [78] and then confirmed
in [79], is a “yes.” Indeed, the delta functions that are idealized focused beams, form
a function “basis.” Suppose that we can produce another, practically feasible set of
ultrasound waves, which would also form such a basis. Then, using the smallness of
the acousto-electric effect and thus linearity, one could mathematically process the
data obtained from that basis of waves and “synthetically focus” them by changing
the basis to delta-functions.
There are several examples of possible bases from [78]:

e Using large planar broad band transducers, one could generate a set of monochro-
matic planar waves with arbitrary wave vectors, and then the synthetic focusing
would be just applying the inverse Fourier transform. This option was adopted
in [16]. Its practical feasibility is not yet clear.

e Using point-like omni-directional transducers, one could generate thin spherical
shell waves. Then, lo and behold, the synthetic focusing will boil down to inver-
sion of a restricted spherical mean transform, and thus any of the standard TAT
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Fig. 6 An N-shaped pulse A

v

inversions would do it. This is the option of [79]. The problem with this is that
it is much easier to create a short N-shaped (Fig. 6) spherical wave rather than
8-shaped such wave.

e One can create narrow “pencil beams,” as it is done in [141], and then synthetic
focusing would coincide with the inversion of the standard X-ray transform. This
option has to struggle with impossibility of creating a truly homogeneous pencil
ultrasound beam of sufficient length [66].

The sharp and amazingly stable with respect to the noise reconstruction, shown
in Fig. 5, was done using the second option for the basis: thin spherical waves with
consecutive TAT inversion for the synthetic focusing. After that an elliptic (Poisson-
type) equation was solved to recover the conductivity. Now, what about having N-
shaped rather than §-shaped pulses? This “difficulty” turns out to be a blessing.
Indeed, the TAT reconstruction includes a filtering portion, which increases the noise
and decreases stability. However, with the N-shaped pulse, this filtration step is not
needed, since it is already performed by the transducer. As the result, the synthetic
focusing by the TAT inversion happens to be a smoothing operator and thus Kkills a
lot of noise. If we could indeed produce and use §-shaped pulses, the reconstruction
would work, but would be very unlikely to survive a 50% noise.

6 Ultrasound-Modulated Optical Tomography (UMOT)

The idea of scanning an object with a focused ultrasound that we applied in AET can
be tried with the optical tomography (OT) as well. The goal is the same: to improve
drastically the resolution of OT (which is dismal on a centimeter depth and deeper).
Since OT, like EIT, is a cheap, safe, and high-contrast modality, achieving this goal,
and thus adding high resolution, would make it an invaluable diagnostic tool.

In comparison with the AET, the situation with UMOT is reversed: there is an
extensive body of experimental research (see [141] and references therein), but the
first glimpses on the mathematics of UMOT are just appearing [8, 25, 102, 103],
and even the mathematical model is not settled down.

The set-up of OT is as follows: One sends a beam of (coherent or incoherent)
laser light through the body of interest and observes the intensity and speckle pat-
terns of the outgoing light. The features of interest are the internal distribution of
the absorption and scattering coefficients. The contrast in optical properties of can-
cerous and healthy locations is often huge. However, diffused photons, when they
reach a detector after multiple scattering, essentially loose any information about the
locations they went through. This leads to dismal resolution at centimeters’ depth
(although good pictures can be obtained at skin depth). The idea of UMOT is to,
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concurrently with OT measurements, scan the body with a focused ultrasound and
thus to acquire some interior (i.e., location-dependent) information, which hopefully
would stabilize the problem. It has been argued in physics and biomedical engineer-
ing literature (e.g., [72, 91, 141]) that when using coherent light and measuring the
ultrasound frequency Fourier component of the outgoing speckle pattern, one can
recover the values of the following functional at an interior location x:

G(x,d)A*(x) (x).

Here A is the applied ultrasound power (assumed to be known), I is the light inten-
sity, d is the detector position on the boundary, and G(x, d) is the “probability of
a photon emitted at the location x to reach the detector at the location d.” In other
words, G (x, d) is a Green’s function of the diffusion equation

—VDX)VI(x)+ pg(x)I(x)=0

inside the domain of the interest. The difficulty (at least for the author) is determin-
ing what the “probability of reaching the detector” means (e.g., does this mean the
first time of reaching the point d?). Thus, it is not clear what boundary conditions
the Green’s function should correspond to.

It was assumed in [8] that the correct boundary conditions are those that corre-
spond to the optical impedance at the boundary of the object. Under this condition
and with the perfect focusing assumption, a reconstruction algorithm was applied
that showed sufficiently sharp internal reconstructions of the absorption coefficient
WUq (although the quality was lower than in the AET case). It was also shown in [§]
(see also the acknowledgments there) that (formally computed) Fréchet derivative
of the forward mapping is a semi-Fredholm operator in natural function spaces.
However, injectivity of this derivative was not shown. Thus there are so far no local
injectivity results.

Some controversy surrounds the usage of coherent light. It is claimed in engi-
neering literature [141] that the signal from ultrasound modulation in the case of
incoherent light could not be detected so far. However, there already are some math-
ematical studies of UMOT using incoherent light [25].

Synthetic focusing in UMOT is possible. However, while the spherical waves
should still do the job, the use of planar waves and the consequent inversion of the
Fourier transform seems to be not an option here, due to the presence of the square
of the acoustic power A(x) in the measured functional.

7 Why the Improvement? Inverse Problems with Interior
Information

The examples of AET and UMOT show how acquiring interior (i.e., attached to
the internal locations) information stabilizes the utterly unstable inverse problems.
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This is an example of a folklore meta-statement: “appropriate” internal information
stabilizes the severely unstable problems like diffused OT or EIT.

This issue was studied in detail in [16, 18, 23], where several internal information
functionals arising in applications (including those described above) were studied.
Different functionals required sometimes different techniques. There is a feeling
though that there might be an answer to a general question: What kind of a function
F(D(x),0(x),u(x), Vu(x)), if known, stabilizes the inverse boundary problems
for

—V-Dx)Vu+ou=0?

A rather general answer was just given in [81]. Under some reasonable condi-
tions on the functional, which cover all cases we have considered here, it is shown
that the Fréchet derivative of the forward mapping is a semi-Fredholm operator.
This explains why the observed improvement in stability occurs. Together with lo-
cal uniqueness (which probably need to be proven individually in each case), this
also gives local uniqueness and stability.
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On Fermat-Type Functional and Partial
Differential Equations

Bao Qin Li

Abstract This paper concerns entire and meromorphic solutions to functional and
nonlinear partial differential equations of the form a; f™ + a>g" = a3 with function
coefficients ag, k = 1,2, 3, where f and g are unknown functions or partial deriva-
tives of an unknown function. We will discuss some recent results and also give,
among other things, some new results on these equations.

1 Fermat-Type Equations

This paper concerns entire and meromorphic solutions to functional equations of
the form

ar fP+axg? =az (D

and nonlinear partial differential equations
aiu?, + apu?, = a3, )

where the coefficients a; are given functions, and f, g, u are unknown. Complex
solutions to such equations over some commonly studied function fields have been
investigated by many authors, and there is an extensive literature on these equa-
tions and generalizations as well as connections to other problems (see [1, 4-6, 15—
17, 19, 21, 24, 27], etc. and various references therein). These equations clearly
contain the Fermat equations f” + g” =1 as special cases. A classic result due to
Montel [19] (see [13] for a simpler proof) states that entire solutions f, g of the
Fermat equation f? 4+ gP =1 (p > 3) are necessarily constant. The Fermat theo-
rem of this type for polynomial or rational function solutions to these equations and
relations to the so-called ABC theorem can be found in [6, 14], etc. These results
are also related to the geometric fact that the surface x” 4+ y” =1 is a Kobayashi
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hyperbolic manifold when p > 3, which implies the nonexistence of nonconstant
entire holomorphic curves to the manifold (see, e.g., [21]). This also has a striking
similarity with the Fermat last theorem in number theory. While the Fermat equation
xP + yP =1 when p > 3 does not admit nontrivial solutions in rational numbers by
Fermat’s last theorem [25, 26], the equation when p =2, i.e., x4+ y2 =1, does ad-
mit nontrivial rational solutions. While the equation f?” 4+ g” =1 when p > 3 does
not admit any nontrivial entire solutions, the equation when p =2, i.e., f 24 g2 =1,
does admit nonconstant function solutions over some commonly studied function
fields. Taking f = u;, and g = u,, in the functional equations f” + g” =1, we
then have the Fermat partial differential equations (p > 3) and the eikonal (eiconal)
equation (p = 2). These partial differential equations in real variables, especially the
eikonal equation and its generalizations arise in wave propagation, geometric optics,
quantum mechanics, general relativity, etc. The nonexistence of nontrivial entire so-
lutions to the Fermat equations f? + g” =1 when p > 3 immediately implies that
the Fermat partial differential equations have no nonlinear entire solutions. In spite
of the failure of the above result for entire solutions of the functional equation when
p = 2, the eikonal partial differential equation still has no nonlinear entire solutions
in C2, and this result can be obtained from many results of different nature (see
[8, 11, 15-17, 20], etc.). For instance, we obtained in [17] the following:

Theorem 1 Meromorphic solutions f, g of f*>+ g*> =1 in C? are constant if and
only if f, and g, have the same zeros (counting multiplicities).

If we let f =u;, and g = ug,, then f,, = g, (=uz,z,), and thus the condition in
Theorem 1 is trivially satisfied, which immediately implies that entire or meromor-
phic solutions of the eikonal equation u%l + ugz = 1 must be linear.

We give another proof of this result using a theorem in our paper [16]:

Theorem 2 Let u be a meromorphic function in C%. Then its partial derivatives u 21
and u,, have a common right factor (in the sense of composition) if and only if u is
a linear function, or u = c121 + f (22 + ¢221), where f is a meromorphic function
in the complex plane such that ' is nonlinear, and c| and ¢y # 0 are two constants.

Now suppose that u is a meromorphic solution of u? +u?, = 1. Note that f> +
g?=1 implies that (f +ig)(f —ig)=1and thus f +ig=qgand f —ig= 5 for
some meromorphic function g. That is,

1 1
f= 5(61“1‘6]71) = 5(24—27]) oq,
3)
e=2(a-a)==(z—")oq
2i 2i '

Thus, the partial derivatives u;, and u, have a common right factor. By Theorem 2,
if u is nonlinear, then u = ¢1z; + h(z2 + ¢221), where A’ is nonlinear, and ¢; and
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¢y # 0 are two constants. Thus, from the given equation it follows that
_ 2 2
O=u; +u;,—1
2 2
={a+ah@+an)) +{F(+am} -1
={(c1 + cow)r +w? — 1} o' (z2 + c221).

However, this composite function is clearly a nonzero function, a contradiction.
Thus, u must be linear. This result for entire solutions of the eikonal equation was
first proved in [11], and the same result for meromorphic solutions was given in [20]
(the proof in [20], however, appears to contain an error in using the method of char-
acteristics for partial differential equations).

These studies naturally extend to more general settings such as f7 + g? =1 for
different positive integers p, g and a1 f? + axg? = a3 over function fields. For in-
stance, the nonexistence of nonconstant entire solutions is still true for f7 + g7 =1
when % + % < 1 (due to a theorem of Cartan, see, e.g., [4]). It was shown in [5]
that meromorphic solutions to the equation f” + g” =1 reduce to constant when
p >4, and it was shown in [27] that the relation a fP + apg? = 1 with coeffi-
cients a;, which grow more slowly than f, g, cannot hold for meromorphic solu-
tions f, g when p,q > 3 unless p = g = 3, which was then improved for entire
solutions [24] when l} + L1 < 1. All these results will be contained and unified in
a result (Lemma 1) presented below with a short proof, which will then be applied
to prove a result (Theorem 4) on entire and meromorphic solutions of (1) and (2).
In doing this, we also give a theorem (Theorem 3) on relationships between Nevan-
linna characteristics of meromorphic functions and those of their partial derivatives,
which is of independent interest.

2 Some Preliminaries

We will need some notation and facts from Nevanlinna theory (see, e.g., [22] and
[23]) such as the counting function N(r, 1/f) (resp. N1 /f)) for the zeros of a
meromorphic function f in C" counting multiplicities (resp. without counting mul-
tiplicities), the proximity function m(r, f), the Nevanlinna characteristic function
T(r, f):=m(r, f)+ N(r, f), the Nevanlinna first fundamental theorem:

T(r, ! ): T(r f)+ 0(1)
f—a

for any complex number a, the Nevanlinna second fundamental theorem:

3
- 1
T, f) §;N<r, f—aj) + 5@, f)
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for any three distinct values a; € P, and the logarithmic derivative lemma:

m(r, %) =S(r, ),

where S(r, f) denotes a quantity satisfying that S(r, f) = o{T (r, f)} as r — o0
outside a possible exceptional set of r of finite Lebesgue measure, if f is noncon-
stant. Let us also recall that the order p(f) of a meromorphic function f is defined
as

logt T
p(f) = limsup & L")
r—00 logr

A meromorphic function f in C" is of finite A-type if T'(r, f) < AA(Br) for some
constants A, B > 0 and large r, where A : R — R is a nondecreasing growth
function. Finite A-type generalizes the traditional concept of finite type for which
A =rP(p > 0). If L =logr, then an entire (meromorphic) function f is of finite
A-type if and only if f is a polynomial (rational function). If A is a constant, then
an entire (meromorphic) function f is of finite A-type if and only if f is a constant.
We refer to [12] for an extensive study of finite A-type functions.

3 A Comparison on Characteristics of a Meromorphic Function
and Its Partial Derivatives

We give in this section a comparison result on Nevanlinna characteristics of a mero-
morphic function and its partial derivatives, which will be needed in proving The-
orem 4 on entire and meromorphic solutions of (1) and (2). Theorem 3 and Corol-
lary 1 below are more than what we need for the proof of Theorem 4. We include
them as stated due to their own independent interests.

In one variable, it is well known that T'(r, f) can be bounded by T (r, f') ([2],
[28], p. 93): If f is meromorphic in C with f(0) # oo, then forr > 0and 7 > 1,

T(r, f) < C{T(zr, f') +log" r +1log™ | £ (0)| + 1}, 4)

where C > 0 is a constant depending only on 7. It is easy to see that this result is
false for meromorphic functions f in C" when n > 1 if f’ is replaced by a partial
derivative of f. For example, consider the function f = e®"' + %2 in C2. It is clear
that its characteristic 7 (r, f) cannot be bounded by the characteristic 7' (r, f;,). In
fact, f has infinite order, while its partial derivative f;, = e* has order 1.

It turns out that we have the following comparison theorem in C", which coin-
cides with (4) when n = 1:
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Theorem 3 Let f be a meromorphic function in C" and analytic at 0. Then for
r > 0and t > 1, we have that

T(r, f)= C{Z T(tr, fz;) +1ogt r +1log" | f(0)| + 1 +1logn ¢,
j=1

where C > 0 is a constant depending only on t.

Proof Let { = (1,82, ..., ¢&,) be a unit vector in C". We denote f|(z) = f(¢2):
C — C, the lifting of f to the plane via the map z — ¢z. Note that

d
d—f‘ @ =8 ale@+ -+ Cnfz1e ().
e

Thus, using the arithmetic properties of the characteristic function, we deduce that

d n
T<r, d—Zf‘ ) < ZT(r, Jzjle) +logn.
¢ j=1

Applying (4) to the one-variable function f|., there is a constant C depending
only on 7 (it is important that the constant C in (4) depends only on t so that it is
independent of the vector ¢) such that

d
T(r, flg) < C{T<rr, d—zf‘ ) +log* r +1log* | f(0)] + 1}
¢

n
< C{ZT(‘L’}’, foile) +1ogt r +1log" | f(0)] + 1 —Hogn}.
j=1

We next use the following result (see [12], p. 335): If f is meromorphic in C" and
analytic at O with f(0) # 0, then T'(r, f) = fS T(r, fl¢)dn, for r > 0, where S is
the unit sphere, and the integral is normalized so that [ s dn; = 1. Assume for the
moment that

J©0) fz,(0) f,(0) - - - fz,(0) #0.

Then we can apply this result to f, f;,, fz,, .., fz, to deduce that

T, f>=/ST<r,f|;>dn;

SC{Z/T(”’fzf"w’k+1°g+r+log+|f<0>|+1+1ogn}
j=1"%

= C{ZT(W, fo) +logtr +logt | £(0)] + 1 +logn}. (5)
j=1
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Thus, the theorem holds in this case. Now, if
f0) f2,0) f2,(0) - - f2,(0) =0,
then we can choose constants a; with |a;| < 1 so that
F:=fH4aizi +axzo+ - +ayz, +ao,

which is f plus a linear function, satisfies the condition

F(0)F;, (0)F,(0)--- F,, (0) #0.
Then we can apply the already proved result (5) for F' to obtain that

n
T(r,F)<C Z T(tr, F;,) +logtr +log" |[F(O)|+1+lognp.  (6)
j=1

On the other hand, in view of the fact that |a;| < 1 and by the arithmetic properties
of the characteristic function, we have that

|F(O)] =[£(0) +ao| <|fO)]+1, )
T(r,F;)=T(r fz; +aj) <T(r, fz;) +1og2, ®)

and when |z| <r,

logt|a1z1 +axza + -+ - + @z + ag|

<log™(nr 4+ 1) <log*r +logn +log?2,
which implies that
T(r,a1z1 +axz2 + -+ anzn + ap) <log® r +logn + log2
and thus that

T(r,f)=T(r,F — (@121 + @222+ - + anzn + a0))
<T@ F)+T@,a1z1 +axzo+ -+ anzy + ap) +log?2
<T(, F)+logtr+4logn+2log2. )

Now, by (9), (6), (8), and (7), we deduce that

n
T(r. f) <Ci\ Y _T(tr, f.)) +log" r +log* | £(0)| + 1 +logn |,
j=1

where Cj is a constant depending only on t. This completes the proof. g
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In one variable, it is well known that f and f’ have the same order. This is false
in C" when n > 1 for f and one of its partial derivatives, as we see from the example
preceding Theorem 3. However, Theorem 1 enables us to give the relation between
the order of f and the orders of its partial derivatives as follows.

Corollary 1 If f is meromorphic in C", then p(f) = maxi<j<a{p(fz;)}.

Proof We may assume that f is nonconstant. Denote o := maxi<;<n{0(fz;)}.
First, suppose that 0 < +o00. Then for any ¢ > 0, T'(r, f;;) < r°*¢ for large r and
each 1 < j < n. Without loss of generality, we may assume that f is analytic at 0.
(Otherwise, we may consider the function F(z) := f(zo + z) for some z¢ at which
f is analytic. The characteristic of F and that of f differ by a constant multiple
(see, e.g. [12], p. 335]), and thus f and F have the same order.) By Theorem 1 we
obtain that

logT(r, f) < (0 +¢&)logr+ O(1)

for large r. Thus, p(f) < o. To show that o < p(f), we use the logarithmic deriva-

P Zj

tive lemma: m(r, =) = o{T (r, f)} outside a possible exceptional set of r of finite
Lebesgue measure, from which it follows that

T(r, fz;) =N, fz;) +m(r, fz;)

SN(r,fz,-)—lrm(r, %)er(r,f)SCT(r,f) (10)

for large r outside a possible exceptional set, denoted by E, of r of finite Lebesgue
measure, denoted by /, where C > 0O is a constant. If r € E, then there existsar| ¢ E
withr <rj and r; —r <[+ 1 since the measure of E is /. Then by (10), which holds
at r1, we have that

T(r. fo) <T (1. f)) CT(r, /) <CTG+1+1, f)

for large r. Combining this with (10), we see that for large » without any exceptional
set, we always have that T (r, fzj) <CT(r+1+1, f). Hence,

log™ T(r, £,
p(f.)) = limsup 25 L J2)

r—00 logr
T log" T(r+1+1, f)+log" Clog(r +1+1) o)
=P log(r +1+1) logr =P

Therefore, o < p(f). We thus have proved that o = p(f) when o < +o00.
If 0 = +o0, then it is easy to deduce from (10) that p(f) = +oo. Thus, we also
have that o = p(f). This proves the theorem. O
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4 Solutions of (1) an (2)

Lemma 1 Let a1, a», and az be nonzero meromorphic functions in C", and my, m»
3 P

positive integers satisfying that m% + % < 1. If f1 and f> are meromorphic solu-

tions of the equation a\ f"' + ay f,'* = az in C", then for j = 1,2,

az

T(r, fj) <C;N(, f) + O{T(r, Z—;) + T<r, ;>} +S0r £, (D)

where Cj = —————
Lm0 =)

Proof Since Z—; lm Iy Z—’;‘ M2 — 1, we have by Nevanlinna’s first and second funda-

mental theorems that

az
+ T(r, —)} + S(r, f1)
az

Y 1 m 1 m a
SN(r,f1)+m—1T(r, | 1)—i-m—zT(r, 22)+O{T(r, a—1>+T<r,—>}

+ 8@, f1)

- 1 m 1 m a a
§N(r,f1)~|—m—lT(r, ] l)—i—m—2T(r, ] 1)—I—O{T(r, a—l)+T(r’ —2>}

+ 8@, f1),
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which implies that

T(r, fi) < ————=NC fi) + 0{T<r, a—1> +T<r, a—2>} + 8@, f1).
mi(l =5 =) a3 a3

The same conclusion holds for 7' (r, f2). This proves the lemma. O

Remark 1 The main feature of Lemma 1 is the explicit constant C;. It allows us
to treat both entire and meromorphic solutions in a precise way and implies/unifies
various known results. B

(a) If f; is entire, the term N (r, f;) disappears in (11) so that the growth of f; is
controlled by that of the coefficients whenever m% + m% < 1. Thus, Lemma 1 gives
the results of [19, 24] mentioned above. The condition le + mLz < 1is precise in that
the lemma fails when le + m% =1,i.e.,,mi = my = 2, since there are transcendental

entire solutions f =sinh, g = cosh to the equation f 24 ¢2=1, where h is any
nonconstant entire function. Even so, such an estimate is still possible when m| =
my = 2 under certain conditions (see [15]).

(b) When my > 3,mp > 3 with (m1,m3) # (3,3), it is easy to see that C; =
< 1 and thus that

TG f) < O{T<r, ﬂ) + T(r, 9)} +5G f5).
as as

Hence, the growth of f; is controlled by that of the coefficients of the equation;
for instance, if the coefficients a;(1 < j < 3) are constant, then it is immediate to
see that T'(r, f;) = O(1), i.e., the solutions fi, f> are constant. Thus, it gives the
results of [5, 27] mentioned above. The constant C; in Lemma 1 is precise in the
sense that the conclusion of the lemma fails when (m, m>) = (3, 3), since there are
transcendental meromorphic solutions f, g (given by Weierstrass elliptic functions)
to the equation f3 4 g3 =1 (see [1]).

(c) The constant C; also allows us to treat the case where one of m1, m; is equal
to2.Itisclearthat C; <1 whenm| >4, my=2orCy <1 whenmy >4, m; =2,
which, in particular, implies that meromorphic solutions to f;"' + f;"*> =1 must
reduce to constant for these m, m;. In the cases m; =2, 3,4 and mp =2 (or mp =
2,3,4 and m; = 2), nonconstant meromorphic solutions to flm P+ me 2 =1 may
exist.

When m| = my =2, the entire functions given in (a) or the meromorphic func-
tions f, g given in (3) provide such an example. When m| = 3, m> = 2, one may

1
mi( =~ my)

choose the periods of a Weierstrass elliptic function g so that f = —4%&) and
g =i’ satisfy the equation >+ g2 =1 (see, e.g., [10]). When m| =4, my =2, one
may also choose the periods of a Weierstrass elliptic function g such that f = 2%

and g = g’ satisfy f*+ g2 =1 (see, e.g., [9], p. 974).

We next prove the following result using Lemma 1, Theorem 3, and Corollary 1.
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Theorem 4 Let ay, ar and a3 be nonzero meromorphic functions in C?, and D,q
two positive integers satisfying that p > 2, q > 2 with (p,q) # (2,2). Let u be
an entire solution of the nonlinear partial differential equation aju fl + a2u§2 =a3
in C2. Then u must be of finite Li-type (resp. finite order < p or linear) if ai, az, as
are of finite A-type (resp. finite order < p or constant), where A1 = A + logr.

If p=3, g >3 with(p,q) #@B,3)orp=2, g >4o0rq=2, p>4,then the
above conclusion also holds for meromorphic solutions u.

A similar statement holds for functional equations a; f? +axg? = az with A = A
(cf. the proof below). Note, however, that for partial differential equations in Theo-
rem 4, A1 cannot be replaced by A, as seen from the entire/meromorphic solutions u
of the eikonal equation u%l + u%z =1, where the coefficients a; are of finite A-type
with A being constant, while u is linear, which is of finite log r-type. The term logr
comes exactly from the same term on the right-hand side of the inequality in Theo-
rem 3.

Proof Since f =u; and g = u,, are entire solutions of the functional equation
ai f? 4+ ayg? = a3, by Lemma 1 (cf. Remark 1) we have that

3
T(r, f)-i—T(r,g):O{ZT(r,aj)}+0(1) (12)

j=1

outside a possible exceptional set, denoted by E, of r of finite Lebesgue measure,
denoted by /. If the functions a; (1 < j < 3) are of finite A-type, then there are

positive constants A and B such that Z?:l T (r,a;) < AL(Br) for all large r. Thus
by (12), for large r outside the exceptional set E, we have that

T(r, f)+T(, g) <CA(Br) 13)

for some C > 0. If r € E, then there exists anr; ¢ E withr <ryandr; —r <[+ 1.
Thus, by (13), we have that
Tr, H+T, g <T@, )+T(r1,8)
< CA(Bri) <CA(B(r+1+1)) < CA(2Br)

for large r. This, together with (13), yields that
T(r,f)+T(r,g) <Cr(2Br) (14)

for all large r without exceptional sets of r. This shows that f =u,, and g = u,,
are of finite A-type. Without loss of generality, we may assume that u is analytic at
0 (otherwise, we may consider g(z) := u(go + z) for a ¢ at which u is analytic; cf.
the proof of Corollary 1). Then by Theorem 3 we deduce that u is of finite A;-type,
where A; = A +logr.
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If the functions a; (1 < j < 3) are of finite order < p, then for any ¢ > 0,
Y T(r.aj) <ro* for large r. By (12),

T(r, f)+T(r,g) <Cr°te (15)

for large r outside the exceptional set E. If r € E, then for an r| &€ E with r <ry
and r; —r <[+ 1 as above, we have that

T, f)+Tg) <T@, f)+T@r1,8) <Cr+1+1)71 <Cotepote

for large r. This inequality is also true for r ¢ E by (15). Thus, f =u;, and g = ug,
are of finite order < p, too. Then by Corollary 1, u is of finite order < p.

If the functions a; (1 < j < 3) are constant, we then have that T'(r, f) +
T(r,g) = O(1) by (12), which implies that f = u;, and g = u,, are constant, and
thus u is linear.

The conclusions of the theorem for meromorphic solutions u of the partial dif-
ferential equation under the given condition on p, g may be shown in exactly the
same way as above in view of the fact that in these cases, C; < 1 in Lemma 1 (cf.
Remark 1). U

S Some Variations of the Eikonal Equation

As is well known, there is no foolproof ways to solve general nonlinear partial
differential equations To conclude the paper, we discuss some variations of the

eikonal equation u + u =1, which present and illustrate different treatments.

First, take the equatlons u T+ u =u? and u2 + u2 = u? as examples. The first

one can immediately reduce to the functional eqluatlon satisfying the condition in
Theorem 1: f2+ g2 =1, where f = MLT] and g = ‘2 satisfying that f;, = g;,. Thus,
f, g are constant by Theorem 1, which implies, by integration, that u = ce€1%1 7222,
where ¢y, c2, ¢ are constants satisfying that c% +c2=1 (see also [17] and [7]).
However, the second partial differential equation cannot be treated in this way. Nev-
ertheless, if # is a meromorphic solution of the equation u .+ u u”", it is easy
to see that

nT(r’u): ( ) (ru +u ) m(r,u?l+u§2)+N(r,u§|+u§2)
2
z

o

<2m(r,u) +4N(r,u) + S, u)

+
2 >+m(ru)+4N(r,u)

by the logarithmic derivative lemma. When u is entire, the term N (r, u) disappears.
Thus, the above inequality clearly implies the following:

Proposition 1 The partial differential equation u Lt u = u" has no nonzero en-
tire solutions when n > 2 and has no nonzero meromorphtc solutions when n > 4.
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The condition on n is precise since the result fails when n = 1, 2 for entire so-
Iutions and also fails when n = 1, 2, 3, 4 for meromorphic solutions. When n = 1,
u= %(z% + z%) is an entire solution. When n = 2, an entire solution was given

Ne

z1+z22

above. Whenn =3, u = ﬁ is a meromorphic solution. When n =4, u =
1 2
is a meromorphic solution.
We next consider the nonlinear partial differential equation of tubular surfaces
(see, e.g., [3], p. 27 and p. 95)
uz(u2 +u? —|—1)=1, (16)

21 22

or u%l + u%z = ulz — 1. The two-parameter family of the spheres (x — a)? + (y —

b)? 4+ u?* =1 is a complete integral of the equation uz(u)% + u§ + 1) = 1. The en-
velopes of one-parameter family of spheres of radius 1 whose center moves along a
curve y = w(x) in the x, y plane are tubular surfaces whose axis is y = w(x). The
equation clearly has solutions u = 1, —1. We will show that they are the only entire
(meromorphic) solutions. This can be proved in different ways. The method used
below applies to the following more general partial differential equations

PQu,uz i, .. Uz Ugyzys Uzizgs - )OQW Uz oo Ugy  Ug gy Uz - ) =1 (17)

in C"*, where P and Q are any nonconstant polynomials in « and its partial deriva-
tives of arbitrary orders (P and Q can have slowly growing coefficients) with

PO, uz ... Uz, Uzyzys Uz iz, .. ) =0.

A special example is P = u™, m > 1. Thus, (16) is a very special case of (17).

Suppose that « is an entire or meromorphic solution of (17). We use the following
result in [18] (Lemma 2): f £ log™ %TI = S(r, f) for any nonconstant meromorphic
function f in C" and any nonconstant polynomial P in f and its partial derivatives,
where E is the set of ¢ on the sphere S, in C” with radius r and centered at the origin
such that | f(¢)| <1 and 5 is the volume form on the sphere normalized so that the
total measure of the sphere is 1. Then by (17) and the definition of the proximity
function m(r, f) (cf. [18]),

1 1 P
m(r, — fflogJ“—nz/logJr ro n
u? E u? E u u
P
< / log™ —17 +f tog* 2y = 50w,
E u E u
where the set E is defined as above with |#(¢)| <1 on E. But, by (17) and the as-

sumption on P we see that u does not vanish. Thus, N (r, ul_z) = (. We then obtained
that

2T (r,u) = T<r, iz) +0(1) :m(r, %) +N<r, %) =S(r,u),
u u u

which implies that u is a constant. Substituting # into (17), we obtain the following:
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Proposition 2 If u is a meromorphic solution of (17) in C", then u must be a con-
stant c satisfying that

P(,0,...,0,...)0(c,0,...,0,..)=1.

In particular, the meromorphic solutions of (16) in C2 are exactlyu =1 andu = —1.
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An Analogue of the Galois Correspondence
for Foliations

Bernard Malgrange

Abstract For transverse parallelisms without first integral, I give a result similar to
the Galois correspondence in the differential Galois theory of Kolchin.

1 Introduction

In this note, I discuss a few simple remarks on the “nonlinear differential Galois
theory,” as developed in [3] and [4]. A different theory, essentially equivalent, is due
to Umemura [8, 9].

For simplicity, I limit myself to a special, but important case, the “transverse
parallelisms”; see definition in Sect. 3. This case permits also a comparison with
the theory of “strongly normal extensions” of Kolchin [2]. In a preliminary section,
I review some facts on (algebraic) parallelisms. I have tried to make this note as
independent as possible of [3] and [4], and as an introduction to these papers.

2 Parallelisms

2.1 Let X be a smooth and separated algebraic variety over C. Unless explicitly
stated, I suppose that X is irreducible.

Let n =dim X, and let L be a Lie algebra over C of dimension n. Denote by 0x
(resp. §2x) the sheaf of vector fields (resp. differential 1-forms) on X. By definition,
an L-parallelism on X is a linear map u : L — I' (X, 0x) verifying

(i) u has constant rank n on X;
(ii)) u commutes with the brackets (the second one is, of course, the Lie bracket on
vector fields).

To the memory of my friend Leon Ehrenpreis.
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Let M = L* be the dual of L, with differential d: M — AZM equal to minus the

transpose of the bracket of L. It is equivalent to give a map M s r (X, 2x) of
constant rank » and commuting with the differentials. It is also equivalent to give a
form 2 € I' (X, £2x) ®c L with the obvious condition of rank and the integrability
condition d§2 + [$2, 2] = 0.

The standard analytic description of this situation is the following: let X" be
the analytic variety defined by X, and X4 its universal covering with base-point
a € X(C). Let also G be a connected Lie group over C, whose Lie algebra Lie G is
isomorphic to L. Then, the foliation of G x X given by the components of dgg ™' +
£2 gives a “developing map” X" > G (defined up to right multiplication by G)
and a monodromy map 7y (X9 a) — G, which are the basis of the study of the
given parallelism.

This situation has been much studied (and also its generalization with G replaced
by a homogeneous space G/H. For simplicity, I will not consider this case here).
But, as far as I know, the corresponding algebraic case seems to have been little
studied. There are several differences.

(a) L is not necessarily the Lie algebra of an algebraic group. In the traditional
terminology, the “third fundamental theorem” is not true in algebraic context. How-
ever, one has a weaker version.

Theorem 1 For any Lie algebra L over C, there exists an algebraic L-parallelism.

This theorem is due to Deligne; see the proof in [4], Appendix B. A simple ex-
ample is the following (loc.cit.): let L be the three-dimensional Lie algebra defined

by [&,n] = —An, [£,¢] = —ug, [1,¢] =0, with Au # 0, A/u ¢ Q. One verifies

easily that L is not the Lie algebra of an algebraic group. However, one has an

L-parallelism on C3, with & = % + ky% + uz%, n= %, = %.

(b) Suppose that L is the Lie algebra of an algebraic group G that we can suppose
to be connected.

Then, on G x X, we can consider again the foliation defined by d gg’1 + £ or,
equivalently, the connection form g~ 'dg 4+ adg™' 2.

It would be equivalent to consider any flat G-connection IT on G x X (G is
supposed to act on the right) and a section X — G x X transversal to the foliation
defined by I7. In general, this situation is not easy to describe.

[For instance, for G = Gl(n), we would need a generalization of Riemann—
Hilbert correspondence to irregular singularities at infinity, plus conditions for the
existence of a transversal section. ]

2.2 From now on, I will work birationnally on X, i.e., I will replace freely X
by a (Zariski) open dense set; a “parallelism” on X will mean a parallelism in the
preceding sense on an open dense set U; and I will identify two parallelisms on U
and V if they coincideon U N V.
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Now, if (L, £2) is such a parallelism on X, I define the pseudogroup Z associated
to (L, £2) as the pseudogroup on X fixing £2.

For a precise definition of algebraic pseudogroups, see [4]. But, here it is suffi-
cient to say that the solutions (algebraic, analytic, or formal) of Z are the leaves
(algebraic, etc.) of the foliation Fz on X x X defined by the coefficients of
P>$2 — pi 82, (p1, p2) the projections X x X — X.

For simplicity, I abbreviate the notations, denoting by x, w, etc. the objects on the
first component of X x X and x, o, etc. the same object on the second component.
So the foliation F is defined by Q-0 equivalently, if &1, ..., &, isabasisof u(L),
this foliation is defined by &1 + &1, ..., &, +&,.

Now, denote by C(X) the field of rational functions on X, and the same for
X x X. Note that C(X), equipped with &, ..., &,, is a “field with operators” in
the sense of Bialynicki-Birula [1], but not a “differential field” in the sense of
Kolchin [2], since the &;’s do not commute in general. Therefore, we cannot use
here the theory of “strongly normal extensions” of Kolchin, but we can use its gen-
eralization by [1]. This gives the following theorem.

Theorem 2 Let (X, L, 2) be a variety equipped with a parallelism. With the pre-
ceding notations, let C(X x X). C C(X x X) be the field of “first integrals” or
“constants” of Fy (i.e., the f € C(X x X) verifying (& +&)(f) =0 (1 <i <n).
Then, the following conditions are equivalent:

() (X, L, ) is birationally equivalent to (X,Lie G, g~'dg) for some algebraic
group G.

(i) C(X x X) is generated by C(X) ® 1 (= the functions of the first variable) and
C(X x X)e.

Of course, (i) = (ii) is trivial. The converses uses mainly the birational charac-
terization of algebraic groups due to A. Weil. See [1].

Remark I The conditions of Theorem 2 imply that the foliation Fz is “algebraically
integrable”, i.e., Fz is determined by its first integrals.

The converse is false: if X ~» G is a finite rational morphism, the pull-back of
the standard parallelism on G is a parallelism on X, and the corresponding foliation
is algebraically integrable. I do not know if the converse is true.

More generally, in all the examples that T know, spec C(X x X). admits a natural
structure of birational algebraic group, but I have no general proof of this fact.

Here is a simple example. I will have to use the following theorem of Rosen-
licht [6].

Theorem 3 Let X be an algebraic variety, and let & be a vector field # 0 on X.
Consider, on X x C, the vector field & + f%, f € C(t), f#0. Then this vector
field has no first integral depending on t (i.e., it has the same first integrals as &),
except perhaps in the following cases:
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(i) +=¢"g€C);
(ii) +=c&, ceC geC).

Takes now X = C and put £ = f%, feCx), f#0.0n X x X, the foliation

Fz is given by f(x) % +f ()E)%. If we are not in the exceptional cases, this vector
field has no first integral except the constants. Iterating, we find also that on C”, the
vector field X' f (x;) % has no first integral except the constants. On the other hand,

if lf = g/, then g(x) — g(x) is a generator of C(X x X),. It has obviously a structure

of (birational) additive group. The case % = c% is similar, with the multiplicative

group.

2.3 The pseudogroup Z has a Lie algebra, more precisely a D-Lie algebra, i.e.,
a system of linear PDEs on 0y, whose space of solutions is stable by Lie bracket.
Explicitly, this system is given by Lg§2 =0, L the Lie derivative.

This D-Lie algebra should not be confused with u(L). It is a D-Lie algebra,
whose (analytic) solutions are not necessarily rational. The relation between both
is the following: suppose, by restricting X, that u has constant rank. Then, take
a € X (C). There is an obvious isomorphism of the tangent space 7, with L. On the
other hand, one verifies that the projection on 7, gives an isomorphism with 7, of
the space of formal solutions at @ of Lie Z. Now, the two Lie algebra structures on
T, that we have obtained are not equal, but opposed.

To prove this, it is sufficient to consider the case X = G with a = e (the general
situation reduces to this one by considering a germ at a of developing map, in the
analytic context). Now the first isomorphism (resp. the second) is the isomorphism
of T, with the right-invariant (resp. the left-invariant) vector fields.

Here is a simple example, already considered in [4]. Take X = C? with the paral-
lelism given by {3%, % - y%} or, equivalently, by the dual basis {dy + y dx, dx}.
The D-Lie algebra is given by Lgdx = Lg(dy + y dx) = 0. A base of solutions is
%, e " aa_v; this is not algebraic.

On the other hand, there is no pseudogroup Z on C? such that Lie Z has exactly
{%, % — ya%} as a basis of solutions. Since these vector fields are linear affine, one
can prove the following: find such a pseudogroup would be equivalent to find an al-
gebraic subgroup of Aff(2) with Lie algebra {%, % — y‘% }. But this is impossible:
such a Lie algebra must contain the semi-simple and the nilpotent parts of % -y % ,

ie., y% and %

2.4 To end this section, a few simple remarks. They are essentially well known to
the experts; see, e.g., [7].

For X, smooth algebraic variety over C, denote by Aut X the groupoid of germs
of analytic isomorphisms (X", a) = (X", b) with a, b € X (C). Roughly speak-
ing, an algebraic pseudogroup on X is a subgroupoid of Aut X defined by algebraic
partial differential equations. The precise definition is in terms of jets: for k > 0,
let J;* X be the variety of k-jets of invertible maps X — X. A pseudogroup will be
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defined by a projective system of closed subvarieties Zx C J;*X. For precise condi-
tions, I refer to [4].

Now Z = {Z;} will be called transitive it Zgp = X x X. One proves that this
condition is equivalent to the following: after restricting X if necessary, for any pair
a,b € X(C), there exists a formal (or an analytic) solution of Z with source a and
target b.

Z = {Z;} will be called “of finite type” (some people say “rigid”) if the projec-
tions Zy41 — Zj are bijective for k > 0.

For instance, if Z is the pseudogroup associated to a parallelism on X, one ver-
ifies easily that it is transitive of finite type; the maps Z;1| — Z; are even bijec-
tive for k > 0. Incidentally, this implies that Z has no transitive strict subgroupoid
(adding equations to Z would imply to add equations of order 0).

Now, it turns out that all pseudogroups transitive of finite type on X can be repre-
sented in some suitable frame bundle of X (or “prolongation of X”’) by a parallelism.
This will be the case, e.g., for the pseudogroup of automorphisms of an affine struc-
ture, a projective structure, a Riemannian structure with constant curvature, etc. This
means that parallelisms are an important special case of Lie pseudogroups.

Conversely, given a parallelism L, say on Y, it would be interesting to see if there
exists some X with a dominant map ¥ — X such that the pseudogroup associated
to L “descend” to a pseudogroup on X. For that purpose, may be, considerations
similar to the proof of Theorem 2 could be useful. I will not look at this question
here.

3 Transverse Parallelisms

3.1 This notion is defined in terms of differential forms: let X be a smooth variety
of dimension n as before, and let M be a Lie coalgebra of dimension m < n. By
definition, a transverse parallelism of type M on X is a map M -r (X, 2x),
verifying

(i) v(M) has constant rank m on X
(i1) v commutes with the differentials.

Of course, if m = n, this is just a parallelism as considered in Sect. 2. If m < n,
it defines a foliation F' of codimension m, with a “transverse parallelism” (roughly
speaking, a parallelism on the transversals to F', invariant by the flow, or holonomy,
of F).

We will be interested in the transverse parallelisms which have no rational first
integral except the constants (I recall that, we work birationally on X). We call these
parallelisms “transitive,” since their differential Galois pseudogroup (see definition
below) is transitive. Note that, if m = n, the parallelism is never transitive.

Let L be the Lie algebra dual to M, and let L’ be a Lie subalgebra of L. This
is equivalent to give M’ = L'* verifying dM’' C M’ A M (I call this a “coideal”
of M). Given a parallelism (M, v) on X, L’ (or M’) defines a foliation G to X,
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bigger than F (i.e., the leaves of G contain those of F'). Now we have the following
simple, but important observation.

Proposition 1 Suppose that the parallelism (M, v) transitive, and denote by F the
corresponding foliation. Then, all the foliations G of X bigger than F are obtained
in this way.

Let G be such a foliation; let N be the conormal bundle of the foliation [with ba-
sis v(M)], and let N’ C N the subbundle defined by G. Then N’ is an F-transversal
structure, i.e., N’ is stable by the vector fields tangents to F. On the other hand,
(M, v) gives a canonical trivialization N >~ X x M.

I claim that N’ is compatible with this trivialization; in other words, there exists
a subspace M’ of M such that, in the preceding trivialization, one has N' = X x M’.

We can suppose that condition (i) is satisfied on the whole X. Choose a € X (C),
and choose a decomposition N(a) = Nj(a) @ Na(a) such that N'(a) is the graph
of a map Ni(a) - Nz(a). The preceding trivialization extends this decomposition
to a decomposition N = N| @ N;, and a decomposition M = M| & M,, with N; =
X x M;. For a general b € X(C), N'(b) is the graph of a map Nj(b) — N, (b).
Finally, we obtain a rational function X ~~ Hom(M1, M>), stable by the vector fields
of F. Therefore this map is constant.

Now the fact that M’ = N’(a) is a coideal of M follows from the Frobenius
condition on G.

3.2 We will give now some extensions and comments of the preceding result. Here
is a first extension in a “tannakian” spirit. Let again (M, v) be a transitive transverse
parallelism; let F' be the corresponding foliation, and N the conormal bundle. Call
“construction on N a direct sum P of a finite family N®” @ (N*)®¢ and denote
by Q the corresponding construction on M. One has a trivialization P >~ X x Q.
Now, if Q’ is a subvector space of @, X x Q' is a subvector bundle of P, stable by
the vector fields tangent to F'; and all subvector bundles of P stable by these vector
fields are obtained in this way. The proof is similar to Proposition 1.

3.3 To have a more general and systematic extension of Proposition 1, it is con-
venient to use the terminology of [3] and [4]. Given a foliation F on a variety X,
the “Galois pseudogroup of F” is by definition the smallest pseudogroup on X,
whose D-Lie algebra contains in its solutions all the vector fields tangent to F. For
the proof that such a “smallest pseudogroup, etc.” exists, I refer to loc.cit. Now,
if (M, v) is a transverse transitive parallelism on X, with foliation F, one has the
following result (loc.cit.).

Theorem 4 The Galois pseudogroup of F is the pseudogroup fixing v(M).

Let mq, ..., m, be a basis of M, and put w; = v(mw;). If £ is a vector field (al-
gebraic, analytic, or formal) tangent to F', one has (¢, w;) = 0. Denoting by L¢ the
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Lie derivative, one has Lsw; = d(§, ;) + i dw; = 0 (the first term of the second
member vanishes by definition; the second because of the expression of dw; ).

Consider now the pseudogroup Z fixing the w;’s, and denote by Z’ the Galois
pseudogroup of F. The preceding argument shows that Z’ C Z. Now, if we had
7' # Z, a transverse modification of the arguments of Sect. 2.4 would prove that Z’
contains nontrivial equations of order 0. But this is equivalent to the existence of
nontrivial first integrals. This proves the theorem.

This result reproves immediately Proposition 1 and its extension Sect. 3.2. Let,
for instance, N’ be a subbundle of the conormal bundle N, stable by the vector
fields of the foliation. Then, the pseudogroup leaving N’ stable must contain Z. If
Zy C J{X is the equation of order one of Z, this means that N’ is stable by Z;.
But Z; is the subbundle of J;*X leaving F invariant and is equal transversally to the

family of isomorphisms N (a) N (b), a,b € X(C) deduced from (M, v). This
gives the required statement.

More generally, Theorem 4 gives similarly a description of all the transverse
structures of F, and not only of the structures of order one, as in Proposition 1 and
Sect. 3.2. I will omit the details.

We can also ask the following question: given a foliation F' on X, does there
exist a “normal form,” i.e., a prolongation to some frame bundle over X, which is a
transitive transversal parallelism? The answer is a transverse analogue to the result
of Sect. 2.4. The foliation F should have no nontrivial first integral, and its Galois
pseudogroup must be “transversally finite,” i.e., its restriction on transversals must
be of finite type; see the details in [4].

If F has no first integrals but the Galois pseudogroup is of infinite type, the theory
of Lie pseudogroups gives a more or less similar normal form, but with infinite-
dimensional Lie algebras; see [7]. The intransitive case is more sophisticated; I refer
for it to [4].

3.4 Itis interesting to compare the preceding results, especially Sect. 3.2, with the
standard theory of “strongly normal extensions” of Kolchin: see [2], and also [1].

I will consider only a special case of this theory. Let G be an algebraic connected
group over C, and let p: X — S be a G-principal bundle (G operates on right).
I suppose X, S, p smooth, and S connected.

Let £2 be a G-connection on p. I recall that this means a form on X with values
on G = Lie G verifying:

(i) The restriction of £2 to the (closed) fibers of p is equal to the image of the left
Maurer—Cartan form g ~'dg (I recall that this is defined without ambiguity).

(ii) If R, is the right multiplication by g € G(C), one has RZ,‘.Q =adg™'2.1sup-
pose also the connection flat, i.e., verifying d§2 + [§2, 2] =0.

Then, if M is the dual of G, £2 defines a transverse M -parallelism on X. All the
preceding considerations can therefore be applied here.

Let us translate this situation in Kolchin’s language. Let k (resp. K) be the field
C(8) (resp. C(X)) of rational functions on § (resp. X). If we want, we can choose a
commutative basis d1, ..., 8, (p = dim ) of the derivations Derk/C (for instance,
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we take a dominant projection S — CP, and we lift the partial derivatives % of

CP). Then, (k; 81,...,8,) is a differential field in the sense of Kolchin, and 2
determines an extension (81, ..., d,) of (81, ...,8,) to X, which makes K a differ-
ential extension of k.

Suppose now that the parallelism defined by 2 is transitive. It is equivalent to say
that K, the field of constants of (K, 8y, ...,8,), is equal to k. = C. Then, we are
in the situation of strongly normal extensions. In this situation we have the Galois

correspondence (loc. cit.).

Theorem 5 There is a bijection between the subgroups G' C G and the differential
fields K’ withk C K’ C K. Given G’, K’ is the subfield of K fixed by G', and, given
K', G’ is the subgroup of G such that G'(C) fixes K'. Moreover, the connected
subgroups of G correspond to the K’ algebraically closed in K .

This result has many analogies with Proposition 1. However, it is both less gen-
eral and more precise.

(i) In the situation of Sect. 3.4, given a Lie subalgebra G’ of G, we have a foliation
F’ of X bigger that the foliation F defined by §2. If G’ comes from a subgroup
G’ C G, which we can suppose to be connected, then, may be after restricting

S, there exists Y with dominant maps X Ly —s factorizing p, and p’ is
a G’ principal bundle. If we put K’ = C(Y), the foliation F’ on X is the inverse
image of the foliation of ¥ defined by the differential structure of K’. But, if G’
is not the Lie algebra of a subgroup of G, no such “descent” exists.

(ii) Take, more generally, the situation of a transitive M -parallelism on X, and de-
note by F the corresponding foliation. Then, any Lie subalgebra of M* (or any
coideal of M) gives a foliation ' on X bigger than F. This is somewhat similar
to Theorem 5, since, from a transverse point of view, (X, F’) can be considered
as a “quotient” of (X, F). Then we have here an analogue of the Galois corre-
spondence.

But, in general, there is no corresponding “descent” for several reasons.

(a) A priori, we have nothing analogous to S. We can get one by choosing a dom-
inant projection f: X — S generically transverse to F' (in particular, dim S is
equal to the dimension of the leaves of F).

But the situation will depend strongly of the chosen projection. Take, for
instance, the transverse parallelism defined by dy — de on C2. If we take the
projection (x, y) — x, we find the situation of a strongly normal extension,
with G = G,. If we project by (x, y) — y, we find a strongly normal extension
with G = G,. If we take the projection (x, y) — t =y + x, we have no group
structure in the fibers; for instance, in the fiber t = 1, we have the parallelism
given by ”i—" +dx, or 1)‘? %, which is in the nonexceptional case of Theorem 3.

(b) Suppose that we are in the situation of (a), with an § chosen. Given a Lie subal-
gebra L’ of L = M*, it gives a foliation F’ on X bigger than F (F’ is also de-
fined by M’ = L'+ C M). But, in general there is no factorization X — ¥ — §
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analogous to (i). A necessary condition for the existence of such a factorization
is that F” is “algebraically integrable relatively to S [this is defined as algebraic
integrability, but with £2x replaced by £2x/s; equivalently, the foliation defined
by v(M’) and 25 o p, p the projection X — S, is algebraically integrable].

It would be interesting to study more systematically this situation, and in partic-
ular, to have examples of the phenomena which can occur.

3.5 Icome back to the situation of Sect. 3.4, i.e., a transitive transverse parallelism
given by a connection the G-principal bundle p : X — S; as in Sect. 3.4, I denote
by £2 the connection form.

The group G is usually called the Galois group. Another form of G is the “in-
trinsic group” G, introduced by Katz (see a discussion of this question in [5]). This
is the group over S of automorphisms of p commuting with the action of G. G is
naturally equipped with a connection deduced from £2, which makes it an algebraic
differential group.

Consider now, on the same situations, the objects of the nonlinear theory: the Lie
algebra G, the form £2 on X with value in G, and the Galois pseudogroup Z = {Z},
Zr € J, ];k X.

The relation of these objects with the preceding ones is as follows.

(a) G is the Lie algebra of G (by definition).

(b) Given s € S, the restriction of Z to the fiber X (s) is the family of automor-
phisms commuting with the action of G [follows from the form of the restriction
£2/X (s); as usual, I identify a pseudogroup to its solutions]. This is isomor-
phic noncanonically to G; the isomorphism depends on the choice of a point
x € X(s)(C).

(c) The pseudogroup associated to the differential group G (see [4], Appendix A) is
simply the subpseudogroup Z’ of Z of transformations x — X of Z commuting
with p and fixing s = p(x). The only point to verify is that the connection is
the right one. This is a statement on jets of order one; therefore, I can work in
the formal completion of a fiber of p, or also in the analytic category. A fortiori,
I can suppose the fibration trivial, i.e., X = S x G. Denote by w the restriction
of £2 to § x {e}; then, we have 2 = g~ 'dg + g~ 'wg. The pseudogroup Z’ is
given by the transformations (s, g) — (s, g) fixing £2. Writing g = y g, we find
y_idy +y~lwy =w, ordy = yw—wy. This is the equation of the connection
of G.

Now, in the general situation of a transitive transverse parallelism, or more gener-
ally, of a general foliation, the things are, roughly speaking, as follows: to the Galois
group of the classical theory of Kolchin corresponds the Lie algebra of the paral-
lelism (or, in general, the “virtual group” in the sense of [4]), and to the intrinsic
group corresponds the Galois pseudogroup.

The distinction between two versions of the “Galois group” seems to have been
considered for the first time by Vessiot [10], with his “groupe de rationalité”” and his
“groupe spécifique.’. I thank J.-P. Ramis and G. Casale for this reference.
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A Quantitative Version of Carathéodory’s
Theorem for Convex Sets

Reinhold Meise and Alan Taylor

Abstract Carathéodory’s theorem for compact convex sets K C R™ shows that
every point x of K lies in the convex hull of m + 1 extreme points of K; that is, in
the m-simplex with vertices at m 4 1 extreme points. However, it need not be the
case that if x is a positive distance away from the boundary of K, then x is a positive
distance away from the boundary of one of these simplices. Here, we show that if
K has only finitely many extreme points, then there are a finite set ¥ C dK and a
constant ¢ > 0 such that if x € K is of distance § > 0 from the boundary of K, then
x belongs to one of the m-simplices with vertices from F and is of distance at least
c6 from its boundary.

1 Introduction

Let K be a polytope in R™, i.e., a compact convex set in R” with finitely many
extreme points, say xi, ..., X,. Let us also suppose that K has a nonempty interior
so that p > m + 1. Carathéodory’s theorem implies that each point x in K can be
written as a convex combination of at most m + 1 of these extreme points. If one
is allowed to use convex combinations of all p extreme points, then a quantitative
version of this fact is also true. Namely, each x € K that is of distance greater than
8 > 0 from the boundary of K can be written as a convex combination of extreme
points

14 p
x=Y dixi, Y M=l 220 1<i<p,
i=1 i=1
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in which all of the coefficients are at least proportional to §. To see this, one can
assume that 0 € K and that the sum of the extreme points x; is equal to 0. Then if

0#x =) Aix; € K is of distance § from the boundary of K, then x* = (1 + pe)x
s s

also belongs to K, where ¢ = il > S dam ) Therefore,
* x40 p A
X = x = X = Z ( ! +8) iy
(I+pe) (A+pe) = 1+ pe)

and the coefficients in this expansion all satisfy

)»,-—i—8> e 8 - )
l4+pe ~ 14+pe  p(x|+8) ~ 2pdiam(K)’

1<i<p.

The question therefore arises if it is possible to do this using only the “correct num-
ber,” i.e., m + 1, of these points.

A simple example shows that this is not the case. Namely, if K is a rectangle in
the plane, then the center of the rectangle is of large distance from the boundary, but
it does not belong to the interior of any of the triangles formed by choosing three of
the vertices. The obstruction is that the interior of K is not the union of the interiors
of the simplices determined by 3 =m + 1 of the vertices.

There is a similar example for K in three dimensions. Namely, let K denote a
pyramid with rectangular base and one additional vertex, say at height 1 above the
base. Consider the line segment joining the center of the base to this vertex. Then
points on this line at a small distance § above the base cannot be in the interior of any
of the 3-simplices formed by taking four of the five vertices as corners. Thus, it may
not be just the “interior” obstruction that must be removed but also the “interiors of
the faces” obstruction.

However, we can prove that some finite subset of the boundary of K will work
for the quantitative Carathéodory theorem.

Theorem 1.1 (Quantitative Carathéodory theorem) Let K be a polytope in R™.
Then there are a finite set F C 0K and a constant ¢ > 0 such that whenever x € K
is of distance § > 0 from 0K , there is an m-simplex S with its m + 1 vertices chosen
from the set F such that x € S and the distance from x to the boundary of S is at
least c4.

Since Carathéodory’s theorem has a simple and elegant proof, one might expect
that this quantitative version does as well. We have been unable to find such an
argument. Rather, the proof given here goes by “brute force.” First, we handle points
near the boundary of K by showing that if a point x € K is “near to” a k-dimensional
face but “far from” (k — 1)-dimensional faces, then it lies in the simplex with k + 1
points chosen from a finite subset of the boundary of the nearby face and m — k
points chosen from another finite subset of the boundary of K chosen by looking
at the projection of K parallel to the nearby face. Second, we show that this allows
us to find a finite set /' C 0K that works for all the points sufficiently near to the
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boundary of K. Last, we use a compactness argument to show that the remaining
points in the interior can be handled by making the finite set F' contain enough
points to avoid the “interior point” obstruction mentioned earlier.

The paper is concluded in Sect. 4 by giving the corresponding version of the
theorem for cones. In fact, this version is what led us to the question studied here
because we suspect that it has application in our ongoing work to characterize the
analytic varieties in C" that satisfy the local Phragmén—Lindeldf condition at the
origin. Such a characterization for analytic surfaces in R? was given in [1], and we
are still studying higher-dimensional cases.

For general reference and terminology regarding convex sets, we refer to [2].

The authors also wish to thank the referee for several helpful comments.

2 Points Near the Boundary of K
It is convenient to have a name for finite sets with the property of the theorem.

Definition 2.1 Let K be a compact convex subset of R™. A finite subset F' of 0K
is said to be robust for K if there exists a positive constant ¢ > 0 such that given any
ball B(x, §) C K, there is an m-simplex S with vertices in F such that B(x, ¢§) C S.

Remark I If a vector x =) 7", A; fi is a convex combination of vectors f, ..., fi
that are the vertices of the simplex, then each coefficient 4; is of the same magnitude
as the distance of the vector x from the “opposite” facet; i.e., the distance to the
hyperplane spanned by the other m vertices. For example, if N is the unit vector
orthogonal to the hyperplane spanned by the vectors f1 — fo,..., fm—1 — fo, then
the distance of x from this facet is

N-(x—fo)=N- (Zm‘i —fo)> =Jn (N - (U = f0)).

i=0

SO A, 1s proportional to this distance. Therefore, the condition B(x,cd) C S is
equivalent to giving a lower bound proportional to § for the coefficients of x as
a convex combination of the vertices of the simplex.

Remark 2 A robust set F' must contain all the extreme points of K. So, only poly-
topes can have finite robust subsets.

Theorem 1.1 can then be restated as: Every polytope in R™ has a robust subset.

We are going to find a robust set F for K by constructing it in pieces. In this
section, we explain how to find sets F' that work for points near the boundary of K.
In the next section, we will show how to cover points that are far from the boundary
of K.
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The main step in the proof is the following lemma, which shows that appropriate
sets F' exist for balls that lie very near k-dimensional faces of K but far from (k — 1)-
dimensional faces of K. Because the proof seems quite technical, let us sketch an
outline here. It proceeds by induction on the dimension. The main idea is to write
points x that are “near” a k-dimensional face ¢ of K in the form x = x’+x”, where
x' lies in the face ¢, and x” is the orthogonal complement of x to x’. The point x”
is small and lies in the polytope K” = K”(¢;) in R” % obtained by projecting
K onto the orthogonal complement of the flat containing ¢;. Apply the induction
hypothesis to x” in K” and prove that, since x” is small, one of the vertices of the
(m — k)-simplex containing x” is 0. Moreover, since x” is small, the sum of the
remaining m — k coefficients in the convex combination for x” is some small ¢ > 0.
Then we write x’ = (1 — g)y’, where y’ is close to x’, so we can apply the induction
hypothesis to y’ with respect to ¢y to represent it as a convex combination of k + 1
points. This will give the desired decomposition of x as a convex combination of
m + 1 points.

Lemma 2.2 Suppose that Theorem 1.1 holds for all polytopes in all dimensions
smaller than m. Let ¢ be a face of K of dimension k, where 0 < k < m. Then for
each C > 1, there exist 59 > 0, ¢ > 0, C1 > 0, and a finite set F = F(¢;) C 0K
which contains the extreme points of K such that for each 0 < § < §y and each
x € K, the following three conditions (when k = 0, disregard (ii))

(i) dist(x, ) < Cdist(x, dK),
(i) dist(x, dgx) > C; dist(x, dK), and
(iii) B(x,8) C K

imply the existence of xq, . .., Xy € F such that the simplex S(xo, ..., Xy) generated
by these vectors contains B(x, c§).

Proof Tt suffices to prove the statement for § = dist(x, 9K), since x € K and
B(x,8) C K if and only if dist(x,dK) > §. We can assume that coordinates are
chosen in such a way that the affine subspace of dimension k containing ¢ is
R* x {0} ={(y1, ..., .0, ...,0)}. Denote by 7 :R" — R™ K the projection map-
ping onto the (m — k)-dimensional subspace orthogonal to R¥ x {0},

TV1s ey Ym) = (Vktls oo vs Ym)s

so that 7 (K) is a convex polytope in R™~K Let us also use the notation y=0",y")
for the first k and last m — k components of the vector y € R™.

First, we claim that if x = (x’,x”) € K with (x/,0) ¢ ¢, then dist(x, @) =
dist(x, d¢). That is, if the orthogonal projection of x onto the affine hull of
¢r does not lie in ¢, then the nearest to x point of ¢ lies necessarily in the
boundary of . To prove this, choose the unique point (x},0) € ¢ such that
dist(x, ¢x) = |x — (x{, 0)|. Then (x}, 0) € ¢, and (x’, 0) ¢ @, so there exists a point
on the line segment joining these two points that lies in dg,. The points on this line
segment are of the form

(Z,0) = (¥, 0) +A(x] —x",0), 0=<r<l,
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and distance from x to each of these points is given by
. 2 2 2 2 2 .
dist(x, (', 0))" = A2|xi =X+ X7 < Jx =X ] =dist(x, o2,

which shows that dist(x, (z,0)) < dist(x, (x],0)) and hence dist(x,¢) <
dist(x, d¢x). Of course, the other inequality is clear.

Assume that C; > C and fix x = (x’, x”) € K satisfying conditions (i)—(iii) of
the lemma. Then

c
dist(x, dgy) > F] dist(x, gr) > dist(x, @r).

By what we proved in the previous paragraph, this implies that (x’, 0) € ¢. In par-
ticular, the hypotheses of the lemma, together with the triangle inequality, then im-
ply that

8§ =dist(x, 9K) <dist(x, ¢r) = [x”| < Cdist(x, 0K) = C§, (1)
dist(x, dgx) > dist((x",0), dg) > dist(x, dgr) — [x”| = (C1 — C)§ =C18, (2)

where C1 > C is a constant that will be specified later.

For y € 9K, let .4} denote the cone of feasible directions of K at y, i.e., the set
of all vectors N that are inward pointing normals to a hyperplane that supports K at
the point y. Analytically, this is the condition (x —y) - N >0 forall x € K. If y is
a point in the relative interior of ¢, and N € Jl{v then N must have the form

N=(0,N").

Further, the cones .4} are identical as long as y ranges over the interior of ¢ and
can be identified with the cone

N =N (g) :={N":(0,N") e Ay} CR™ .

The convex set 7(K) C R™* has the property that 0 € d(7(K)), O is an extreme
point of 7(K), and the cone of all vectors that are inward-pointing normals to hy-
perplanes that support 77 (K ) at 0 is equal to .4". In fact, the extreme rays of the cone
4 have the direction of the vectors 7 (e — o), where ¢ is an extreme point of ¢,
and e is an extreme point of K such that [0, ] is an edge of K.

Let us first suppose that k > 1. Then both ¢; and 7(K) are convex polytopes
that lie in Euclidean spaces of dimension < m. Therefore, there are robust subsets
G| C d¢k, G2 C 9 (K) and associated positive constants c; > 0, ¢ > 0 such that
the conditions of Definition 2.1 are satisfied. Let F1 = G1, and let F, C 0K be any
set with the same number of points as G, and 7 (F2) = G,. We claim that the set
F = F1 U F; is a set with the properties of the lemma.

To prove this, recall that § = dist(x, dK) and x is a point satisfying the hypothe-
ses of the lemma. Since B(x, §) C K, we see that

n(B(x,8)) = B(7(x),8) C n(K).
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We can therefore find m — k + 1 points g, ..., gn—k € G2 such that B(w(x), c28) C
S(go, ..., 8&m—k), the m — k simplex with vertices at go, ..., gm—k. The vectors g; —
g0, 1 <i <m — k, must be linearly independent since the simplex contains an open
subset of R” k. Also, by (1), |x”| < C8 and (x', 0) € ¢ as pointed out earlier in the
proof. Since G is a finite set, if § is small enough, the only way that we can have

w(x) =x" € S(go, ..., gm—r) is for one of the g;, say go, to be the extreme point
0 of w(K). Therefore, if § is small enough and |y” — x”| < ¢,8, there are positive
numbers g, ..., m—k such that > p; <1 and

m—k
Y= g
i=1

In fact, the sum of the u; must be small. Because, the cone .4 contains at least
m — k linearly independent unit vectors Ny, ..., N, _, . taking the dot product of
each of these vectors with the last equation gives a nonsingular system of m — k

linear equations in m — k unknowns,

where the (m — k) x (m — k) matrix A = [g; - N;] is nonsingular, and the vector
B =[y” - N;] has entries of magnitude at most

V' < x|+ 28 < (C + )8,

where the last inequality is because |x”| < C§ by (1). Consequently, there is a con-
stant Co = ||A~[|(C + ¢2) > 0 such that u; < C»8.
Next make a small adjustment to the positive constants p; to write them in the
form
Vj

- 1+Z;{:1k"j’

which then gives us the representation

1<i<m-—k,

i

m—k m—k

Ay = Z vigi, where A=1+ Z v;.

i=1 i=1
Because the p; are small, there are always small v; that satisfy this condition,
namely
M
=Yy
It is also clear that there is a constant C3 > O such that v; < C38 when § is small.

In fact, we can take C3 = 2C3, provided that Z/- wj < 1/2, which is the case if we
make & small enough. '

Vi =
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Suppose now that a point y € B(x, ¢28). Let fi, ..., fin—k be points in d K with
w(fi) = gi. Write f; = (h;, gi). With the coefficients v; chosen as above, we have
that

m—k m—k
1 1 /
yZZ( E l)ifi) + Z(Ay - é_l vihi30>' (3)

i=1

Because |y — x| < 26, we then also have

m—k
(Ay’ — Z v,-h,-) —x
i=1

m—k

(A=Dy + (' =x) =) vihi

i=1

< (Z vi)|y’| 1y =]+ D vilhil < m—k)C38]y| + 28 + C38 Y |k
_ ,- _

1

1

< (46

for a constant C4 that depends on C3 and the size of the largest vectors in K. Define
C1 = C + (C4/c1). The last inequality shows that if 7/ = Ay’ — Z;":_lk v;ih;, then
7/ € B(x’, C48). Also, the condition that dist(x, d¢y) > C8 implies that

dist(x’, dg) > dist(x, dgr) — |x — (x,0)| = C18 — |x"| = (C1 = C)§ = Cas,
€1

Therefore, inside the face @i, we have B(x’, C48/c1) C ¢k, and, since the finite
set G is robust for the set ¢, with associated constant ¢, there are k + 1 vectors
w; = (w;,0), 0 <i <k, from this set such that B(x", C48) C S(wy, ..., w;). In par-
ticular, we have that there exist Ag, ..., Ax such that 7’ = Zf”:_ok Aiwfand ) ;A =1.
Consequently, from representation (3) we have shown that for all y € B(x, ¢36),

1m—k 1 1 m—k k
y= 1 Z vi fi + Z(Z/,O) = Z(Z Vi fi +;X,‘wi>.

i=1 i=1

In this last expression, the sum of the coefficients of all the vectors is equal to 1,
since A=14);v; and ) ; A; = 1. Therefore, we have proved that every vector
y € B(x, c26) lies inside the m-simplex with vertices at wo, ..., Wk, f1, ..., fm—k>
which completes the proof of the lemma for the case where 1 <k <m — 1.

It remains to treat the case k = 0; that is, the edge g is a vertex of the polytope
which we take to be equal to 0. In this case, the cone .4 is a full cone in R™
with vertex at the origin. It is no loss of generality to assume that the unit vector
(0,...,0, 1) lies in the interior of .4 so that every y = (y1,..., ym) € A4 *\ {0},
where 4/* is the cone dual to .4/, satisfies y,, > 0. If d is the minimum value of the
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last coordinate of an extreme point of K other than 0, then d > 0, and we have that
W*ﬂ{)’m Sd}:Km{ym <d}.

That is, the “corner of K” that lies near the extreme point O looks like the dual
cone 4 *. If a ball B(x,d8) C K has center in x,, < d/2 and if § < d/2, then the
central projection mapping from the origin to the hyperplane, y,, =d, i.e.,

=2,
Ym
carries the ball onto a subset of K| = K N {y,, =d}, a polytope that lies in a copy
of R”~!. Note that the boundary of K (relative to the hyperplane y,, = d) is a
subset of the boundary of K. So, if we pick a robust subset of K1, say G, then it will
also be a subset of dK. Also, there will exist a constant ¢ > 0 and m points of G
such that B(w(x), cds/x,,) C S for some (m — 1)-simplex with vertices in G. If we
then look at the m-simplex with the origin added as a vertex, then it will contain the
ball B(x, ¢§) which is what we had to show. This completes the proof. [l

Corollary 2.3 Suppose that Theorem 1.1 holds for compact sets in R* with k < m.
Let K be a polytope in R™. Then there exist constants ¢ > 0, 8o > 0 and a finite
set F C 0K such that for every x € K and 0 < § < 8o such that B(x,8) C K and
dist(x, dK) < &, there exist m + 1 points of F such that B(x, c§) is a subset of the
m-simplex with vertices at these points.

Proof We apply Lemma 2.2 m times. Let K* denote the k-skeleton of K, i.e., the
union of all k-dimensional faces of K. If x € K and dist(x, 0 K) = §, then there is
an (m — 1)-dimensional face ¢,,_; € K™~ such that dist(x, dK) = dist(x, ¢u_1).
Then condition (i) of Lemma 2.2 is satisfied with C = 1. Therefore, from the
case k = m — 1 of that lemma, there exist constants §; > 0, ¢; > 0, C; > 0 and
a finite subset F1 C 9K such that B(x,c16) C S(fo, ..., fm) Whenever § < 41,
d(x,0K)=24 and

dist(x, K™~%) > Cy dist(x, 9K) = Cy dist(x, K™ 1).
If x is near the boundary of K but fails to satisfy this latter condition, then
§ = dist(x, 3K) < dist(x, K™ ~?) < Cy dist(x, IK).

Then apply the previous lemma with k = m —2 to points x € K. It implies that there
exist a finite set /> C 0K and constants 8, > 0, ¢ > 0, C2 > 0 such that whenever
x € K satisfies the last condition and in addition

dist(x, K™ %) > C, dist(x, 9K),

then there exist m + 1 points fy, ..., f from the set F> such that B(x, c2,8) is
a subset of the m-simplex with these vertices. That is, the condition of lemma is
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satisfied for all points near the m — 2 skeleton of K but not too near the m — 3
skeleton of K. The remaining points near the boundary of K therefore satisfy

dist(x, 9K) < dist(x, K™ %) < Co dist(x, dK).

Continuing in this way, we find finite subsets Fp,..., F,, of 0K and posi-
tive numbers 81, ..., 0m, C1, ..., Cm, and Cy, ..., Cy, such that every x € K with
dist(x, dK) =6 <min{éy, ..., 8, satisfies one of the pairs of inequalities

§ = dist(x, dK) < dist(x, K"™™") < C;_1 dist(x, IK),

dist(x, K™~*D) > C; dist(x, 9K)

for i =1,...,m, except when i = m, the last inequality is vacuous. Thus, F =
F1U---UF,,and ¢c = min{cy, ..., ¢y} is a finite set with the required properties. [

3 Points Far from the Boundary of K

We first show that the only obstruction to handling the points of K that are far from
the boundary of K is the “interior of the faces” obstruction.

Lemma 3.1 Let K be a polytope in R™, and F a finite subset of 9K such that
int(K) = U{int(S) : S is an m-simplex with vertices from F}

Then for each positive number 1 > 0, there exists a number ¢ > 0 such that whenever
x € K satisfies B(x,§) C K and dist(x, 0K) > n, there exist m + 1 points of F such
that the simplex S with vertices at these points satisfies B(x, cé) C S.

Proof This is a compactness argument. The set K, of all the points of K of distance
> n from the boundary of K is a compact subset of int(K). By hypothesis, the
interior of K is the union of the interiors of all the m-simplices with vertices in F.
Since the interior of each such simplex § is the union of the open sets S, of points
in § of distance at least 1/n from the boundary of §, the compact set K, is also
covered by finitely many of these sets ,,. Therefore, there exists an integer N such
that each x € K, lies in a point of one of the simplices and of distance at least 4/ N
from its boundary. Then the ball about x of radius 1/N lies within S. If we choose
¢ = 1/(Ndiam(K)), then whenever B(x,d8) C K, we have § < diam(K), so that
¢d <1/N, and thus c has the required property when x € K. O

We also have to prove that there are sets F' satisfying the hypotheses. That one
cannot take F to be the set of extreme points of K was pointed out in the introduc-
tion.
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Lemma 3.2 Suppose that K is a polytope in R™. Then there is a finite set F C 0K
such that

int(K) = U{int(S) : S is an m-simplex with vertices from F}

Proof We prove the lemma by induction on m. For m = 1, it is obvious. So let
us assume that the result has been proved in all dimensions smaller than m. Then
each facet v (i.e., m — 1)-dimensional face of F) contains a finite subset Fyy of
its boundary such that every point in the interior of the face lies in the interior of
an (m — 1)-simplex with vertices from Fy. Consequently, if we can find a subset
F! of 3K such that given any x € int(K), there exists a point f € F! and a facet
¥ of K such that the ray from f through x intersects the boundary of K at a point
x* e int(y), then taking the vertices of the (m — 1)-simplex from the set Fy in
the facet v that contains x* together with the point f gives us an m-simplex that
contains x in its interior. Thus, the union of F! with all the sets Fy for all facets ¢
of K gives a set F' with the properties of the lemma.

To find such a set F!, associate to each (m — 2)-dimensional face ¢ of K the flat
Z(¢); that is, the unique (m — 2)-dimensional affine subspace of R™ that contains
@. Then for f € 9K \ .Z(p), let H(f, ¢) be the unique hyperplane that contains
both .Z(¢) and f. For later reference, note that an equation for this hyperplane
can be written in the following way. Choose any m — 1 = (m — 2) 4 1 points from
©m—2,5aY Y1, ..., Ym—1, such that the vectors y; — y1, j =2,...,m — 1, are linearly
independent. The equation is

X1 e Xy 1
fi fm 1

I(x) :=1(x, f,¢) = det i Il =o. @)
Ym—1 1

In particular, this shows that x € H(f, ¢) if and only if f € H(x, ¢).

Let & = o Z(¢) denote the union of the finitely many (m — 2)-dimensional
subspaces .Z (¢). £ cannot cover any (m — 1)-dimensional face of K because its
dimension is too small. Further define

Vi=|JH(f.0). fedk\Z,
@

to be the union of these hyperplanes over the (m — 2)-dimensional faces ¢ of K.
Then V is an algebraic variety in R™ C C™—it is the zero set of the polynomial
Pr(x) we get by multiplying together the affine functions (of x) given in (4) that
define the hyperplanes. We claim that

N V=<« (5)
fedK\Z
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If x is a fixed point that does not belong to . and if ¢ is an (m — 2)-dimensional
edge, then the set of f that lie on the hyperplane H (x, ¢) given by (4) cannot con-
tain the entire boundary of K. In fact, unless x ¢ .# lies on one of the finitely
many hyperplanes that contain an (m — 1)-dimensional face of K, the intersection
of H(x,¢) and 0K is a nowhere dense subset of dK since this intersection is at
most an (m — 2)-dimensional subset of d K. The union V, := Uw H (x, p) over the
finitely many (m — 2)-dimensional faces ¢ of K then also meets K in a nowhere
dense set. Therefore, there exists a point f € 0K \ Vi, so f ¢ V, or, equivalently,
x ¢ Vy. Infact, if x is in the interior of K, this is the case except for f in a nowhere
dense subset of 0K .

Consequently, we have the equality of algebraic varieties (5), and so there must
exist finitely many of the values of f, say fi,..., f;, so that

q
mVﬁ =Z. (6)
i=1

We can take for F! this finite set of f;. To prove that it has the required property,
choose x € int(K). Since x ¢ (| V,, there exists f = f; such that x ¢ V. This
implies that the ray from f; through x must intersect K in the interior of an (m —
1)-dimensional face. Otherwise, because the boundary of the facets is covered by the
(m — 2)-dimensional faces ¢, we would have x € H( f;, ¢) for some ¢, contrary to
the fact that x ¢ V. Therefore, the ray meets d K in an interior point of some facet,
and, as noted in the first paragraph of the proof, this completes the argument. 0

4 Proof of the Theorem and Concluding Comments

Proof of Theorem 1.1 We are proving the theorem by induction on the dimension
m. For m =1, it is obvious, so assume that K C R” and that the theorem has been
proved for smaller values of m. Let F; C 0K be a finite set with the property from
Corollary 2.3. Let > C 0K be a finite set with the property of Lemma 3.2. Let
F = F1 U F,. Then F is a robust subset of K, with the points x so that the balls
B(x,8) with x near the boundary of K being subsets of simplices with vertices
from F; and those x away from the boundary by Lemma 3.1. This completes the
proof. g

It is also useful to have the version of the theorem that applies to cones in R™.

Theorem 4.1 Let € be a proper convex cone in R™ that is spanned by finitely
many extreme rays. Then there are constants ¢ > 0, C; > 0 and a finite set N of
unit vectors so that the rays in the direction of N € A lie in the boundary of € such
that: if x € € is at a positive distance from the boundary of €, there exist m of the



244 R. Meise and A. Taylor

vectors N1, ..., N,, € N such that
x=a N +---+a,Ny
and

a; > cdist(x,0%), 1<i<m.

Proof 1t is no loss of generality to assume that the unit vector (0, ..., 0, 1) lies in
the interior of ¥". Then set K = ¢ N {x, = 1}, a compact convex polytope in a
copy of R~ Therefore, there is robust subset F of 9K and a constant ¢ > 0 such
that whenever B(x, §) C K, we can choose finitely many vectors f1, ..., f,, from F
suchthatx = A1 f1+- -+ Ap fin and A; > ¢§ for 1 <i < m. Now there is a constant
¢2 > 0 such that if x € € is of distance C from the boundary of ¢, then x /x,, € K
is of distance at least ¢ C/x,, from the boundary of K. Consequently, we can write

X/xXm =7 fir+-+Ainfm,  Ai=cc2C/xm,
which clearly implies the representation of the theorem with
a; = xpmAi > ccpdist(x, 0%).

This completes the proof. O

Remark It is also true that the version of the theorem for cones implies the one
for convex polytopes.

Concluding Remarks It seems clear that the arguments we have made here are
very far from optimal. A robust set F' necessarily contains all the extreme points
of K, but it is not clear how many extra points one has to add. Our argument goes
by induction, so one can show that the (large) number of points added can be chosen
to depend only on the dimension m and the number p of extreme points. It is also
not clear if there is interplay between the size of the constant ¢ and the number of
additional boundary points chosen to be in F. We list some of these questions that
seem natural to us.

A. Are quadrilaterals the only convex polygons in the plane for which the quanti-
tative Carathéodory theorem fails with the set F' chosen to be the set of extreme
points? For planar convex polygons, if the set of extreme points is augmented
by one additional boundary point, is it always a robust set?

B. Is the only obstruction to the quantitative Carathéodory theorem the interior
point obstruction? Namely, if the interior of K is equal to the union of the inte-
riors of all the simplices with vertices chosen from the extreme points of K, is
the set of extreme points then robust?

C. Is there some simple explicit bound for the number of points needed in the set F'?
Does it depend on more than the dimension m?

D. Can one say more about the size of the constant ¢? Is it related to the number of
points in the set F'? For example, could one always choose ¢ = 1 — ¢ by making
F contain a large number N (¢) of points?
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Geometric Path Integrals. A Language
for Multiscale Biology and Systems Robustness

Domenico Napoletani, Emanuel Petricoin, and Daniele C. Struppa

Abstract In this paper we suggest that, under suitable conditions, supervised learn-
ing can provide the basis to formulate at the microscopic level quantitative questions
on the phenotype structure of multicellular organisms. The problem of explaining
the robustness of the phenotype structure is rephrased as a real geometrical problem
on a fixed domain. We further suggest a generalization of path integrals that reduces
the problem of deciding whether a given molecular network can generate specific
phenotypes to a numerical property of a robustness function with complex output,
for which we give heuristic justification. Finally, we use our formalism to interpret
a pointedly quantitative developmental biology problem on the allowed number of
pairs of legs in centipedes.

1 Introduction

Leon Ehrenpreis was a singular mathematician. Not only he had a gift and a vision
for a deep understanding of mathematics, but he had a passion for the construction
of overarching approaches that would allow a general comprehension of vast areas
of mathematics. This passion is embodied in his two masterpieces, Fourier Analysis
in Several Complex Variables [7] and The Universality of the Radon Transform
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[8], but is also apparent in the many papers he published, for example, on wide
generalizations of the Edge-of-the-Wedge theorem.

Reading Ehrenpreis’ works, we are reminded of a beautiful phrase that Kawai,
Kashiwara, and Kimura insert in [16], just after the proof of a fundamental theorem
on the propagation of solutions of microdifferential equations:

It is like a view from a mountain peak.

This aspiration to a global view of mathematics that would offer insights, even in
advance of a fully realized technical description of that view, is part of what made
Ehrenpreis’ work uniquely captivating and uniquely fertile. Many mathematicians,
of at least three generations, have worked to understand, formalize, explain, refute,
demonstrate statements in Ehrenpreis’ work. It is for this reason, that Ehrenpreis’
student, C.A. Berenstein, once noted in his review [4] of The Universality of the
Radon Transform [8] that it is

a book that is worth studying, although mining may be a more appropriate word, as the
reader may find the clues to the keys he is searching for to open up subjects that are seem-
ingly unrelated to this book. Thus, one finds at the end that the title is justified.

It is in this spirit, but with a deep sense of humility and with a full awareness
of our limitations, that we would like to present, in this paper, a proposal, a strat-
egy for a way to mathematically understand and describe one of the fundamental
problems (the fundamental problem?) of modern biology: how can we understand
macroscopic biological traits from our knowledge of molecular level information.

The proposal we make is inspired by the instrument of path integrals, which
is probably the most enduring legacy of Richard Feynman [9], and for which we
suggest here a tentative generalization to provide a plausible tool for the description
of the macroscopic properties of a biological system.

Our specific point of departure lies in an important, and somewhat surprising,
fact. In [19], Chap. 9, it is reported that, out of all known species of centipedes,
there are about 1000 species with 15 pairs of legs, none with 17 or 19 pairs, several
with 21 and 23 pairs, and a few distributed over a very large range from 27 to 191.
No centipedes have an even number of pairs of legs, and some species have a stable
interspecies number of pairs of legs, while some others display a variability of the
number of legs among individuals.

Can we explain in any quantitative way this striking pattern of gaps with respect
to the dynamics at fine molecular scale? And how do we express the remarkable
robustness of the resulting phenotypes? To be more specific, we state the following:

Problem 1 (Centipedes Segmentation (CS) Problem) Show that it is impossible to
have centipedes with an even number of pairs of legs, or with 17 or 19 pairs of legs.

Clearly if we can suitably quantify this problem, we will be able to generalize the
question to the full gap structure that we have described in the previous paragraph.
Moreover, we take the CS problem simply as emblematic of the variety of develop-
mental biology problems in which we observe strong constraints on the phenotype
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([19], p. 86), without having a conceptual frame through which to approach these
problems.

In general, molecular biology approaches to developmental biology problems
such as the CS problem require the construction of an appropriate map that can
relate microscopic variables with macroscopic outputs. But, since a mechanistic
way to relate these variables is often absent, and it is indeed problematic even to
quantify phenotype properties [12], it is challenging to express these questions in a
proper mathematical setting. Even though we are aware of the dangers of suggesting
a general frame that is not fully developed, we still believe (in view of the difficulty
of the problems at hand) that it is worthwhile to attempt to set up a language and a
set of techniques through which these problems might be approached.

Ideally, we would need to study entire sets of models at once, since we would
expect the micro/macro maps to be stable under wide variations of the parameters in
the model of the microscopic dynamics. At the same time, such tremendous model
variability should be understandable in a compact, possibly analytical setting to have
any hope of providing computationally feasible answers.

In this paper we suggest that supervised learning and the resulting classification
functions [11] can provide the basis to formulate at the microscopic level ques-
tions on the phenotype, such as the centipedes segmentation problem, provided that
the classification function satisfies some suitable growth conditions. The problem of
phenotype robustness can then be rephrased as a problem of real geometry on a fixed
domain. General methods to solve such problems are still in their infancy [5], and
we propose a generalization of path integrals that allows us to reduce the problem
of class belonging and of phenotype robustness to specific questions on functions
with complex output. Finally, we will show how to reduce the CS problem to a prob-
lem on the global properties of these functions. Other problems about the restricted
variability of phenotypes in developmental biology could be formulated in similar
ways.

2 A Geometrical Robustness Condition

Let X = (X1,..., Xn) be the activation level of a set of proteins (genes, metabo-
lites, or combinations of) at some time #y and assume that we have access to the
derivatives X = (X1, ..., Xn) of those levels at the same time #y (in practice this

means that we measure the proteins at two very close time points); and suppose that
the biological samples from which (X, X) is measured can be classified in a set of
M classes Cyq,...,Cpuy.

We assume that the protein measurements are taken at the embryo stage of de-
velopment of the individuals in the CS problem. Clearly these measurements will
be some sort of average of the activity levels of several cells [6], even though single
cell measurements can be envisioned [13]. We further assume that the underlying
network of interactions is stable (i.e., no essential parameter variation that changes
significantly the dynamics) over a short time range. Without excluding in principle
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other possible state variables, we focus our attention on protein networks as these
are believed to be evolutionary more stable [22].

Call B(X, X) an instance of the biological class associated to (X, X) (in the case
of the CS problem, this will be the number of pairs of legs of an adult individual
centipede). We assume that we have access to a training set of instances for each
class, so that we can build a special type of classifier that has the following structure:

Definition 1 (Interval Classifier) A function F(X, X) is an interval classifier for
the cla§siﬁcati0n problem yvith classes S,,, m=1,..., M, if it satisfies m — 1 <
F(X,X)<mwhen B(X,X)eC,,,m=1,..., M.

Though not strictly necessary at this point, it is useful for our subsequent analysis
of Propositions 1 and 2 to require that F is bounded at infinity and analytic, and
therefore we assume for simplicity that the classifier function F is a neural network
with exponential sigmoidal activation functions ([14], Chap. 10).

Remark 1 At a fundamental level, it is not necessarily possible to identify a subset
of molecular variables that is indeed predictive for the phenotype characteristic that
we are interested in. This problem is not exclusive to our setting, but it is a major
difficulty in all approaches that try to bridge molecular biology with the study of
phenotype characteristics. The very existence of an accurate classifier F depends
on the identification of such variables. Note that our setting requires to estimate not
only state variables, but their derivatives as well. In classical rational mechanics,
state variables and their first derivative are sufficient to characterize a system for all
future times (in a variational, Lagrangian setting [1]). While first derivatives are also
sufficient for our formal analysis of phenotype classification problems, it would be
interesting to understand how many derivatives are truly necessary to have effective
classifiers for these types of problems.

Note that the way we define the multiclass classifier F is not the standard one,
in which an M -class problem is usually approached by having a vector of M output
classification functions ([14], p. 331). For reasons that will be clear when we rein-
terpret analytically the CS problem in Problem 2 of the last section, we not only use
a single function F for the multiclass problem, but we also require that all instances
belonging to a certain class must be within a given interval. This superimposes a
stronger metrical structure on the classification problem.

Remark 2 In the context of neural networks, the request of interval classifier for
training instances within each class transforms the unconstrained optimization prob-
lem usually associated to finding the classifier function ([14], p. 335) into a con-
strained optimization problem.

Take now a slack variable Y and consider the function F(X, X) — Y, with
(X, X ) € D x D, where D is the set of biologically meaqingful conditi0n§ for X,
and D is the set of biologically meaningful conditions for X. Then if B(X, X) € Cy,
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there exists ¥ with 0 < Y < 1 such that F(X, X) — Y =0, so that the con-
dition B(X, X) € C; can be rewritten as F(X,X) — Y =0, (X,X) € D x D,
0 <Y < 1. Similarly, B(X, X) € C,, becomes F(X,X)—Y =0, (X, X) e D x D,
m—1<Y <m.

It is reasonable to suppose that X is in fact a state variable of an ordinary differ-
ential equation (ODE) network x = f(x, ag), x = (x1,...,xn), f = (f1,.--, fn),
f a vector of polynomials in x, modeling ODEs with polynomials or power func-
tions has proven itself to be very flexible for systems of molecular reactions [21].
We further ask that f(x, a) is an analytic function in a. As the condition of analytic
structure of the classifier F itself, the analyticity of f(x,a) in a will be important
in the justification of Proposition 2.

A network of biological significance will usually depend on a large number of
parameters that will depend on the environment where the variable of the network
actually act and live [10]; this is the reason we allow a dependence from the parame-
ter vector a in the ODE network. Write the dependence of x from f(x, a) explicitly
in F(X,X)—Y =0,1ie., F(X, f(X,a)) —Y =0. The condition of class belonging
can be written as:

Definition 2 (Network Classification) A network x = f(x, ag) generates pheno-
types belonging to class C,, if

IXeD, m—1<Y<m:F(X, f(X,a0)—Y =0. ()

Equation (1) is a condition for the network X = f(x, ag) to give rise to states
that belong to one of the classes we are considering. Note that the domain D of X
constrains the domain D through the relation D = f (D).

The macroscopic phenotypic states of an organism are believed to be robust un-
der wide ranging changes of parameters [10]. Therefore, for a realistic network,
(1) should be satisfied for all parameters in a region A, where A is some sizable
neighborhood around a nominal value a = ag of the parameter a. In other words:

Definition 3 (Class Robustness) A phenotype class C,, is robust if the zeros of the
function F (X, f(X,a)) —Y =0 are persistent in a region A of parameters, i.e.,

VaeA,3XeD, m—-1<Y<m:F(X, f(X,a))—Y =0. (2)

Remark 3 We assume that, for each a, x = f(x, a) is capable of generating (x, x)
belonging to a single class C,,, to avoid, in the CS problem, the paradoxical situation
in which the predicted number of pairs of legs can change in a given centipede with
time. We assume instead that the embryo is committed to its specific segmentation
within a large time frame where we could measure our state variables.
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3 Stable Zeros and Path Integrals

In the previous section we described condition (2) that must be satisfied if x =
f(x,a) is to generate robustly states that belong to a class C,,. The problem with
this condition is that it requires identification of zeros of a (nonalgebraic) function
over a real domain, and moreover it requires us to establish that these zeros are
stable under a wide variation of parameters. This is problematic as it is difficult
to establish the existence of solutions of real equations on domains, even in the
algebraic case [3].

In this section we show that a generalized path integral [9] can be built in such
a way that a specific condition on this integral corresponds to the verification or
falsification of (2) over a domain. Path integrals have the remarkable property of
giving information, in a single analytical object, about global, collective properties
of physical systems, a point of view especially stressed in condensed matter field
theory literature [2], and it is this ability that we will try to mirror in the setting of
network analysis. We start by building a path integral that is related to (1). Essen-
tially, we will build a domain G and a function L such that if (1) is satisfied, then
there is at least a path connecting two points in G. This path (and a small tubular
neighborhood thereof, with squeezed endpoints) will dominate the path integral that
we are building, and it will allow us to make qualitative conclusions on the value
of the integral when (1) is verified. We mirror then this analysis for (2). We first go
through the technical building of the path integral, before we explain its heuristic
interpretation.

The condition x = (x1,...,xx) € D in (1) can be explicitly written as a condition
on each variable, i.e., d,, < x,, < dy;, Where d,,;, and d,,; are lower and upper bounds
on the biologically meaningful values that variable x,, can assume; in principle these
values can be measured over repeated in vitro experiments. We can always change
variables x,, — X, so that —1 < X, < 1. This is accomplished by setting

2
Xp = —— —dup) — 1.
Xn d —dop (%, nb)
Similarly, we can force —1 < y < 1 by setting y = 2(y — (m — 1)) — 1. These
are invertible linear transforms, so we can write

Y e A y—1
A,y F(X f(Xa) - T+(m—1) =0,
—l<x,<l1, -l<y<l1l,a=ag 3)

for some transformed functions F s f =( f], e fN) which are obtained from F
and f by replacing x with x and y with y. We further simplify notation by defining
the analytical function

L o xe y—1
H(x,y,a,m):F(x,f(x,a))—<T~|—(m—1)). @)
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So we can rewrite condition (3) as
Ei,ji:H()E,)?,a,m)Z:O, on —l<x, <1, -l<y<l,a=ay. (5

We square the function H for purposes that will be clear in the following (see (7)
and its justification). The domain restriction on X, and y can also be written as
x,y) € A x - x S, where .} is the unit interval [—1, 1], and we take the
cartesian product N + 1 times. We now introduce a spherical extension of this do-
main in such a way that on every section of the extended sphere we can formulate a
condition similar to (5).

To build the spherical extension, first suppose we work with a single variable
Xn, keeping all other variables constant. We embed each point %, in the disk .7} in
the space R? with the map %, — (%,,0). We want then a basic way to map points
(Xn,0) on (.1, 0) to points (X,;,z) in the slices (%,z) for z in —1 <z < 1, and
moreover we want the whole set (%7, 0) to be mapped to the points (—1, 0), (1, 0)
in the limit of z — =£1.

One way to achieve this embedding is through maps %,, = ¥,+/1 — z2. Con-
versely, any point (¥,;,z),in Z, ={—1 <z <1,—+/1—72 < %,; <1 —2z%} can

be mapped to a point in .¥] by setting X, = X, 11 . If we do a similar mapping
—Z

for all x,, and for y as well, the function H(x, y, a, m)2 can be extended to the
following function of variables (x,, y., z, a, m):

. o1 1 2
L(x;,y;,z,a,m) = H(xZ 7 =2 V2 7 2,a,m) , (6)
—Z —Z

where ¥, = (¥17, ..., fnz),and ¥; € Dy with 2, = {1 <z < 1, —-V/1 -2 <3, <
v/1 — z2}. The same value of z is used to define all components of X, and ¥, so we
can define the domain of all points in the spherical extension as

@I{(fz,iz,z),—l<Z<1,—\/1—22)<)?,,z<\/1—z2,
—V1-22<j. <V1-22}.

We are now ready to introduce the generalization of the path integral that we
aimed for:

Definition 4 (Geometric Path Integral) Let y(z), 0 <t <1, be a path in & with
y(0) = (0,0, —1) and y (1) = (0,0, 1). Let I" be the set of all such paths, and let
Dy be a suitable measure on I". We define the geometric path integral associated to
condition (5), and dependent on a parameter i > 0, as

ol
P(a,m,h):f Fezfo Ly @.a.mdt (7)
ye
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The components of |¥;/+/1 — z2| and |y, /+/1 — 72| are all bounded by 1 in Z;
moreover, with respect to X, /+/1 — z2, L is essentially the square of (a linear trans-
form of) a neural network classifier F' with exponential sigmoidal activation func-
tions ([14], p. 225), while, with respect to y,/+/1 — z2, L is the square of a linear
function. This implies that L is bounded and continuous on all paths in I", except
possibly at the endpoints of the paths themselves, where it may be only bounded,
and the integral of L on each path is well defined.

Remark 4 The choice of the appropriate measure Dy that ensures the convergence
of path integrals is very delicate, and it will require further investigation in the con-
text of geometric path integrals for appropriate classes of integrands L. Note, how-
ever, that the geometrical path integral is defined with respect to paths in a compact
set, and this is a scenario where the standard path integrals are amenable to rigorous
convergence results [15].

In order to understand the motivation for the integral in (7), we consider the
case in which L (and therefore H) has a set of zeros in 2 ({(X;, ¥;,2) : z = 0};
specifically we can assume that L (X, yo, 0, @, m) = 0. We can then build a full path
y in 2 such that L(y(¢),a,m) = 0 for every ¢ in [0, 1], just by taking suitable
mappings of (Xo, yo) in Z for all values of —1 <z < 1.

Now, following standard heuristic arguments for semi-classical approximations
of path integrals ([2, 9], Chap. 3, [20]), we expect the following result to hold. We
denote by N f and I f the real and imaginary part of f, respectively.

Proposition 1 (Geometric Path Integral Real Dominance Conditions) Ifthe network
X = f(x,a) can generate states belonging to class Cy,, then R(P(a,m,h)) > 0,
NR(P(a,m, h)) > I(P(a, m, h)) for all positive values h sufficiently close to zero.

Heuristic justification: Since L = H? in (6) is a quadratic function, and H is
linear in y, all the first derivatives of L vanish only when L itself is zero. More-
over, if X = f(x,a) can generate states belonging to class C,,, from Definition 2
we know that F (X, f(X,a)) — Y =0 has a solution in the domain that establishes
class belonging, and therefore H = 0 has an appropriate solution as well (see (4)
and (5)). This implies that there is a path yp € I" such that L is identically zero
on yyp and that the functional S(y, a, m) = fol L(y(t),a,m)dt has first-order func-
tional derivatives equal to zero as well, at y = yp. The path yy is therefore an ex-
tremal path for S(y, a, m). In the limit as 7 — 0, the extremal paths, and quadratic
fluctuations around them, will dominate the geometric path integral, since all other
nonextremal contributions to P(a, m, h) will mostly cancel each other out because
of the much faster phase interference of the corresponding exponential integrals in
P(a,m, h). For near-extremal paths in a neighborhood of extremal paths, we have
ek Jo Lo@.amydt o of [y 0dt o 1, and they will provide a large, real positive con-
tribution to P(a,m, h), so that P(a, m, h) = p + 1q with p positive and p > q, if
h is sufficiently small, up to a multiplicative phase factor that does not depend on
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the choice of S(y,a,m), but only on quadratic local fluctuations of near-extremal
paths around the paths for which S(y, a, m) =0 [15], and that can be factored out.

Remark 5 In standard path integrals, there may be a different change of phase for
each of the individual contributions of extremal paths to the overall integral ([20],
Chap. 17). Essentially, this is due to the fact that extremal paths may not be globally
minima of the functionals that replace S(y, a, m) in standard path integrals. No such
problem arises for the extremal paths used in our heuristic justification, since they
all achieve the very minimum (zero) value allowed for the functional S(y,a,m)
itself.

Remark 6 For geometric path integrals, the extremal paths are not isolated, when
they exist. This may require techniques from functional field integrals (i.e., higher-
dimensional path integrals, see [2], Chap. 4) for the detailed construction of semi-
classical types of approximations in the limit # — 0.

The computation of P (a, m, h) is a global approach to identify zeros of functions
in a specific real domain. Indeed there is a dependence on the original domain of
biologically meaningful conditions that is hidden in the definition of the function L.
However, we really want to know whether these zeros are persistent in a full measure
subset A of a domain A of parameters. Because of this additional requirement, we
need one more step before we can fully express condition (2) with the geometric
path integral formalism. This is achieved by taking an ordinary integral of a function
of P(a, m, h) with respect to the parameter vector a in the domain A where we want
to enforce robustness as in (2).

Definition 5 (Robustness Function) The robustness function R (m, h) associated to
class C,, is, for h > 0,

R(m. h) :/ P(a,m, hye~ i OP@mm? g, (8)
A

This definition of robustness may formally remind the reader of the one proposed
by Kitano in [17]. The two proposals, however, are substantially different, since Ki-
tano considers a space of perturbations and defines a measure of robustness through
integration on that space.

What is crucial for our interpretation of the CS problem is the fact that R(m, h)
inherits the real dominance conditions from P (a, m, h), namely:

Proposition 2 (Robustness Function Real Dominance Conditions) If a phenotype
class Cy, is robust for a region of parameters A C A, then the robustess function
R(m, h) satisfies the real dominance conditions, i.e., W(R(m, h)) > J(R(m, h)),
and R(R(m, h)) > 0 for all positive values h sufficiently close to zero.

Heuristic justification: We make the assumption that the imaginary part of
P(a, m, h) goes to zero fast enough as i — 0 if P(a, m, h) satisfies the real dom-
inant conditions, more particularly we assume that |IP(a,m, h)| = h1/2%¢ with
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¢ > 0 for h small. Now, from Definition 3, if a phenotype class C,, is robust,
then there are persistent zeros of the function F(X, f(X,a)) — Y =0 in the ap-
propriate domain, and P(a,m,h) satisfies R(P(a,m, h)) > IJ(P(a,m, h)) and
N(P(a,m,h)) > 0 for all a in some region A C A. Therefore for a in such re-
gion A, P(a, m, h) will give large, real positive contributions to R(m, h) for h that
goes to zero, since the exponential in (8) will converge to 1. Suppose instead that
we are in a region A C A where the functional S(y,a,m) = fol L(y(t),a,m)dt
has no extremal paths for all a € A. Note that, reverting to a coordinate representa-
tion for L, for every small Aa, L(X;, y.,z,a,m) and L(X;, y,,z,a + Aa, m) will
be equal on at most a finite number of points in &, since we asked that f(x,a)
was analytical in a, and F is also assumed analytical in its arguments. The differ-
ences, small, but located almost everywhere in %, between L(X;, y., z,a, m) and
L(x;,¥;,2,a + Aa,m) will be enhanced in the limit as # — 0, leading to large
differences in the phases of P(a,m, h) and P(a + Aa, m, h). Therefore, nearby ge-
ometric path integrals in A C A will have uncorrelated phases for / that goes to 0. In
particular, for each £, the set of points in A for which 3P (a,m, h) = 0is of measure
zero, and therefore this set can be removed when computing the integral in (8). For
all remaining a € A, the exponential in (8) will suppress to 0 the contribution of the
corresponding P(a,m,h) to R(m,h) in the limit as 7 — 0. We can conclude that
the contributions to R (m, h) from path integrals in A will be subject to strong phase
interference, and also that their individual contributions to R(m, k) will have norm
that converges to 0. Putting together this result with the real dominant contributions
from regions A of A for which S(y,a, m) has extremal paths, we conclude that
R(m, h) will satisfy the real dominant conditions for all 4 sufficiently close to 0.

Remark 7 While the real dominant conditions of Propositions 1 and 2 are only
necessary conditions to the existence of zeros and persistent zeros for H, respec-
tively, these conditions are likely to be sufficient for a generic H. In the ab-
sence of extremal paths for S(y,a,m), it is unlikely that real dominant condi-
tions would hold for all 4 sufficiently close to zero, as in the limit the phase

of P(a,m,h) becomes increasingly uncorrelated as a function of both & and a.
e L 2, . . _L(3P@m.h)yd ..
Also, if e~ #QP@mm)” iy (8) is substituted by e i P amn) , the condition

IX(P(a,m, h))| ~ h'/?%¢ in the justification of Proposition 2 could be substituted
by the weaker |3(P(a, m, h))/R(P(a,m, h))| ~ h'/>T¢  at the price of a slightly
more complicated argument.

Remark 8 The real dominance conditions for geometric path integrals seem to por-
tend a method to establish the existence of solutions of equations (in particular
real equations) in bounded domains that does not depend on constraints on the
signs of first derivatives. More specifically, suppose that we want to know whether
g(x) = 0 has zeros in adomain D. Then we can substitute the function H in (5) with
H(x,y) = (g(x) — y)? (we have no dependence from a and m in this setting, and no
change of variables). The boundaries for x can be inferred directly from D, and we
take y in the domain Dy (¢) ={y : —& <y < ¢} for &€ > 0. We can use this function
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H(x, y) in the definition of the geometric path integral, so that the partial deriva-
tives of the corresponding function L in (7) are all zeros only when g(x) — y =0.
Therefore, if g(x) has zeros in the domain D, then g(x) — y = 0 at least for some
(x,y) € D x Dy(¢), and a real dominance condition on the geometric path integral
will hold on D x Dy (¢) for all ¢ sufficiently small. We will explore this important
application of our technique in a subsequent paper.

4 Centipedes Segmentation Problem Reinterpreted

We come back now to the problem that motivated this work. How to interpret a
pattern of allowed changes in phenotype on the basis of the structure of the underly-
ing molecular network? In the context of the centipedes’ segmentation problem, we
assume that the network x = f(x, a) is essentially the same for all species of cen-
tipedes, with only the set of parameters a changing from one species to the other.
This assumption is not unreasonable if we think that the same species of centipedes
can display different individuals with different number of segments, showing that
there is, in the same network, the potential for variable segmentations. Moreover,
we would expect the process of segmentation to be evolutionary stable ([19], p. 53).

Classify now the networks in such a way that the classification function mirrors
the quantitative phenotype structure. In the setting of the CS problem, if x = f(x, a)
gives rise to a phenotype with 15 pairs of legs, we assume that 15 — 1 < F(X, X) <
15 for all states (X, X) arising from that network. Effectively, we treat F as a non-
linear regression model, which predicts the number of pairs of legs from state vari-
ables. Except for the fact that we do not simply want to know what is the output of
F under a specific input (X, X ), we must assure that some suitable (X, X ) can be
generated stably from the network x = f(x, a). We use the robustness function R
to formulate a quantitative version of the CS problem as follows:

Problem 2 (CS Problem Reinterpreted) Let x = f(x,a) be an analytic network,
polynomial in x, with a € A and x € D that describes the molecular dynamics of
relevant signaling compounds in centipedes’ embryos. Show that there is no inter-
val classifier F', with growth conditions compatible with the geometric path integral
definition in (7), and trained on a set of actual data for known centipedes segmen-
tation classes Cy,, ..., Cy,, such that, for all & sufficiently close to zero, R(m, h)
satisfies the real dominant conditions for m even, m = 17, 19.

We assume that the integral defining R is taken over a very large domain A, so
that we can suppose that different segmentation phenotypes correspond to different
regions of parameters within A.

According to the network path integral formalism, Problem 2 is equivalent to
stating that it is not possible to find sizable volumes of parameters in A such that
X = f(x,a) always gives rise to state variables (X, 5() such that F(X, f() is even
or equal to 17, 19, when F(X, X ) is trained to properly predict the allowed, known
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number of pairs of legs of centipedes. The quantitative interpretation of the CS prob-
lem is not dependent on a specific classifier, and it rather enforces some properties
on any classifier that we may derive from experimental data.

We defined interval classifiers in Sect. 2 exactly to be able to achieve this com-
pact interpretation of the CS problem, and the function R(m, h) is linked to the
corresponding class C,, just by the single parameter m that, in principle, could be
treated now as a continuous variable.

Remark 9 The geometric path integral formulation of the CS problem allows us
to comment on some essential differences between mathematization in biology and
in physics. The theoretical tools used to solve problems can be similar in the two
fields, as we suggested with the development of the geometric path integral formal-
ism. But in the biological setting we lack the ability to unify our understanding of
multiple problems: the functionals in the geometric path integral interpretation of
the CS problem are derived from the classifiers found with supervised learning, and
therefore they are not amenable to interpretation. It is as if every question that we
may ask about phenotypes requires its own theory and associated geometric path
integral, not reducible, even in principle, to simpler geometric path integrals.

S Challenges Ahead

In this section we highlight some of the major problems that need to be addressed
regarding geometric path integrals and their applications.!

First, it is to be seen how known analytical techniques to evaluate and approxi-
mate path integrals [18] apply to the highly nonstandard geometrical path integrals
derived from biological classification problems. At the very least, we would expect
numerical approximation of these integrals to be possible and hopefully less compu-
tationally intensive than an actual resolution of the associated geometrical problem
in (2), especially for very large domains.

Moreover, path and functional field integrals are powerful qualitative tools to
describe the global state of large systems [2], and similar methods for geometric
path integrals may allow us to rule out real dominant conditions for entire families
of functions H. In particular, to approach the geometric path integral interpretation
of the CS problem, we would need methods that can constrain effectively the sign of
the real part of R(m, h) for large spaces of classifiers trained on a set of experimental
data. It would also be important to develop the theory of geometric path integrals to
allow for a precise estimate of the size of the parameters for which (2) is satisfied.
This parameter size can vary for different classes, and therefore a careful estimate
could be used to compare the relative robustness of different classes.

We point out that a network may be constrained by several classifier functions
if different phenotype characteristics are dependent on it. The function L in the

IRefer to Remarks 5 an 6 for outstanding issues related to the definition of geometric path integrals.
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geometric path integral (7) can be extended to these cases by taking a sum of squares
of the classifier functions where each of them requires the introduction of a new
slack variable, and all heuristic arguments that lead to the real dominance conditions
can be repeated in this generalized case as well.

Finally, we note that if the classifier function F is fixed, it is possible to ask ques-
tions on the topology of the networks x = f(x, a) that are compatible with the real
dominance conditions for each specific class. In other words, the analytical structure
of suitable geometric path integrals may encode and shed light on the structure of the
topologies of molecular networks that are compatible with some given phenotypic
outcomes.

Acknowledgement We would like to thank Mirco Mannucci, Roman Buniy, and the referee for
very useful comments.
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Bounded Cohomology for Solutions of Systems
of Differential Equations: Applications
to Extension Problems

Irene Sabadini and Daniele C. Struppa

Abstract In this paper we expand on some ideas originally put forward by Ehren-
preis in his monograph (Fourier Analysis in Several Complex Variables, Wiley In-
terscience, New York, 1970), and we show how to extend approximate solutions to
the Cauchy—Fueter system in n variables.

1 Introduction

One of the early successes of Ehrenpreis’ approach to the study of systems of par-
tial differential equations was his new and surprising proof of the famous Hartogs’
theorem on the removability of compact singularities for holomorphic functions of
n > 2 complex variables [7]. Ehrenpreis’ proof is elegant and contains many of the
ideas which will be relevant in this paper, and for this reason, we offer it here in a
concise version. The reader may consult [15, 18] for the history of the approaches
to the Hartogs’ theorem.

Theorem 1 Let K be a compact convex subset of C", and let f: C"\ K — Cbea
holomorphic function. Then there exists a unique entire function f : C" — C such
that f = f on C" \ K.

Proof To begin with, we consider a hyperfunction g which extends f to all of C".
Let D; =0/0z;,i =1,...,n,and let g; := D; g. Clearly, the hyperfunctions g; are
supported in K, and

Digj=Djgi (D
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for all pairs i, j. Since D;g; also have compact support, we can take the Fourier
transform of these hyperfunctions, and from (1) we obtain z;G; = z;G;, where
we have indicated with G; the Fourier transform of g;. Therefore the function
H :=Gj/z; = G;/z; is holomorphic outside the origin of C". By the so-called
second Riemann removability singularity theorem (which stipulates that an ana-
Iytic singularity of codimension bigger than or equal to two can be removed) [12],
we immediately obtain that H is entire. The Paley—Wiener theorem for the Fourier
transform of hyperfunctions supported by a compact convex set K implies that for
every positive ¢, there exists A, such that |G ;(z)| < A; exp(Hk (z) + ¢|z]), where
z=1(21,...,2n), and Hg is the supporting function of the compact convex set K.
Therefore, the Ehrenpreis—Malgrange lemma shows that H itself satisfies the same
inequality and therefore is the Fourier transform of a hyperfunction 2 supported
in K as well. The proof is concluded by defining f = g — h. g

Remark 1 The proof we have given invokes the use of hyperfunctions because this
allows the extension of f to g without losing anything along the boundary of K.
This is not necessary, however, and in fact Ehrenpreis worked directly in the C*°
setting.

Remark 2 1t is important to note that the result in [7] is actually stated for solutions
to any system

P(D)f =0,
2)
P.(D)f =0,

where the polynomials Py, ..., P, symbols of the operators Pi(D),..., P.(D),
have no common factors. The proof we have indicated above carries over with no
changes. One should also point out that Ehrenpreis mentions in [7, 8], and Palam-
odov proves in [ 14] that the same result can also be obtained for a large class of rect-
angular systems satisfying an algebraic condition, which in the case of system (2),
with one unknown function, reduces to the request that the polynomials have no
common factors.

Remark 3 As Ehrenpreis himself has pointed out, this result can be rephrased in
terms of sheaf cohomology. Specifically, if & denotes the sheaf of germs of holo-
morphic functions in n complex variables, then the proof we have described before
shows that compact singularities can be removed if one can prove the vanishing of
the first cohomology group with compact support HC1 (U, 0) for any open convex
set U in C". In the case in which a system different from the Cauchy—Riemann sys-
tem is considered, the sheaf & needs to be replaced by the sheaf of solutions of the
system itself.

Let us discuss explicitly this interpretation. Let f be a solution in R" \ K of
a system of linear differential operators with constant coefficients. We denote by
P(D) the column vector (Py(D), ..., P.(D))". As in the proof that we outlined be-
fore, f can be extended to a hyperfunction g over R”, and one can then consider
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the family g; := P;(D)g. Assume now that we know that HC1 (R", .”) =0 where .¥¥
is the sheaf of hyperfunction solutions to the system P(D) f = 0. By Theorem 4.6
in [13] the vanishing of this cohomology group is equivalent to the request that the
kernel of the matrix operator Q(D) associated to the first syzygies of P(D) satis-
fies Ker(Q(D)) =Im(P(D)) on the space %" of r-vectors whose components are
compactly supported hyperfunctions in R”. Since g = (g1, ..., g-)" belongs to the
kernel of Q(D), and by the vanishing of the compact cohomology, we obtain that
there is an element 42 compactly supported in R” such that P;(D)h = g;. It is then
immediate to verify that the function f := g — & is the required extension. In actual-
ity, the proof of the theorem shows directly the vanishing of the quotient %,
and we can see how the vanishing of the cohomology would imply the vanishing
of the quotient. Specifically, the collection {P;(D)g;} is a 1-cocycle, and therefore
the vanishing of the cohomology implies the existence of a family of compactly
supported hyperfunctions {k;} such that P;(D)g; = k; — k;. By taking the Fourier

transform, and using again capital letters G ;, K; to denote the Fourier transforms of
Ki—K;
P P;

gj, ki, we obtain P;G; = K; — K, and one can then formally define H :=
Ki—K; _ PiGi
pendent of the index i. If we define the function 4 to be the anti-Fourier transform
of H and set f = g — h, we obtain the statement.

which is a well-defined entire function because = %, which is inde-

Remark 4 Note that Ehrenpreis in his proof does not explicitly construct the family
{k;} but uses the cocycle {P;(D)g;} to construct directly the function A.

Remark 5 Since the Cauchy—Riemann system is elliptic, the sheaf of hyperfunctions
solutions to the system is exactly the sheaf of holomorphic functions.

Remark 6 The vanishing of HJ (U, O) for all open convex sets U in C" is of course
a standard fact in the theory of several complex variables.

In [8] Ehrenpreis proved a refinement of these results which applies to what
he calls “approximate solutions” to the system of differential equations, see [8],
Chap. XI. He does so for systems of the form (2) in which P(D) is a column
(Py(D), ..., P.(D))" of linear partial differential operators with constant coeffi-
cients.

Theorem 2 Let 20 = §27 \ §21 be a subset of R" such that §2| and §2, are open,
convex, and bounded sets in R, with 2| C §2,. Let 382; be the boundary of £2; (i =
1,2), and let % (0821) be a neighborhood of 0821 in $2;. Let & denote the sheaf of
infinitely differentiable functions, and let B be a set of functions in & (20U % (0521))
such that

{P(D)f | f € B} is bounded in & (20U % (3521)).

If the polynomials P; have no common factors then, for any f € B, there exists
f € &(82) such that:
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@) {f — f: f € B}isabounded set in &(20U X' (3821)) for some neighborhood
U' of 382,
(b) {P(D) f} is bounded in & (£27).

The first goal of this paper is to offer a cohomological interpretation of Ehren-
preis’ Theorem 2 in terms of what we call bounded cohomology to which we ded-
icate the next section. The second goal is to expand on the ideas of [19] and show
how Ehrenpreis’ theorem can be formulated for an important concrete case in which
a matrix system is considered, specifically for the Cauchy—Fueter system in 4n vari-
ables. The case n = 2 was treated in [19].

2 Bounded Cohomology

Our main tool to give a cohomological interpretation of Theorem 2 will be a no-
tion of cohomology that we call bounded cohomology. It is constructed by taking
as elements the standard cochains with infinitely differentiable coefficients and as
equivalence relation the relation we introduce in the next definition.

Definition 1 Let 2 C R”, and let ¥ = {£2;},c; be an open covering of £2. We will
say that a family of sections {f;}icr, fi € &(82;), is equal up to bounded terms to
{gilier, gi € £(£2;), and we will write

{fitier=lgi}ier

if f; — g; is bounded in the topology of &(£2;), Vi € I.
It is immediate to prove the following result:

Proposition 1 The relation of equality up to bounded terms defines an equivalence
relation on &(S2).

Let us consider the set of 0-cochains C%(¥, &) = [1; £(82;) of & and, more in
general, the set of p-cochains CP (¥, &) = Hio#i#m#p E(R2;N---N 2i,). A p-
cochain in CP(¥, &) is denoted, as customary, as f = {fio...ip} where f,-om,-p €
&(82iy N --- N §2;,). Let us define the set Cf(“//, &) of p-cochains with coefficients
in & modulo the equality =:

Cl(V,E)=CP(V,&))=,

where we use the subscript “b” to emphasize that we consider p-cochains up to
bounded terms. We define the coboundary operator as usual by
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5:CLv, &) — oy, &),
p+1

8(Figipr =D (=D fi 7

el jedpr 1 N2
Jj=0 ? !

where z/; means that the index i; is omitted.

Definition 2 A p-cochain f € C,f(7/, &) such that §(f) =0 is called a p-cocycle,
and the set of p-cocycles is denoted by ZZ (¥,&). A p-cochain f such that

f=68(g) is called a p-coboundary, and the set of p-coboundaries is denoted by
BL(V,&).

Definition 3 We call the pth bounded cohomology group and denote by Hlf 7, &)
the quotient
0, 6)

HY (v, 6)==2—"",
b Bl (¥, &)

Remark 7 In particular, we have
Zy(V, &) = {{fijy € CL(V, E) [ fij + £ii} ={0}}.
By(v. &) ={{fijy e C,(V. O | fij} =1fi — fi}}

so that Hb1 7,&) = Z;(“I/, @@)/B,l(“//, &). The vanishing of th (¥, &) means that
for any choice of {f;; 4+ fji} which are bounded in &(£2), there exist f;, f; such
that fi; = (f; — f;) + bij, where b;; is bounded in &'(£2).

Remark 8 The previous definitions can be repeated also in the case of p-cochains
with compact support. In that case we obtain the bounded cohomology with compact
support that we denote by H Cl »(7, &). By taking a suitable covering of £ we get

the bounded cohomology with compact support H cl »(82,8).

‘We now show how this language can be useful to rephrase Theorem 2.

Theorem 3 Let 20 = §27 \ §21 be a subset of R" such that §2| and §2, are open,
convex, and bounded sets in R, with 21 C §2». Let 382; be the boundary of $2;
(i =1,2), and let % (0821) be a neighborhood of 3821 in §25. Let . be the sheaf of
infinitely differentiable functions that are solutions to the system P(D)f = 0. Let B
be a set of functions in & (29 U % (0§21)) such that

{P(D)f | f € B} is bounded in & (20 U % (352))).
IfHClyb(.Qg, ) =0, then, for any f € B, there exists f € &(822) such that:
(@) {f — f: f € B}isabounded set in &(20U X' (3821)) for some neighborhood

v Of 3:91,
(b) {P(D) f} is bounded in & (£27).
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Proof For every f € B, we can construct its extension g to £2; and define g; =
P;(D)g which can be assumed to be with compact support. By hypothesis we have
that the family {P;(D)g; — P;j(D)g;} is bounded and compactly supported. The
same is therefore true for the family of its Fourier transforms {P;G; — P;G;}. Now
assume that H cl’ (822, .7) = 0. This implies the existence of a family {K;} such that

. . . . Ki—K;
P;G;=K; — K. By defining as before & as the anti-Fourier transform of ——5-", we
. L

obtain that the family of extensions { f =g —h | f € B}issuchthat {f — f | f € B}
is bounded as requested and P f is bounded as well. g

3 The Cauchy-Fueter System

In this section we will prove an analogue of Theorem 2 for the solutions of the so-
called Cauchy—Fueter system in several variables. Let us begin by recalling some
basic definitions. We will denote by H the skew field of quaternions ¢ = xo +ix; +
Jjx2 + kx3, where x, is real for £ =0, ..., 3, and i, j, k are such that i2= j2 =k =
—landij =k, jk=iki=j,ij=k, jk=i, ki = j. From a vector-space point of
view, H can be seen as R*, but the space H of quaternions admits a noncommutative
multiplicative structure that differentiates it from R*.

There are several notions that extend the concept of holomorphicity to functions
defined on open sets in H. In this paper we deal with the one introduced by R. Fueter
back in the 1930s, see [9, 20], and which has been extensively studied in the litera-
ture.

Definition 4 Let £2 be an open subset of H, and let f : 2 — H be a real differen-
tiable function. We say that f is regular if it satisfies the so-called Cauchy—Fueter
equation

i

— 1= =0. 3)
aq 9x0 0x1 ax7 0x3

Equatlon (3) can be rewritten it by taking advantage of the explicit expression
of the aq operator and of the representation of f in its real components f = fo +
if1 + jf2 4+ kf3. From this point of view, (3) becomes the following 4 x 4 system of
differential equations in the unknown variables fy, f1, f2, f3:

— =222,
dxg 0x7; Oxp 0x3

a a a a

O L of 9 s _
dx;  dxg Odx3  Ixp

a a a a

O L of O s _
dxa 0x3 Oxg 0xp

a a a a

O _ N 3 3 _

dx3 0xa 0x7  Oxp
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In [6] the authors showed how the notion of regularity can be naturally defined
for functions in several quaternionic variables and demonstrated that such func-
tions enjoy important properties that make their theory quite similar to the theory
of holomorphic functions in several complex variables. To begin with, we give the
following definition.

Definition 5 Let £2 be an open subset of H", and let f : £2 — H be a differentiable

function. Let (g1, ..., g,) denote the variable in H". We say that the function f is
regular if it satisfies the Cauchy—Fueter system of differential equations

of _ 0 _0

g1 g2 8Gn

with obvious meaning of the symbols. The right quaternionic vector space of func-
tions that are regular on the open set £2 is denoted by Z(£2).

Remark 9 The assignment 2 — Z(£2) is a sheaf of right vector spaces on H.

Similarly to what is done in the case of one variable, the Cauchy—Fueter system
can be rewritten as a system of 4n differential equations in four unknown functions
fos ..., f3. Thus, we now have what is usually referred to as an overdetermined
system of differential equations. As we did in a series of articles, see [1-4], which
culminated in [6], we used extensively the ideas of Ehrenpreis and Palamodov to
develop the theory of its solutions.

In particular, in [16], we described the compatibility conditions on (g1, ..., &)
for the nonhomogeneous Cauchy—Fueter system
af af
— =gl ., —— =& 4
8611 a‘In !

to be solvable. These conditions correspond, from the algebraic point of view, to
the first syzygies of the module associated to the system and are described in the
following proposition.

Proposition 2 System (4) admits a solution f if and only if the datum g =
(81, ..., 8n)" satisfies:

1. For each of the 2(;) ordered pairs of indicesr,s, 1 <r,s <n,
9g, 9q, 85 — 05,94,8r = 0.
2. For each of the (';) triples of indices h,r, s, 1 <h,r,s <n,
9g),05, 85 + 9q, 0G, 8s — 0,0, 8h — 3,94, &r =0
and

9g, 03, 8h + 0q,0g, 8h — 0g;,0q, 8 — 95, 04,8 = 0.
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3. For each of the (g) triples of indices h,r,s, 1 <h,r,s <n,
(D, 34, — Dy, 9g,)8n + (D, 9, — Dy, 93,)8r + (Dy, 3, — Dy, 9,) 8 =0
and

(Dg, %, — Dg,95,)gn + (Dg, 9, — Dy, 83,)8r + (Dy, 35, — Dy 8,)8s =0,

3 9 9 o
Where 8‘1' dqo +i dql +Jadq2 +de4%’ aq' 3qi0 dqll J 0q,z kaqis’ in -
"o .
3%2 + 343 andD 9gi3 +J 9gi1*

In the sequel we will denote by Q(D) the matrix of differential operators such
that Q(D)g = 0 corresponds to the matrix form of the relations in Proposition 2.

We now give the notion of approximate solutions to the Cauchy—Fueter system
(see also [19]):

Definition 6 Let £2 be a bounded open set in R*" (or equivalently a bounded open
setin H"), and let B be a set of quaternionic valued infinitely differentiable functions
in £2. We say that B is a set of approximate solutions to the Cauchy—Fueter system
on 2 if the set

{3f af
g1 9gy
is a bounded set in the topology of the space & (£2) of ordered n-tuples of infinitely
differentiable functions on 2.

:feB}

Note that regular functions are approximate solutions as well, since the set above
would be reduced to the zero set. In [19], Struppa has proved the following theorem.

Theorem 4 Ler 20 = $2, \ §21 be a subset of H? such that 2, and 2, are open,
convex, and bounded sets in H2, with 2| C §25. Let 082; be the boundary of $2;
(i =1,2), and let % (3§2) be a neighborhood of 32\ in $2;. Let B be a set of
Sfunctions in & (820U % (0521)) such that

{i % feB} is bounded in 52(90U%(391))-

9q1 0q2

Then, for any f € B, there exists f € &(827) such that:
e {f — f:f e B}isabounded setin &(20 U % '(3§21)) for some neighborhood
v’ of 082y,

{Bql aqz} is bounded in &*($2,).

We will now show how to extend this result to the case of several quaternionic
variables.
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Theorem 5 Let 20 = 2 \ §21 be a subset of H" such that §21 and §2, are open,
convex, and bounded sets in H", with 2| C §25. Let 382; be the boundary of £2;
(i =1,2), and let % (0821) be a neighborhood of 352 in §2,. Let B be a set of
Sfunctions in & (29 U % (0§21)) such that

{3f af
aq_l’.“’ aén

i fe B} is bounded in <§’”(.Qo U%(E).Ql)).

Then, for any f € B, there exists f € &(§27) such that:
(@) {f — f: f € B} isabounded set in (20U %' (3821)) for some neighborhood
w' of8!21,
af af \ . on
(b) {55+ ---» 53, } is bounded in E"(827).

Proof We begin by extending the function f to a function g, infinitely differentiable
on the entire space §2;, and such that g is equal to f on the set £29 U %' for some
small neighborhood %' C % of 3821, and we set 23 = §21 \ %'. Let us define

_ 98
3G,

8r

and consider the set

{g1,...,8gn: f € B},

which is bounded in &(£29 U %'). We now multiply the functions g, by a C*®
function x which is identically one on §23 and which is compactly supported in §2;;
we obtain new functions (for the sake of simplicity, we will still denote them by g;),
which are now compactly supported in §22. The set {g1, ..., g : f € B} is therefore
a bounded set of compactly supported functions. We now consider the first syzygies
of the system of n Cauchy-Fueter operators described in Proposition 2, and we
apply them to g1, ..., g,. We obtain the set

yB = {a(}r anvgs - aqv aq,rgr’ aqh aé,g& + GQr aéhgs - aér aqrgh - aéy atIhgr’
8qr aq.sgh + a‘]s aérgh - 8‘?h aqrgs - aqh al{sgr’
(D, 8, — D}, 95,)gn + (D}, 93, — D}, 05,)8r + (D}, 05, — D, 3g,)8s.
(Dg, 33, — Dy, 33, )gn + (Dg, 83, — Dy, 85,)&r
+ (D}, 9, — D)y 95,)8s - f € B,
v&_/hich is bounded in 2(£24), where £24 is a bounded convex set such that .(_23 C
£24 C £21. We can now take, formally, the Fourier transform of the elements of
Zp. Since we know that the Fourier transform is a topological isomorphism, we

denote by G, the Fourier transform of g, forr =1, ..., n, we obtain (with obvious
symbolism) that the new set
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78 =14r45Gs — 454sGr, GnarGs +aranGs — 4sG-Gn — 45GnGr,
4rqsGn +4sqrGn — qngrGs — qngsGr,
(2495 — 25qr)Gn + (25qn — 2,45)Gr + (24qr — 2.91) G,
(z)qs — 2yqr)Gn + (ziqn — 2,q5)Gr + (z),qr — 2)/qn) Gy,
rs=1,....,n, r#s#h: feB}

is bounded in 92([24). That this is indeed the case can be confirmed by writing
explicitly the operators (in terms of their real coordinates), then taking the Fourier
transform of the various components, and finally regrouping in quaternionic form.

Denote by B the multiplicity variety associated to the equation g; = 0 (we refer
to [8] and [17] for a detailed definition of such a variety). Let us now look at the set
LSZB =8\ {94rq1G1 — q1q1G,,r = 1, ...,n}. The elements in 523 do not vanish
identically on the variety defined by g; = 0. Let us formally set g; = 0 in all the
elements in 553, and let us denote this new set by (jg)‘qlzo. From this fact we
immediately deduce that

(.7B)q1=0 is bounded in 9(£24)(B).

Let us consider in (LSZB)““:O the element ¢2g>G1. If we denote by U the subva-
riety of ‘B where |g2¢2| > 1, then we obtain that {G| : f € B} is bounded in the
topology of 9(94)(%), and so, since the set where |g2g2| > 1 is a sufficient set
according to [8], we deduce that the set {G : f € B} is actually bounded in all
of ¥ (£24)(®B). Note that a similar argument can be made if we look at other com-
ponents of the set ., which are bounded on the multiplicity variety associated to
qr =0,r =2,...,n. By the Fundamental Principle of Ehrenpreis [8], but see also
[5, 11], (actually by the Extension Theorem that implies the Fundamental Principle,
[10, 17]) we know that every function G holomorphic on the multiplicity variety
B can be extended to an entire function G satisfying on C" the same bounds that
G satisfies on 8. Thus we can say that there exists a function G such that the set
{Gl : f € B} is bounded and, for some entire function H; € 17 (£24),

G1—Gi=q-H.

Now let iy € 2(824) be the a~nti-Fourier transform of Hj, and let g € Z(8§24) be
the anti-Fourier transform of G . Then

oh <3h2 ) n (3/’11 3/’12) 5 4 (3/11 3/’12)
- T 82=\|\ 7= — 82 Pl By 4 = — L= -
99> 8 092 8 02 9q2 8 02 9q2

Now notice that

oh oh, 0A1hy ohy 0 0 0dhg A oho
1= —_— = —Al—=—7T7——"A1—=
17}

A 1= = 1T = 7= = 1—.
g2 RI7p) 0g2  9qo 9q1 9q1 g2
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This last expression is, up to a bounded function, nothing but

a 0g1
T 281 A1g2,
9g2 9q1
which is therefore bounded.
Since differential operators (and in particular the Laplacian) are topological iso-
morphisms (see Theorem 6.5 in [8]), we deduce that

ohy  0hy
g2 942
is also a bounded set. But since the set {g, : f € B} is a bounded set, so is the set
oh
{a—_ —g:fe B}

If we now define f = g — h;, we conclude that the function f is the one requested
in the statement of the theorem. g

We conclude the paper with the cohomological version of this same theorem.

Theorem 6 Let $20 = §27 \ §21 be a subset of H" such that §21 and $2, are open,
convex, and bounded sets in H", with 21 C §2,. Let 382; be the boundary of $2;
(i =1,2), and let % (0821) be a neighborhood of 352 in §2,. Let B be a set of
Sfunctions in & (820U % (0521)) such that

{af af
g1 gy

= B} is bounded in &" (.Qo U 02/(8.(21)).

Ile (822, %) =0, then for any f € B, there exists f € &($22) such that:

(@ {f— f : f € B} is a bounded set in & (20U %' (0821)) for some neighborhood
w' ofa.Ql,

(b) {3q1 ey aq I\ is bounded in & (522).

Proof For every f € B, we can construct its extension g to §2, and define g =
(%, e aaq ). It is immediate to see that g belongs to the kernel of the operator
Q(D) associated to the first syzygies and that we can assume that g g is with compact

support. By hypothesis, H (822, #Z)=0,and so g = (2 9 "Ly for a suitable

. oq
h € &(822). The family of extensions { f =g — h| f € B} now satisfies the theo-
rem. O

Remark 10 In [6], the authors have discussed the explicit form of the syzygies for
a wide variety of systems of differential equations. In addition to the study of the
Cauchy—Fueter system, for example, the authors have identified the syzygies for the
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Dirac systems, for the Moisil-Theodorescu system, and for many of their variations.
It is quite simple to verify that the theorems proved in this paper for the Cauchy—
Fueter system extend indeed to all the systems treated in [6]. It is possible, and worth
investigating, that in fact the study of bounded cohomology may allow the proof of
a general theorem on the extension of sets of approximate solutions for a large class
of rectangular systems of differential equations.
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On Two Lacunary Series and Modular Curves

Ahmed Sebbar

Abstract We study, from different points of view, the two series x+(z) = ) _,~¢ o

and x_(z) = ano(—l)"zzn. We show that the first series is related to the Jacobi
theta function and the second is related to the Dedekind eta function and to the
modular curve Xo(14). We also present another approach to a celebrated identity of
Hardy.

1 Introduction

As far as I know, Leon Ehrenpreis has never visited Bordeaux, but his name was
very familiar to us in the 1980s, thanks to our teacher Roger Gay. Other names were
also familiar: André Martineau, Bernard Malgrange, and Lars Hormander. It hap-
pened that some theorems carry one or simultaneously two or three of these names.
The main topics we studied were: Analytic functionals, division of distributions by
a polynomial, existence of a fundamental solution for an arbitrary differential oper-
ator with constant coefficients and especially the fundamental principle. The book
Fourier Analysis in Several Complex Variables of Leon Ehrenpreis [9], together with
Introduction to Complex Analysis in Several Variables of Lars Hormander [14], was
our main concern. Several of us thought that Fourier Analysis contained many prob-
lems, good for very high-level doctorat d’état, the French doctoral dissertation at
that time.

But the total mathematics of Leon Ehrenpreis is much broader and has an impact
in many areas. In the present paper I will discuss some ideas on lacunary series and
automorphic functions or forms, subjects that interested Leon too.

We study, in some details, the algebraic, analytic, and arithmetic properties of the
two lacunary series

@=),  x-@=) (D", lzl<l, ()

n=0 n>0
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already considered under a different angle in [18]. I am pleased to observe that the
present point of view is close, in some points, to Ehrenpreis work [10]. The series
(1) verify the functional equations

x+@=z+x+(2%), x-@=z-x-(z%), 2)

and the main objective is to (try to) study their singularities on the unit circle. To
do so, we first try to find a relationship between x+ and automorphic functions,
in particular theta functions, while they seem unrelated. The main results are: The
first power series is related to the fourth powers of the Jacobi theta functions, and
the second is related to an eta product and to the modular curve Xo(14). This is
the content of main Theorems 6.5 and 6.6 of this work. Theorem 3.1 gives a new
presentation of a celebrated identity of Hardy.

It is surprising in several respects that the functions x4 and x_ are related. One is
tempted to think that there must be a hidden relationship between x4 (z) and x_(z),
despite their differences. Among the things which separate x, and theta functions,
there is the behavior at 1. When x is real and tendsto 1, x < 1,

Z" Y Jr ixznw_log(l—x)'
2T —x 2«/—10gx’ log?2

Our main reference for modular forms and theta functions is Zagier [27] and Ono
[20], and for elliptic curves is Silvermann [24]. For the sequel, we set z = 277,

Definition 1.1 The theta function, associated to the Dirichlet character i is the
series given by

. 2 2
Oy (1) =0y () =Y Y me™ T = Y(n)z"
n n
if ¥ is even, and if v is odd, by
by (1) =6y () =Y Y (mne® ™" ="y (mynz"

n n
The summations are over positive integers, unless ¥ is a trivial character, in which
case the summation is over all integers.

In the case of a trivial character, we write 6y, = 6, and we know that

o0

o) =[]1->")(1+ 21y = Zz”z

n=1

The Dedekind eta function is

oo oo

L 1 n@_w 12y 2
)=z 4H(1—z)—z242(—1)z 2 —Z(n)z%, 3

n=1 —00 n=1
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where (%) is the Legendre—Jacobi symbol. Hence the eta function is a theta func-
tion, and in fact if xjp = (%), then

n="0y,,

12 1 for m =+1 mod 12 €]
xipm)=—|=
m —1 form =45 mod12.

On the other hand, we have the identity [20]
0(2) =60(t)=n"Qr)n > ()n > (41),

which can be considered as an inversion of (3).

2 Algebraic Differential Equations, Differential Operators
of Infinite Order

In this section we compare the differential properties of x4 (z) and 6(z). An alge-
braic differential equation (ADE) is an equation of the form

P(z, w,o, ..., a)(k)) =0,

where P is a polynomial over C in all its variables [15]; k is called the order of
the equation, and its degree is the degree of the polynomial P (X, Xo, X1, ..., Xk).
A power series which satisfies an ADE is called differentially algebraic. A classical
theorem of Maillet, Ostrowski, and Popken asserts that if Y f,,, 2", fu, € C, fn, #
0 is differentially algebraic, then necessarily lim sup "fl—zl < 00. Nevertheless:

Proposition 2.1 The functions x4 (z) and x—(z) are not differentially algebraic.

This result can be explained in two ways; the first is through the functional equa-
tion (2) as in [19] or [15]. It should be noted that the lacunarity of a differentially
algebraic power series is specified by the following result of Maillet [17].

Theorem 1 (Maillet) Let > - bu2™ be a given series, formal solution of a differ-
ential equation of order k and degree j1. We can find a fixed number 1y, independent
of m, such that for large m, if by, is nonzero, the previous nonzero coefficient has an
index greater than or equal to ('";—TO)

The function 6(z), instead, is differentially algebraic. It satisfies the Jacobi dif-
ferential equation

(yzy/// _ 15yy/y// + 3Oy/3)2 + 32()1)7// _ 3y/2)3 — yIO(yy// _ 3}/2)2,

where “”” = eHmT,

1 d d
Stands fOr 2im dt Z d_Z ,» 3



278 A. Sebbar

On the other hand, following Sato, Kawai, and Kashiwara [23], consider
d & 1 d
= — 1———.
Q1 dt H( 2inn2dr>

Using

o0

2
sinh¢ =;]_[<1+#),

n=1

Q—\/Z d h\/z d
1= lﬂdTSln ”Td‘[

S d Jj+1
2:: 2]+1)v<' E) '

0 is a well-defined differential operator of infinite order, with

d
Q1< )9(1)—

Similarly, we have the following:

we have that

or

Proposition 2.2 The infinite product
ad T
h) =] <1 - 2—)
n=0

is a unique solution of the functional equation

h(t)=(1 — r)h(%), h(0) = 1.

It represents an entire function of zero exponential type with the following expan-
sion:

o 2n
h(t) =1 ™,
) +l;(1—2")(1—2”_1)--~(1—2)

and hence

( ) i on d"
— (=20 (1 -2 (1 -2)dr”
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is a well-defined operator of infinite order with

d d
h(;>x+(z)=0, h(g)X—(Z)ZO-

The functions x+ and 6 share the following analytic property: the associated Dirich-
let series are solutions to infinite-order differential operators, and hence the lines
of convergence are natural boundaries. It is possible to show that, actually, the
Dirichlet series associated to (1) cannot be continued neither analytically nor quasi-
analytically across the line of convergence It = 0. This means that the power series
have the unit circle as an analytic and quasi-analytic natural boundary [18].

The functions x(z) and 6(z) share some arithmetical properties. Mahler [16]
showed that for every d > 2, the value of Zn>0 774" at any nonzero algebraic num-
ber is transcendental. For theta functions, the situation is richer, and we refer to [5]
and [3] for various results and conjectures.

3 New Look at Hardy’s Identity Concerning the Series 4+

We would like to interpret Hardy’s identity [11]

y e Dol Ly
= — — log(log 1 S
2= a2 —1) log2 ceteel/+5 =17
n>0 n>1

1 —2ki i
_ L F( lﬂ)(logl/xf“”“‘)gz’ O<x<l G
log2 = \ log2

from another point of view by giving a description in terms of difference equations.
We consider the power series

1 "

a"—1n!’

G)=GGza)=)

n>1

(6)

where a # 1 is a given positive real number. The function G is an entire function
solution of the functional equation

z 1
G(z,a):—G(—, —>. @)
a a
We introduce a new variable u by z = —a" and the function
H(u) =—zG'(2). ®)

Then
A+ 1) — HWU) = ju(u) =a"e™ . 9)
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The function j, belongs to the Schwartz space . (R) of infinitely differentiable
functions f such that " £ is bounded on R. In particular, each of the two series
Zmzo Ja(u + m) and Zmzl Ja(u — m) converge uniformly on compact sets of R.

Theorem 3.1 Equation (9) has three entire solutions & (u) = X (u,a), ) (u) =
K (u,a), and 5m) = #>(u, a), with
%(u) - _ Z (—l)n+l gn+Du .

n>0 gn+l_1 ~ nl
HW) = Yy Jal —m);
o) = = Y g Jalt+m);
H (W) =) ifa> 1 H () = o) ifa < 1;
J (u) — 5 (u) = P(u) is a periodic function of period 1 given by

= 2inm ;
P(u):ZF(l —oa )ez'”””;
= oga

6. The map which carries 1 (u) on J(u) is represented by the functional rela-
tion (1) G(z,a) = —G(%, 1);
7. The following identity holds for all a > 1:

(—1)" a" Ciem
Zan_lan!:_Z(ea _1)'

n>1 m>1

MR

The proof of the theorem is based on the difference equation (9). Since the second
term j, is in the Schwartz space . (R), we can solve this equation by right iteration,
left iteration, or localization. More explicitly, let D be the differentiation operator
j—x. By Taylor’s formula, (9) takes the form

(e = 1)) = ja(u)
or
(1—eP) W) = ja(u—1).

The formal inverse of the operator (1 —e™?) is Y, ,e™P so that (9) has the
solution J#1 (u) = > _,,~ ja(u — m), which is in fact an entire function, the series
being a series of holomorphic functions on C uniformly convergent on compact sets.

Equation (9) written in the form (1 — e?).%#(u) = — j,(u) can be solved for-
mally by right iteration J# (u) = — ), . ja(u + m), and we obtain another entire
solution. -

The tlllird method to solve (9) is the localization method. We define the operator
D~ !'= Ly

D_lg(u) = /Ou g(x)dx;
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then (9) takes the form

eD—l u ]
< )%(M)Z/ Ja(x)dx. (10)
D 0

The function %5 is holomorphic in the disc centered at the origin and of radius 27

and has the power series expansion

Z b
- :Z—':z”, |z]| < 2m.
et —1 n
n=0

The coefficients b,, are the Bernoulli numbers

1 1 1
bp=1, bi=—=, by=—-, b3=0, by=_—
0 1 5 255 3 4

A formal solution of (10) is

bu w1
Haw) =D o)+ D" D7 ja(w),

n<l
and an easy calculation shows that

(—1)y"q"m
m!(amtl — 1)

Ay =a"y

m=>0

We observe that we have recovered the function J#3(u) = # (1) from which we
derived the difference equation (9).
The difference 7] (u) — J#,(u) is a solution of the homogeneous equation

Hu+1)—wu)=0,

so it is a periodic function of period 1. The Fourier coefficients can be computed
as in the preceding section. The map a — % is a homeomorphism from (0, 1) onto
(1, 400), so we can suppose in the sequel that @ > 1,z = a". Relation (7) gives
—2G'(z,a) = £G'(%, 1), which is equivalent to %] (u) = #5(1 — u, 1). Finally, if
we integrate from —oo to u the identities

D Jalx —m) = i) = A ()

m>1

and use

u _1 u—m
/oo Ja(x —m)dx = loga (e‘ia — 1),

we obtain the last statement of the proposition.
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Remark 1 We have seen that Hardy’s identity can be considered as a connection
formula between two solutions to the same difference equation. In principle, other
connection formulas could be obtained by considering other solutions. However,
according to the asymptotic formula

|7 (x +iy)| = V2me Wy =2 (14 r(x, y)),

where as |x + iy| tends to oo, r(x, y) tends to 0, uniformly in the strip |x| < «,
where « is a constant, the connection

+00
() — W)= Pu) = Z[‘(l _ ZnﬂiA)eZ””i”

—00

with A = @ is very small on the real axis; two different solutions of the same
difference equation can be very close. This has been remarked in another context
by Ramanujan and Hardy (see the discussion in [4] Entry 17) and more recently by
Tricomi [25], who found that fora =2 or A = fog2 = = 1.4427..., one has that, for
all x e R, |P(x) — A] < 0.0000143..., whereas Berndt quotes in [4] the approxi-
mation

ng—2'x (=)
w2 e 3 ))

1 2 logx
~ —| 14 0.0000098844 cos +0.872711 ) ).
X log?2

Now we would like to investigate how the functional relations (7),(8) can be
linked to modular properties of some Eisenstein series. The function (6),

1
0= Tt

n>1

is an entire function of order 1 and of exponential type %, and its Borel transform is

1 _ 1
B(Z,a)IZmZ (nH), |z] > 7

n>1
Following a presentation of Bochner, we show that the function

1 (logx)"

*
P x e C*, (11)

P(x)=G(logx) = G(logx,a) =Y _

n>1

verifies a functional equation almost like the Riemann zeta function.

Definition 3.1 A function F(x) is residual if the three following conditions are
fulfilled:
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1. It is defined and differentiable for 0 < x < oco, and for some y > 0, we have
F(x)=0((x77)as x tends to 0 and F(x) = O(x?) as x tends to +00, so that
we may introduce for complex s the Mellin transforms

1 +o00
£ (s) = / Foox*ldx, &)= / Fo)x*'dx;
0 1

&, is defined in a right half-plane, and & in a left-half plane.

2. These two functions can be continued into one another in a domain D which is
the exterior of a bounded set S.

3. If we denote the joint value of the continued function by &y(s), s = o +it, then
we have

lim &y(o+it)=0
|[T|>+00

uniformly on finite intervals o1 < o < 5.

This definition is motivated by Hecke’s theory on modular forms [26] that will
be also considered in Sect. 6. That the function P(x) is residual is a consequence
of the fact that G (z) is of exponential type 37 and of order 1 and from the following
theorem of Bochner [6].

Theorem 3.2 A function F(x) defined for 0 < x < oo is residual if and only if it
can be represented as a series

c 1\" . 1
F(x):zn—"'<log;) . yo=limsup|c,|" < oo.

n>0

The function &y(s) is the Borel transform &y(s) = ano % of the entire function
of exponential type F(e™) = ano %y”.

Instead of &y(s), we consider

n
n>1

1
Era)=E@) =) ——" lal>1. (12)

This function has some interesting properties. We first prove the following:

Proposition 3.3 The function £(z, a) has a meromorphic continuation to the whole
plane with simple poles at a", n € N*, and with residues —a".
In fact, from the definition we see that, for |z] < 1,

b4
-1’

“g‘(az, a) - g(zs Cl) = _Z
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so that

1
S(z,a)zzzan_z.

n>1

The last series converges uniformly on compact sets of C \ {a",n € N*}, and the
result follows.
Let B(t) be the function defined for 0 < ¢ < co by

1 0& >
B(t) =~ — —1t 4+ 2mt—=(1, ™).
(=7 =5t +2mry (1)

Proposition 3.4 The function B verifies the functional relation

B(t) + B(%) =0.

In particular,

n 1 1
27:___2070018779”“
ern—1 24 8w

n>1
The last equality appears in Ramanujan [22] (p. 326, question 387). The proof of

the proposition is an immediate consequence of the modular transformation law of
the Eisenstein series

1 n 1 ;
Ga(7) Z—Q +Zm = Y +ZUI(”1)€2!”’”7 o1(n) sz,

n>1 n>1 d|n
(13)
according to which for all (;‘ ’g) € SL»(Z), we have
at + p (yt+9)
G = (T +8)2Ga(0) - LT
yT 44 4im

We obtain the desired formula by choosinge =6 =0,8=—1,y =1, and 7 = if,
t>0.

Remark 2 The series G, in (13) verifies the Chazy equation

1 d
D3y +24yD%y —36(Dy)>=0; Dy=-—-—,
2w dt

and hence it is differentially algebraic.
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Now we show that the basic function (12) is related to the Eisenstein series G5.
We shall suppose that g € C, |¢| < 1, and introduce

n

Z
x@=) — (14)
nzll__q
and
feq)= Zﬁ. (15)

n>1

We clearly have x(z,q9) = z%f(z, q). For |z]| < 1, we have

and, for |z| > g anda = é,

1. /1 1 (q

Theorem 3.5 Let F(z, q) be defined for |z| < 1 by
1

et =050 —qoa —ao
Then
x(z,q)=zF/(Z’Q).
F(z,q9)

The main idea of the proof is in [12], where it is shown that
e/ =F(z.q)

with the following power series expansion:

1
1= =) —=gH---(1-g")

By taking the inverse Borel transform we obtain

Fz,@)=1+Y Bz, Bilg)=

G( = —1 B w g
z,a)—zm g (w,a)e*” dw,
0

where %y is a circle positively oriented, centered at the origin, and with radius
strictly greater than 1. An easy manipulation shows that finally, for every z € C,

0
——F'x, z

G(Z,a)zrf ulg) e,

in Jg F(x,q)
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here % is a circle positively oriented, centered at the origin, and with radius strictly
smaller than 1. This is the desired link between the central function of this work
G (z, a) and the partition function.

Remark 3.1 The power series (14) and (15) defined initially for a € C, |a| # 1, can
also be considered for a = ¢/ with irrational &. Although denominators 1 — ¢!™"¢
never vanish, their modulus |1 — ¢/™"®| can become very small (phenomenon of
small divisors). The result is that the power series (14) and (15) may have any radius
of convergence p, 0 < p <1, according to the arithmetic nature of « [12].

4 Decomposition Theorems, Singularity at x =1
The function x4 (x) = Zn>0x 0 < x < 1 solves the functional equation (2),

@ =f(x*) +x.

The difference of two particular solutions to it is a periodic function of loglog %
Another solution of (2) is

—1rn-1 "
Z (=D"* " (log1/x) log(log 1/x),

nl(2" — 1)  log2

n>1

leading to the identity of Hardy (5),

_1yn—1 n
Y=y (log]/x) L log(log 1/x) + p(x)

1(2n —
orer ey n!(2" 10g2
with
1 1 —2ki
P =5 — o= S S ) dlog 1/ g2,
2 log2 log2 k20 log2

A much more general result in this direction is the following [1]. If

b0 =Y att. S0 =Y o(").  Dy)=) .

k>1 nez k>1

then the following formula holds:

1
fo) = =305 D40

1 2 2 loglog x~!
+— Z r(-== Dy| — i exXp 2rm—28Y ),
log6 log6 log6 log6

neZ\{0}
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5 Singularities on the Circle

Theorem 5.1 (Wigert’s theorem [10]) Let g(z) be an entire function of class (1, 0),
that is, an entire function of at most zero type and of order one:

Ve >0,3C. >0, |g(z)] <Cee.

The function defined by the series

f@O=C+) g, lzl<1, (16)

n>1

extends analytically to all the plane (including at 00) except at z = 1. Conversely, if
f(2) is a function with the above regularity properties, then there is a function g(z)
of class (1, 0) such that (16) holds in the unit disc. Moreover if g(z) is a polynomial,
f(z) is a rational function of ﬁ

It is possible to interpret Wigert’s theorem slightly differently by using a dif-
ferential operator of infinite order and a Poisson kernel for the unit disc. Because
the entire function g(z) is of exponential type zero, it defines a differential operator
of infinite order g(2), Z = %. We set g(z) = ano b7, 7€ C, z=2¢%, and we
obtain by absolute convergence

1
Y8 =g D, I =--=2D. (17)

n>0

By the main property of differential operators of infinite order (as local operators)
and by the holomorphy of the function ﬁ in C\ 2inZ, we see that ano g(n)7"
extends analytically to all C \ {1}. This is Wigert’s theorem (16).

We can think of (17) as a representation theorem that we extend in the following
manner. To g(z) = ), bn2" we associate a second infinite-order operator

dn
dz"’

1
P(D)= 23 (=)"bn

n>0
We denote, as usual, by H, the classical Poisson kernel

il L rel® ot 17
H (0 —1)=— [T
e’ —re e’ —Z

i6
, z=re’, 0<r<l.

Let, forn >0, ¢,(z) = 9"% = szo p"zP, |z] < 1. Then

f@R =) batn(2).

n>0
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The functions ¢, (z) and the Poisson kernel are related by

n>1.

d .
H"(0) =~ Hy (0) = 2" g (re'”).

Hy(0) = 1 =260() 1.

In conclusion,

O 1 -\ n
F@ == +5 ba=D)"H"O).

n>0
We now make the following simple observation: Let (m,,),>0 a sequence of positive

real numbers. For |z| # 1, we clearly have

1+z" 147" +Xn: I+2m 142"
- = I_va I_Zmu—] :

1_Zm" I_Zm()

We deduce, for m, =2", v >0, that
1+z 2z 272 274
+12—1+z4—1 +18—1+m_w(2)’

11—z
where ¥ (z) =11if |z] < 1, ¥ (z) =—11if |z] > 1, or

%1 if |z] <1,

2w 7 0= if |z] > 1.

v >0 z— l
Introducing the Mobius function p, we obtain the decomposition of the function x
in Lambert series (see Lemma 6.4)

x@=3" O

n>1

2”
(18)

the summation being only on positive odd integers. This is not a decomposition
— 4 22
- Zn>l 1-227

of Mittag-Leffler type. Moreover, we observe that the series f(z)

verifies, similarly to (2),

f@= —+f( 2.

Remark 5.1 The function 6*(7) admits also the well-known decomposition in Lam-
bert series ([21], p. 198), similar to (18),
n

04(r)_1+SZW q=e2inr. (19)

But this decomposition is not really of Mittag-Leffler type.
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We seek to find a generalized Mittag-Leffler decomposition into partial fractlons

each term giving rise to an essential singularity at the root of unity, z =e e . To
this end, we work first with the theta function. We recall some properties of singular
series, as developed by Hardy (see the complete list of references in [2]). Let ry(n)
denote the number of representations of the positive integer n as a sum of s squares,
that is,

00 o] §
L+ r(mye ™ = <Zez’”’”) =0(r)’, Sr>0.
—00

n=1

Hardy proved that for s =5, 6,7, 8, rg(n) = ps(n) is given by
72

INE))

rs(n) = ps(n) = 2. n). (20)

7 (n) is called singular series and is given more explicitly by

S =Y B, Bum) =k} Y q(h ket @)

k=1 hmod 2k

where n(h, k) =0if (h, k) > 1, and if (h, k) =1,

n(h k)= ~k~2 > e’”h_ 1+( D"}k Zef”h% (22)

jmod 2k j=1

Nl*—‘

n(h, k) is an eighth root of unity if # and k are relatively prime and of opposite
parity; otherwise, n(h, k) is zero. For reasons that will become clear later, we are
concerned with the case s = 4, a case qualified as exceptional by Hardy and worked
out by Bateman [2], who shows that if

o0
Wy(r) =1+ ps(m)e™,

n=1
then
1 (=¥
Y, = — _— 23
4(7) 22 > ko (23)
k (h,k)=1,h=k+1(mod 2)

We can remove the condition (%, k) = 1 by using Mertens’ theorem that the Cauchy

product of a convergent series and an absolutely convergent series is convergent to
2

the product of the sums. Multiplying both sides of (23) by & =3, . m, we

obtain

—1)k
—%(z)— Z > ﬁ (24)

k  h=k+1(mod 2)
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from which, by using modular forms properties of ¥4 () and 6% (), we obtain that
Yy (t) = 94(1:). Hence, we have the following:

Theorem 5.2 The function 0*(t) admits the generalized Mittag-Leffler decomposi-
tion into partial fractions

4 4 (—=D*
0 (‘L’) = ; Z Z m, (25)

k h=k-+1(mod 2)

which is a good substitute for (19).

6 A Brief Summary of the Modularity Theorem

6.1 Elliptic Curves

In this section, we give an idea on the relation connecting some lacunary series (like
X+, X—) and/or elliptic curves and modular forms, taking into account, of course,
the existence of a strong relationship between these two last concepts. We wish to
develop this theme in a later publication. The reason is that the moduli of elliptic
curves are expressible in terms of modular forms of the parameter 7, It > 0. More-
over, in the 1950s a precise relation between elliptic curves and modular forms
was formulated, first by Taniyama, then by Shimura and Weil. We refer to [7]
for the details. Let E be an elliptic curve defined over Q, say by an equation
y?> =4x3 — ax — b with rational integers a, b. For every prime p not dividing the
discriminant A = a3 — 27b2, we get an elliptic curve over the finite field F » with
this equation. We therefore have its zeta function, the numerator of which has the
shape 1 —ap,t + pt?, with a p defined by counting the number of solutions to the
congruence y” = 4x3 — ax — b mod p,

l—ap+p=1(Fp).

Note that {(F,) is actually one more than the number of solutions to the congru-
ence, since E has one point at infinity in the projective plane. Following Hasse, we
consider the infinite product

LEEs)=[](1—ab™ +p"=2)7".
p

Then Wiles’ theorem, conjectured by Taniyama, Shimura, and Weil, is the follow-
ing [7]:

Theorem 6.1 (Modularity theorem) Let E be an elliptic curve E over Q with con-
ductor N. Then there exists f(t), a cusp form of weight 2 for I'y(N), such that
L(f,s)=L(E,s).
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In a very simplified way, Wiles’ theorem says the following: Let an elliptic
curve E be defined by an equation of the form f(x,y) =0, f(x,y) € Z[x, y], and
for any prime p not dividing its discriminant, let £(F),) denote the number of solu-
tions to the congruence f(x, y) =0 mod p including the point(s) at infinity, written
in the form E(F,) =1+ p — a,(E). Then the integer a, (E) is the pth Fourier co-
efficient of a cusp form of weight 2, associated to IH(N). Here, N is the conductor
of E.

6.2 n-Products

We first recall some properties of the Dedekind n-function (3), n(r) =
2int

e 152, (1 — &™) Tt verifies [21]

1
n( +1)=n(r), n(—;) =~/=itn(7),

and for all (“ %) € SLy(Z),

ab
cd

n(aT + b) =¢(a,b,c,d)(ct —i—d)%n(t),

ct+d
where
e@b.c.dy=eT forc=0andd=1,
e(a,b,c,d)= ei”(%_s(d’c)_%) forc >0
and

k—1
h h 1
- Ea(-2]-3)

n=1

Proposition 6.2 The n-function is differentially algebraic.

In fact, its logarithmic derivative is related to the function G, in (13) by % =
-Gy, D= ﬁ d%, so the Chazy equation gives
D*ny® — 28D Dy + 12D%n(D)n + 33(D?n) " n? — 18(Dn)* =0,

as claimed.
The interest in the n-function lies in the following theorem [20], p. 18:
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Theorem 6.3 Let N be a positive integer, and let f(z) = H8|N n'd(dz) be an n-
product, rg € Z. If N is such that

Zd”d =0 mod 24,

d|N
Nrg
—— =0 mod 24,
d|N
then
az+b k
= x(d d
f(chrd) x(d)(cz+d)"f(z)
for all

(i S)EF()(N)={(Z Z)eSLz(Z):CEOmodN},

where k = % > a|n Td- The character x is defined by the Legendre—Jacobi symbol

—1)k
=S5 s=Tle

d|N
More interesting for us is the example of the n-product
S(t) =n(®)n2r)n(Tr)n(l4r). (26)

It is one of the exactly 30 cusp forms, with multiplicative coefficients, of the forms
N
[[n" @), ax. 1 €N,
k=1
discovered by Dummit, Kisilevskii, and McKay [8]. It is a newform [7, 20] of weight

2 whose Mellin transform agrees with the Hasse—Weil L-function of the (isogeny
class of the) elliptic curve of equation

y2+xy+y=x3—x.

This curve is modular, of conductor 14, and is generally denoted by X((14). We
will soon meet this curve by another method.
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6.3 Main Results

We continue to use the previous notation except that z is replaced by ¢, according
to a current usage:

@@=y ¢,  x-@=)_(=D"¢", lgl<l.
n=0 n>0

We fix an odd positive integer /. Let f be a modular form in M>(2l), that is, of
weight 2 on the group I(H(2/). We assume that f is an eigenform of the Hecke
operator 7' (2), which is defined by

TQ):f=) asmg" — Y ar2n)q".

n>0 n>0

It is known that the only eigenvalues of 7'(2) on newforms in M (2n) are £1 [24].
Let € be the eigenvalue of f, and assume that it equals £1. Then, for all n,

ar(2n)=eayrn).
In other words, we have

f=a;O)+ Y armxe(q")-

n odd

Now for an arithmetical function «(n) with «(1) = 1, we define &(n) by

&) [(—am\
ZE: ns - (ZE: ns > :

n>1 n>1

We have the following lemma, easily proved by taking Mellin transforms.

Lemma 6.4 Let F, G be two formal power series in q, and let a(n) be an arith-
metical function with «(1) = 1. Then

G(g)=) awF(q")
n>1

if and only if
F(g) =) &mG(q").

n>1

We know assume that f is normalized, i.e., as(1) = 1. Then we can apply the
lemma to deduce

Xl =Y arm(f(n2)—as©)).

n>1,nodd
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We look at some examples. The first nonzero space is M>(2). It is one-
dimensional, and 7'(2) is the identity. Let E be the unique normalized modular
form in M3(2). It has the following formula [13]:

1 n_ L4 4
Q=g+ (X o= g6,
n>0 “d|n,nodd
where, with a classical notation for two other Jacobi theta functions,

= Y 4. a@= Y 4F.

n=0mod 2 n=1mod 2
In particular, we have
N n
arm = Y udpl)d
dln,nodd

Summarizing, we find (compare with [18]):
Theorem 6.5

1
X+ @) = 57 3 arm) (0 (n2) + 6} (n2) — 1).

n>1

Remark 3 The right Mittag-Leffler decomposition of x4 (q) is obtained by inserting
(25) into the equality of Theorem 6.5.

We now consider the function y_. The first even level where T (2) has eigenvalue
—1 is I = 14. The space M;(14) is four-dimensional. It contains a unique cusp
form S, which is also the unique eigenform of 7'(2) with eigenvalue —1. We can
normalize it so that ag(1) = 1. Its first 100 Fourier coefficients are

t”
—
S}
w
~
W
=)
N
o
©
S

0 1 -1 =2 1 0 2 I -1 1 0
10 0o -2 -4 -1 0 1 6 -1 2 0
20 -2 0 0 2 =5 4 4 I -6 0
30 -4 -1 0 -6 0 1 2 =2 8 0
40 6 2 8 0 0 0 —12 =2 1 5
50 —-12 -4 6 —4 0o -1 -4 6 —6 0
60 8 4 1 1 0 0o —4 6 0
70 0 -1 2 -2 10 2 0 -8 8 0
80 —-11 -6 -6 =2 0 -8 12 0 -6 0

90 —4 0 8 12 0 2 =10 -1 0

|
9]
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It can be described in closed form using the Dedekind eta function by

S =n(2)n22)n(7z)n(14z)

already met in (26). This is a concrete example of the Modularity Theorem 6.1. The
L-series of S is the L-function of the elliptic curve Xo(14):

E:y2+xy+y:x3—x

by

as(n) 1
; nt _1;[ I—1[p —ﬁE(Fp)]p—S +p1—2s’

where
tEF),) = {(x,y) er:y2+xy+y=x3—x}.

The following result is an unpublished result, obtained with N.P. Skoruppa:

Theorem 6.6 With g = ¢*7%, 3z >0, and x_(q) = ano(—l)”qzn, we have

x—@= Y. asmnnnn)n(Inz)n(14nz).

n>1,nodd

Like in Theorem 6.5, we can rewrite the identity in the last theorem by using four
theta functions and identity (4). To this end, we introduce the following:

Definition 6.1 For each a € N, we define the theta series 6¢ , by

boal)= > q=.

neZ,n=amod 12

According to (4), n =6s,1 — 06,5, and hence, we have the following:

Corollary 6.7

Y (~Dkg*

k=0

= Y asm @7

n>1, n odd

ajarazag
Z <f)96,a1 (n2)06,4, (2n2)06,4;,(Tn2)06,a,(14nz).  (28)

ai,..., as=1,5mod 12

Here (3) =€ mod 3 with —1 <€ < +1.
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PT Symmetry and Weyl Asymptotics

Johannes Sjostrand

Abstract For a class of PT-symmetric operators with small random perturbations,
the eigenvalues obey Weyl asymptotics with probability close to 1. Consequently,
when the principal symbol is nonreal, there are many nonreal eigenvalues.

1 Introduction

PT-symmetry has been proposed as an alternative for self-adjointness in quantum
physics [1, 2]. Thus for instance, if we consider a Schrodinger operator on R”,

P=—h*A+V(x), (1)

the usual assumption of self-adjointness (implying that the potential V is real val-
ued) can be replaced by that of PT-symmetry:

Vou=V, 2

where v : R” — R” is an isometry with v? = 1 # v. If we introduce the parity
operator Uyu(x) = u(v(x)) and the time reversal operator I"u = u, then this can be
written

[P,U,T"]=0. 3)

Under mild additional technical assumptions, it is easy to see that the spectrum
of a PT-symmetric operator is invariant under reflection in the real axis. However, in
order to build PT-symmetric quantum physics, it seems important that the spectrum
be real, so a natural mathematical question is then to determine when so is the case.
Results on reality and nonreality of the spectrum of PT-symmetric operators can be
found in [2, 6, 7, 12].
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The purpose of this note is to show that in a probabilistic sense “most” non-self-
adjoint PT-symmetric operators that are symmetric in the sense of (7) have their
eigenvalues distributed according to the Weyl law, and hence many of their eigenval-
ues are nonreal. As a matter of fact, this will be a rather easy adaptation of general
results on the Weyl asymptotics for non-self-adjoint operators with small random
perturbations [4], [9-11], [5, 13, 14], where the last three references are the ones
that we shall use directly. For technical reasons, we will state our results for elliptic
operators on compact manifolds, but it would be easy to adapt the results of [13] in
order to treat Schrodinger operators on R”.

The addition of small random perturbations has the effect of destroying (uniform)
analyticity (if the unperturbated operator has analytic coefficients). A very interest-
ing question is to give criteria for PT symmetric operators with analytic coefficients
to have real spectrum.

The plan of the paper is the following: In Sect. 2 we treat the semi-classical case,
and in Sect. 3 we treat the case of large eigenvalues.

2 The Semi-classical Case

Let X be a compact smooth manifold of dimension . Let v : X — X be a smooth
involution; v? = id, with v # id. Fix a smooth positive density dx on X which is
invariant under v and let us take L norms with respect to dx. Let P be a differential
operator on X of order m > 2 with smooth coefficients, so that in local coordinates,

P= )" ag(x; )(hD)*, au(:;h)eC™. )

lee]<m
Here 0 < h « 1 is the semi-classical parameter, and we assume that
ag(x; h) — ag(x;0) = O(h) )

locally uniformly and similarly for all its derivatives. We also assume for simplicity
that ay (x; h) = aq (x) is independent of 4 when |a| = m. Let

P E) =) an(x:0E,  pa(x.E)= ) aa(x)E”.

loe|<m la|=m

We assume that p,,(x, &) #0on T*X \ 0, so that P is elliptic in the classical sense.
We also assume that

pm(T*X) #C. (6)

Assume that P is symmetric,

P=TPT =P, (7



PT Symmetry and Weyl Asymptotics 301

and that
PU=UP*, where Uu(x)=Uyu(x) =u(vx)), Mu@x)=u(x). (8)
This means that P is PT-symmetric:
[Ur, P]=0. 9)

In addition to the PT-symmetry property (9), we have assumed in (7) that P is
symmetric.

Example 1 P = —h?A+ V(x) on T", where RV is even, and IV is odd, V (—x) =
V(x). Then P is symmetric and PT-symmetric with v(x) = —x.

Let R be an auxiliary h-independent positive elliptic second-order differential
operator on X which commutes with U. We also assume that R is real or, equiva-
lently, that

[, R]=0. (10)

Then R has an orthonormal basis of real eigenfunctions e; such that Ue; =
(—l)k(j)ej where k(j) =1 or k(j) = —1. We say that e; is even in the first case
and odd in second case. Put €; = ¢; when ¢; is even and €; = ie; when e; is odd.
Then {¢;} is also an orthonormal basis, and a linear combination V =) «je€; is PT
symmetric iff the coefficients «; are real: U(V) = V.

In order to formulate our result, we shall follow [14], where we treated a situation
without any extra symmetry.

Let £2 € C be open, simply connected, and not entirely contained in X' (p) :=
p(T*X). Let V.(t) := vol ({p € R*; |p(p) — z|> < t}). For k €10, 1] and z € £2,
we consider the property that

V() =0(), 0<r<1. (11)

Since r + p(x,r&) is a polynomial of degree m in r with nonvanishing leading
coefficient, we see that (11) holds with x = 1/(2m).

By Bgra (0, r) we denote the open ball in R? with center 0 and radius r. Let g,
be a random potential of the form

G = Y a@eal), w=(@w),_, _, <BrO.R). (12
O<pi=<L

where ;> 0 are the square roots of the eigenvalues of h?R, so that hzﬁek = ,u,%ek.
We choose L = L(h), R = R(h) in the interval

K;3n 3 _
Wi «L<ch ™M, mM>-1"%

(13)
%h*%“)’”“—%’ <R<cCh ™M jis 37" ket <'1 +e>M,



302 J. Sjostrand

for some € €]0, s — 5[, s > 5, so by Weyl’s law for the large eigenvalues of elliptic
self-adjoint operators, the dimension D in (12) is of the order of magnitude (L/h)".
We introduce the small parameter 6 = ohM 0 <19 < /I, where

N :=A7I~|—sM~|—%. (14)
The randomly perturbed PT symmetric operator is
Ps=P+8hNg,=:P+50,. (15)

Here (cf. [13]) the exponent N has been chosen so that we have uniformly for
h < 1 and ¢, as above:

[0l 1 < OV g0 ] < 00,

where Hj is the natural semi-classical Sobolev space discussed in Section 2 of [14]
with a norm equivalent to the standard norm in H* for each fixed & > 0.
The random variables « j (w) will have a joint probability distribution

P(da) = C(h)e® @M L(da), (16)

where for some N4 > 0,
Ve ®@| = O(h™ ™), (17)

and L(da) is the Lebesgue measure. (C(h) is the normalizing constant, assuring
that the probability of Bgp (0, R) is equal to 1.)
We also need the parameter

(i) (4 (n5))
eoh)=(h*+h"In-){In—+(In— (18)
h T0 h

and assume that 7y = 7o (%) is not too small, so that €g(/) is small. Recall that 2 € C
is open, simply connected, and not entirely contained in X (p). The main result of
this section is the following:

Theorem 1 Under the assumptions above, let I' € §2 have smooth boundary, let
k €10, 1] be the parameter in (12), (13), (18), and assume that (11) holds uniformly
for z in a neighborhood of dI". Then there exists a constant C > 0 such that for
Cl'>r>0ande> Ceo(h), we have with probability

ol Ceg(h) o Tam (19)
- rhn+max(n(M+l),N4+M)

that
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‘#(O‘(P(;) nr) - i) vol (pl(F))‘
c (< 1 O
=< h—n<;+c(r+ln(;>vol (p (8F+D(O,r)))>>. (20)

Here #(o (Ps) N I") denotes the number of eigenvalues of Ps in I', counted with
their algebraic multiplicities.

In the introduction of [13] there is a discussion about the choice of parameters
which applies here also: Very roughly, if 7o is equivalent to some high power of #,
then up to some power of In(1/ %), € is of the order of magnitude 4*. Now choose
€ = h**0 for some kg €10, k[. When x > 1/2, then the volume in (20) is (r#)
with B =2k — 1 > 0, and more generally we may assume that it is &'(r#) for some
B > 0. Then we choose r to be a suitable power of & and obtain that the right-hand
side in (20) is &'(h? ") for some y > 0. With these choices of the parameters, we
also see that the probability in (19) is very close to 1.

Proof of Theorem I We just have to make some small modifications in the proof of
the main result in [14] (which in turn is a modification of the proof in [13]) and only
mention the points where a difference appears. The proof in the two cited papers
(see also the lecture notes [15]) uses three ingredients:

(1) The construction of a special perturbation of the form §¢g,, with g, as in (12) but
with « in the complex ball Bep (0, R) for which we have nice lower bounds on
the small singular values of Ps in (15), see Proposition 7.3 in [13] and Proposi-
tion 5.1 in [14].

(2) A complex variable argument in the o variables using the existence of the spe-
cial perturbation in step (1), which permits to conclude that we have nice lower
bounds on a relative determinant for Ps — z, with probability close to 1.

(3) Application of a proposition about the number of zeros of holomorphic func-
tions with exponential growth. (See also [16] for an improved version of this
proposition, not yet fully exploited.)

In the present situation we want our special perturbation §g,(x) to be PT-
symmetric, that is, we want the coefficients « in (12) to be real. All the parts of
the proofs in step 1 immediately carry over to the case of real o except the fol-
lowing result which is the basic ingredient in the iterative process leading to the
propositions mentioned above:

Let ey, ..., ey be an ON family in L?(X) such that

=O0M|rlev,

N
Z rjej
1

s
H h
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where the constant ¢'(1) is independent of the family and especially of N. Then
there exists

q= Z o€, OleC, (21)
O<p;=<L

with ||a||cp < R with the parameters as in (13), such that
lgllgy < O)R™INL T2

and such that the matrix
My = (/C](x)ej(x)ek(x)> dx)1<j k<N

and its singular values
[Mgll =s1(Mg) = -+ = sn(Mg)

satisfy
Mgl < O(H)NR™",

(22)
sk(My) > h"/O(1) for1 <k <N/2.

(See (6.23), (7.20), (7.23) in [13].)

Write g = q1 + iq> where g1 = ) (Rej)ej, go = ) (Saj)ej, so that g1 and g2
are PT-symmetric. The upper bounds on ||¢ || H} and on || M, || follow from the bound
lel < R and therefore carry over to g ;. Since My, = My, +iM,,, we can apply the
Ky Fan inequalities [8] and get

n

N
o0 <sok—1(My) <sp(Mg,) + sk (Mg,), 1<k< T

Since the singular values are enumerated in decreasing order, it follows that for j
equal to 1 or 2, we have

hn

sk(Myg;) = 200)

&2

1<k<—. (23)

This means that step 1 can be carried out, and we get a PT symmetric operator Ps
as in Proposition 5.1 in [14]; the only slight difference is that rather than taking 6 in
10, 1/4[, we have to confine this parameter to the smaller interval ]0, 1/8][.

Step 2 now follows from Remark 8.3 in [13], where the main point is the reality
of the coefficients «;, while the assumption of reality of the basis elements is not
necessary and was made there only because we had in mind a real perturbation.

Step 3 can be carried out without any modifications. g
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3 Weyl Asymptotics for Large Eigenvalues

Let P be an elliptic differential operator on X of order m > 2 with smooth co-
efficients and with principal symbol p,, (x, &). In local coordinates we get, using
standard multi-index notation,

PO= 3" ad(x)D%  pu(x, &)= Y ad(n)E". (24)

| <m lat|=m

Recall that the ellipticity of P? means that p,,(x, &) # 0 for & # 0. We assume that

pm(T*X) #C. (25)
As before, we assume symmetry,

(PY)*=rprr, (26)
and that

P'U=U(PY)", (27)

with U~= U, as in Sect. 2.
Let R be a reference operator as in and around (10) and define €; as there. Write

~ 2
Rej=(u9)ej, O<pg<pi<py<---, (28)
sothat uxy =h ,ug where u are given after (12). Our randomly perturbed operator is
P) =P+ qd(x), (29)

where w is the random parameter, and
o
qg(x) = Za?(a})ej. 30)
0

Here we assume that a?(a)) are independent real Gaussian random variables of vari-

ance ajz and mean value O:

o~ 4 (0,02), (31)
where
B
(1O FFT _
(/Jv(j)) pE (ﬂ])M+l 50’15(#?) P’ (32)
3n —% 1
M:T’ O§,B<§, p>n, (33)
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where s, p, € are fixed constants such that

n n n
—<s<p-— =, 0<6<S—§.

2 2

Let H*(X) be the standard Sobolev space of order s. As we saw in [5] (where

the random variables a? were complex valued), qg € H*(X) almost surely since

s < p — 7. Hence qg € L* almost surely, implying that Pg has purely discrete
spectrum.

Consider the function F(w) = arg p,,(w) on S*X. For given 6y € st~
R/(2nZ), Ny N:=N \ {0}, we introduce the property P (6p, No):

No
D OIVEFw)|#0  on {w e $*X: F(w) =6}. (34)
1

Notice that if P (6y, Np) holds, then P (6, Np) holds for all 6 in some neighborhood
of 6p. Also notice that if X is connected and X, p are analytic and the analytic
function F is nonconstant, then there exists Ng € N such that P 6y, Np) holds for
all 6.

We can now state the main result of this section, which is an adaptation of the
main result of [5].

Theorem 2 Assume that m > 2. Le‘t 0 <61 <6, <27 and assume that P (01, No)
and P (02, Ng) hold for some Ny € N. Let g € C*°([6y, 021; 10, oo]) and put

Fg

b aos = 1re’’;01<6 <6, 0<r <3g(6)}.

Then for every § €10, % — BI, there exists C > 0 such that almost surely there exists
C(w) < oo such that for all ) € [1, ool

1
0 4 —1 8
#(U(Pw) N FG[,@Q;O,A) - (27'[)” vol Pm (1—'01,02;0,)»)
n_11_g s 1
< C(w)+ Cam w2 F=Imar (35)

The proof actually allows us to have almost surely a simultaneous conclusion for
a whole family of 61, 6;, g:

Theorem 3 Assume that m > 2. Let ® be a compact subset of [0, 2r]. Let No € N
and assume that P(0, Ny) holds uniformly for 6 € ©. Let 4 be a subset of
{(g,.601,02);0; € 0,01 <0h,g € C>([61, 621; 10, oo|)} with the property that g and
1/g are uniformly bounded in C*([01, 62]; 10, oo[) when (g, 01, 62) varies in 4.
Then for every § €]0, % — BI, there exists C > 0 such that almost surely there ex-
ists C(w) < 0o such that for all A € [1,00[ and all (g,0,62) € Y, we have esti-
mate (35).
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Condition (32) allows us to choose o; decaying faster than any negative power
of pf}. Then from the discussion below it will follow that g, (x) is almost surely
a smooth function. A rough and somewhat intuitive interpretation of Theorem 3 is
then that for almost every PT-symmetric elliptic operator of order > 2 with smooth
coefficients on a compact manifold which satisfies conditions (25), (26), and (27),
the large eigenvalues distribute according to Weyl’s law in sectors with limiting
directions that satisfy a weak nondegeneracy condition.

Proof of Theorem 2 As already mentioned, the theorem is a variant of Theorem 1.1
in [5]. The difference is just that we now use real random variables in the pertur-
bation qg in order to assure the PT-symmetry while in [5] they were complex. The
proof in [5] used a reduction to the semi-classical case where the main result of
[14] could be applied. The proof of Theorem 2 is an immediate modification of that
proof, where we replace the main result in [14] by Theorem 1. The only point where
the use of real Gaussian random variables instead of complex ones causes a slight
change is the use of (4.10) in [5] that was established in [3], where we have to re-
place the denominator 2 by 4 in the case of real random variables. That was also
proved by Bordeaux Montrieux in [3], Proposition 2.5.4. g

Acknowledgements Ce travail a bénéficié d’une aide de I’ Agence Nationale de la Recherche
portant la référence ANR-08-BLAN-0228-01 ainsi que d’une bourse FABER du conseil régional
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Complex Gradient Systems

Giuseppe Tomassini and Sergio Venturini

Abstract Let M be a complex manifold of complex dimension n + k. We say that
the functions u1, ..., u; and the vector fields &1, ..., & on M form a complex gradi-
ent system if &, ..., &, J&,..., J& are linegrly independent at each point p € M
and generate an integrable distribution of T M of dimension 2k and du(§g) =0,
duqy () = 8qp for a, p =1, ..., k. We prove a Cauchy theorem for such com-
plex gradient systems with initial data along a CR-submanifold of type (n, k). We
also give a complete local characterization for the complex gradient systems which
are holomorphic and abelian, which means that the vector fields £§5 =&, —iJ&,,
a=1,...,k, are holomorphic and satisfy [£g, E_E] =0foreacha,=1,...,k.

1 Introduction

Let M be a complex manifold, and TM its (real) tangent space endowed by its
complex structure J.

In [7] the authors introduced a geometric tool named one-dimensional calibrated
foliation on the complex manifold M. It consists of a real function u : M — R and
avector field & e I (1\71 JTM ) which satisfy the conditions

[£,J&]1=0,
du(§) =0,
du(€) = 1.

Here [-, -]is the Poisson Lie bracket between vector fields, and d“u (&) = —du(J (§)).
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Among the results proved in [7] there is a Cauchy-like theorem for one-
dimensional calibrated foliation (see Theorem 3.1), which states the following: if
M C M is areal hypersurface and & is a vector field on M which is transversal to
the holomorphic tangent space to M, then, under the assumption that the integral
curves t — y (1) of &y are real analytic, there exists a (unique) one-dimensional cal-
ibrated foliation (£, u), defined in a suitable neighbourhood of M in M , such that
the vector field & extends &g.

The notion of one-dimensional calibrated foliation was motivated by the problem
of finding for M an equation satisfying the homogeneous complex Monge—Ampere
equation. The method has subsequently been applied in [8, 9] to prove the existence
of adapted complex structures on the symplectization of a pseudo-Hermitian mani-
fold. The key point in proving the existence of a calibrated foliation is the construc-
tion of a function 5(z, p):D— M , where D C M x C is an open neighbourhood
of M x {0}, which is holomorphic in z for each p € M, and for real z = ¢, the map
t— 5(t, p) is the integral curve of the vector field &y such that 5(0, p) = p. This
idea goes back to Duchamp and Kalka (see [3]).

The purpose of this paper is to provide a natural higher-dimensional generaliza-
tion of the notion of one-dimensional calibrated foliations.

Let M be a complex manifold of complex dimension n + k. We say that the
functions uy, ..., u; and the vector fields &, ..., & on M form a complex gradient
system (of dimension k) if

&1, bk J (), TGk

are linearly independent at each point p € M and generate an integrable distribution
of TM of dimension 2k and

duq (5p) =0, duq (§p) = dap

fora, B =1, ..., k. Here 8,4 is the usual Kronecker symbol.

In a more intrinsic way a complex gradient system is given by a real vector space
¥ of dimension k, a hnear monomorphism p : ¥ — I’ (M TM ), the representation
map, and amap U : M-V , the gradient map, which satisfy

dU(p(V)) =
‘U(p(V))=V

foreach Ve 7.

The name “complex gradient system” (instead of “calibrated foliation) arises
from the fact that there are examples of triples (¥, p, U) where ¥ = g is the Lie
algebra of a Lie group G which is a compact real form of a reductive complex Lie
group GC and the map U (with the identification of g = g* with its dual g* by
the Killing form) is the moment map associated to a symplectic action of G. It is
customary in the symplectic geometry to call such a moment map as “gradient map”
(see e.g. [4]) and hence the name “complex gradient system”.
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For a general reference on symplectic geometry and moment maps theory, see
e.g. [6] and [1]. Basic definitions and notions in CR-geometry can be found in [2].

Let now describe in more details the content of the paper.

In Sect. 2 contains the elementary properties of a complex gradient system. In
particular, any complex gradient system satisfies the formal commutativity property

[0S V), p“(W)] =

for all V, W € ¥, where pC(V) = L(0(V) —iJp(V)) (and similarly pC(, W) =
%(p(W) —iJp(W))) is the complex vector field of type (1, 0) naturally associated
to the real vector field p (V) (resp. p(W)). See Theorem 1.

In Sect. 3 we solve a Cauchy problem for a complex gradient system on a com-
plex manifold M of dimension n + k with initial data on a CR-submanifold of A
of type (n, k) (Theorem 2).

In Sect. 4 we give a couple of examples applying our construction to the case
of the complexification of a real Lie group G. In particular, we find explicitly the
complex gradient system associated to the standard representation of the Lie algebra
g of G as left-invariant vector fields on G.

Finally, in the last section we give a complete local description of any abelian
holomorphic complex gradient system (¥, p, U), where abelian means that

[pC(V), pC(W)] =

for each pair of vectors V, W € ¥/, and holomorphic means that p&(V) is a holo-
morphic vector field on M for each V € ¥. See Theorem 3 for details.

2 Complex Gradient Systems

Let M be a complex manifold of complex dimension n + k, T M its (real) tangent
space endowed by its complex structure J. Let ¥ be a real vector space, and let
p:V —>T (M, TM) be a linear map. We denote by @R C TM the distribution

generated by the vector fields of the form p(V), V € 7. We also denote by 92:
T M the distribution

C _ R R
Dy =9, +J (@p )
generated by the vector fields of the form p(V) and J(p(V)), V € 7.
Definition 1 A complex gradient system of dimension k on Misa triple
7, p,U)

where:

1. ¥ is areal vector space of dimension k;
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2. p: ”/{J—) F(]VI, TAZ) is an R-linear map;
3. U: M — ¥ is a smooth map

which satisfies

(i) for each V € 7, the vector field p(V) is smooth, and we have the identities
dU (p(V)) =0,
dU(p(V)) =V;

(i1) the distribution @E CTMis integrable.

The maps p and U are said respectively the representation and the gradient map
of the complex gradient system (¥, p, U).
If {V1,..., Vi} is a basis of ¥, we set

§i=p(V1),....5c=p(Vi),
and for some smooth functions uq, ..., u;, we have
U=u1Vi+---+uiVi.
Then (¥, p, U) is a complex gradient system if, and only if,

dug(68) =0, «a,B=1,....k,
dcua(%—ﬂ) =08up, o, B=1,..,k,

and {&1, J&1, ..., &, J&} is a basis of an integrable distribution.

Proposition 1 Let (¥, p, U) be a complex gradient system on the manifold M.
Then

R _ 5C
.@p —@p Nker dU,
C_ R R
Dy =9,®J%,,
TM:J.@}}EBkerdU.

Proof Let p € M and v e Tpll7l. Assume that v € Qf. Then there are V, W € ¥
such that v = p(V), + Jo(W),. It follows that

dU(v) =dU (p(V),) +dU(Jp(W),) = —W,
whence
vekerdU <= W=0 < v=p(),€%,.

This proves the first assertion of the proposition.
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As for the second one, it suffices to prove that .@}} nJ .@5 =0.Letve .@}} N
J@})R. Then v = p(V), = JW, for some V, W € #'. We then have

0=dU(p(V),)=dU(Jp(W),) =—W,

and hence v = J p(VK) p =0, as required.
Let now v € T, M be arbitrary and set V = dU (v), w = p(V),. Clearly, v =
(v — Jw) + Jw. Observe that

AU —Jw)=dU@) —dU(Jw)=V —dU(Jp(V),) =V —V =0,

ie.v— Jw € kerdU and JweJ@f.
Ifve J@f Nker dU, then v = Jp (W), for some W € . It follows that

0=dUv) =dU(Jp(W),) =—W,

and hence v = Jp (W), = Jp(0), = 0. This proves the last assertion of the propo-
sition. O

Definition 2 Given a complex gradient system (¥, p, U), we denote by 7, the
distribution ker dU Nker d“U.

Proposition 2 Let (¥, p,U) be a complex gradient system on the manifold M.
Then

ker dU = 7 & ),
1 — R R
TM =9, &1, &%,.

Proof The second equality easily follows from the first in view of the equality
™ =1J @}} @ ker dU proved in the last proposition. So it suffices to prove that

ker dU = @E{ ® H,.
By definition we have 9}} C ker dU and by construction .5, C ker dU, so that

D%+ A Cker dU.
Let v € ker dU be arbitrary. Set V =d°U(v) and w = p(V),. Then we have
immediately v = (v — w) + w and w, v — w € ker dU. Observe that

dUw—w)=dU@) —dUw)=V —dU(p(V)p,)=V -V =0,

thatis, v — w € kerd“U and w € @E{.

Assume now that v € @}f Nkerd“U. Then v = p(W), for some W € ¥ It fol-
lows that

0=dU) =dU(p(W),) =W,
and hence v = p(W), = p(0), = 0. The proof is now complete. O
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Proposition 3 Let (¥, p, U) be a complex gradient system on the manifold M, and
V,We¥. Then

[oV), pW)]. [0(V), Jp(W)]. [Jp (V). Jp(W)] & I (M, 7).

Moreover,

dd“U(p(V), p(W)) = —=d°U([p(V), p(W)]).
dd°U (Jp(V), Jo(W)) = —=dU([p(V), p(W)]).
dd“U(p(V), Jo(W)) = —=d°U([p(V), Jp(W)]).

Proof Let & be either p(V) or Jp(V), and & be either p(W) or Jo(W). Then
&1(U) and &(U) are constant functions, and hence,

£(61()) =&1(82W)) =0.

This easily implies that [£1,&]e I’ (1\7 ,ker dU). By the definition of a complex
gradient system, 9 is an integrable distribution, so, in view of the last proposition,

we have _@R @C Nker dU, and hence [&1, &] € F(M @R)
Using agam the equalities & (£1(U)) = &1(&(U)) =0, we also obtain
dd“U (&1, &) = &1(&(0)) — &(51(U)) —dd°U (&1, &])
= —ddU([&1, &]).

This completes the proof of the proposition. U

Corollary 1 Let (¥, p, U) be a complex gradient system on the manifold M, and
V,We¥.Then

p(dd°U (p(V), p(W))) = =[p(V), p(W)],
p(dd°U (Jp(V), Jp(W))) = —[p(V), p(W)],
p(dd°U (p(V), Jp(W))) = —[p(V), Jp(W)].

Proof Apply p to both sides of the last three equalities of the previous proposition
and use the identity d“U(p(V)) = V. O

Corollary 2 Let (¥, p,U J) be a complex gradient system on the manifold M. Then
the distribution @R C TM is integrable.

Corollary 3 Let (”// p,U) be a complex gradient system of dimension k on the
complex manifold M of dimension n + k. For every V € ¥, the level set U~ (V) of
the smooth function U is either empty, or it is a CR-submanifold of type (n, k).
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Proposition 4 Let (¥, p, U) be a complex gradient system on the manifold M. For
every V,W € ¥, one has

[Jo(V), Jo(W)] =[p(V), p(W)],
[7o(V). p(W)] = ~[o(V). Jp(W)].

Proof Since Mis a complex manifold, the complex structure J is integrable, and
hence,

Ip(V), oW = J[Jp(V), Jp(W)] = [Jp(V), p(W)] + [p(V), Jp(W)].

The right side of such an equality belongs to I” (M, J @5), while the second belongs
to F(M, @5). Since J@E N @E{ =0, it follows that

I[p(V), o (W] = J[Jp(V), Jo(W)] =0,
[Jo(V), p(W)] +[p(V), Jp(W)] =0,

and the assertion follows. O

Let TCM =C®g T M denote the complexification of TM , and Tél’o)ﬂ the
subbundle of the tangent vector of type (1, 0).

Definition 3 Let (¥, p, U) be a complex gradient system. The complexified repre-
sentation

oY — F(IVI, Tél’o)ﬁ)

is defined for each V € ¥ by
C 1 -
o (V)=§(p(V)—tJ(p(V)))-

With a little abuse of language we say that pC is holomorphic if pC(V) is a
holomorphic vector field on M foreach V € 7.
With this notation the last proposition can be restated as follows.

Theorem 1 Let (¥, p, U) be a complex gradient system. Then for each V,W € ¥,
we have

[0 (V), p“(W)] =0.
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3 A Cauchy Problem

Let M be a complex manifold of complex dimension n + k. Let M C M be a CR-
submanifold of M of type (n, k).

Definition 4 Let ¥ be a real vector space. A linear map pg: ¥ — I'(M,TM)
is said to be CR-transverse if for each V € ¥\ {0} and each p € M, we have

J(po(V)(p)) € TpyM.

Given a vector field X € I'(M, T M), we denote by Exp »(X) the exponential
mapping associated to the vector field X: if y () is the integral curve of the vector
field X such that ¥ (0) = p, then Expp(X) =y(1).

Let po: ¥ — I'(M, T M) be a linear map of real vector spaces. The flow associ-
ated to pq is defined for p € M and V € ¥ by

Gp(p, V)= Expp(po(V)).

G, 1s a smooth map which is well defined in an open neighbourhood of M x {0}
inMx Y.

Let #C denote the complexification C ®g # of the real vector space #'. We then
say that the flow G, is uniformly (real) analytic if there exist an open neighbour-
hood D C M x “I/(dgof M x {0} and a smooth function

~

Gp:D—>M,

which coincides with G, on M x ¥, and for each p € M, the map defined on the
open set

D,={Ve?®|(p.V)eD)
by
Vs Gpy(p, V)

is holomorphic.

The map G po Will be called the complexification of the flow G .

Let Fy, denote the restriction of (~}p0 to D=DNM xi¥. Asitis immedi-
ately seen, shrinking the domain D if necessary, the map F),, is a diffeomorphism
between D and F, 00 (5) if, and only if, the map pg is CR-transverse.

In this case we denote by Up, : F, pO(IN)) — ¥ the unique map satisfying

Uﬂo(Fﬂo(p’iV)) =V

foreach p e M andeach V € 7.
Observe that the map U, vanishes exactly on M, so we will refer to it as to the
equation of M associated to pg.
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We say that a complex gradient system (7, p, U) extends po if it is defined in a
open neighbourhood N C M of M and forevery pe M and V € 7,

p(V)(p) = po(V)(p).

If (7, p1,U), (¥, p2, U) are two extensions of pg such that, for every V € 7, the
sections p1(V), p2(V) coincide on N, then we write p1y = p2n-

Theorem 2 Let M be a complex manifold of complex dimension n +k, M C M a
CR-submanifold of M of type (n, k). Let ¥ be a real vector space, and py : V —
I'(M, T M) a CR-transverse linear map such that the distribution .@}% is integrable.
Assume that the associated flow G p, is uniformly real analytic and let U, be the
associated equation. ~

Then there exists an open neighbourhood N C M of M and an R-linear map

0:V — (N, TM)

such that (V', p, Up,) is a complex gradient system which extends po.
The map p is unique in a neighbourhood of M, that is, if

p1: ¥ — T(N\.TM),  pa:¥ — ['(Ny, TH)

are R-linear maps such that (v, p1, Upy) and (¥, p2, Up,) are complex gradient
systems which extend po, then p1y = p2|y for a suitable open neighbourhood N C
NiNNyof M.

Proof It is not restrictive to assume that the map G oo 18 a diffeomorphism between
D=DNM xi?¥ and FpO(D)
Fix a basis {V1, ..., Vi } of ¥ and set

=pVy), a=1,... .k

Let J denote the complex structure on T D induced by the pullback of the com-
plex structure on T'F, 0(D) C T M under the map Fj.

It is not restrictive to identify the neighbourhood F), (D) of M in M with the
domain D C M x i’¥'. We also identify M x i ¥ with M x R¥ by

M xRS (pout, ... u) > (piunVi+ - +iugVi) e M x iV
Let
=@y, .. up) M xR S RE~y

be the projection on the second factor.
We will prove the existence of the required complex gradient system showing
that there exist vector fields
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defined in a suitable neighbourhood N of M x {0} in D such that
dug () =0, a,B=1,...,k,
and
duq(§g) =680, a,B=1,... k.

Let 53, a=1,...,k, denote the vector fields on D which coincide with Sg on
M x {0} and are invariant under the action ¥ x (M x i ¥') given by

(W, (p, V) > (p, W+ V).

Let also 2 denote the distribution on T(M x i¥) ~ T(M x R¥) generated by
the vector fields

. 0 9
0 [ -
R PR R

2 is completely integrable, and the maximal integral submanifolds of & are of the
form S x R*, where S is a maximal integral submanifold of the distribution 95.

By construction, the intersection of each maximal integral submanifold of & with
the domain D is a complex submanifold of D of complex dimension k. Moreover,
foreach p e M andeacha =1, ..., k, we have

- d
TEN () = 5—(p).

Let P = (pap), Q = (qap) be the square matrices of order k with entry smooth
function on D defined by

Pap =T (£9) (uar).

(o
qap = <auﬁ>(”a)-

Observe that for each p € M, the matrices P((p,0)) and Q((p, 0)) are respectively
the identity matrix and the zero matrix of order k.
Let N be the open neighbourhood of M x {0} in D defined by
N={(p,ur,...,ux) € D |det P((p,ur,...,ux)) #0}.

Denote by A = (aqg) the matrix p-! Q, and set

k
0 § : £0
Sot:_-]<m)+ﬁ=1aﬁa.](§ﬁ), a=1,..., k.
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Then
5 k
— E =0 _
J(éa)_aua_ﬂ_laﬁasls, Ol—l,...,k,

and, in view of the J-invariance of the distribution &, it follows that

Elw"véks ](sl)v"l(ék)

generate the distribution 2 on N. It is easy to check that
dug(6) =0, o, p=1,....k,

and

duy(p) =dap, o, B=1,... .k,

as required.

In order to prove the uniqueness of the map p, assume that the complex gradient
systems (¥, p1, Upy), (¥, p2, Up,) extend pg and set y = p; — p2.

We are going to prove that, after shrinking N if necessary, y|y = 0 showing
before that the complex distributions _@g and :@g associated respectively to p; and
p2 coincide near to M x {0}.

By hypothesis, the distribution @E) is integrable, and its maximal integral sub-
manifold are real submanifolds of M of (real) dimension k. For every p € M, con-
sider the maximal integral submanifolds S;, S, through p of Qfl and QEZ, respec-
tively. Since p; and p; both extend py, it follows that

SR=siNnM=SnM

is the maximal integral (real) submanifold of (real) dimension k of the distribu-
tion @g% through p. In view of the hypothesis of CR-transversality, S¥ is a totally
real submanifold of S| and S». It follows that S| = S».

We have so proved that the maximal integral submanifolds of the distribu-
tions @;Cl and @g which meet the submanifold M are the same, and consequently,
after shrinking N if necessarily, it follows that the distributions @g and 9;% coin-
cideon N.

Let now V € ¥ be an arbitrary vector. Then, y (V) € I'(N, J¢,,), and the above
argument shows that y (V) € I'(N, .@g:l ). Since ™M = 9}5 ® J@E{1 @ 7, it follows
that y (V)|x = 0, and this ends the proof V € ¥ being arbitrary. g

When k = dim ¥ = 1, the result above is contained in [7, Theorem 3.1], where
a stronger uniqueness result was obtained. Namely, if (£, u1) and (&2, uy) are two
one-dimensional calibrated foliations such that & and &, both extend &y along the
hypersurface M, then & = &; and 11 = u in a neighbourhood of M.



320 G. Tomassini and S. Venturini

Such a uniqueness result does not hold for a general complex gradient system.
Indeed, consider M =C, M =R, and

E_a
0= 5%

Then our construction yields the gradient map
UR=Ukx+iy)=-Nz)=—y

and the vector field

and also the pair (¢1, Uy), where
Ui)=Ui(x+iy)=e¢7 —1

and

0
ax’
is a complex gradient system which extends &.

In the case kK = 1 the condition [&, J€] = 0, which is in the definition of one-
dimensional calibrated foliation given in [7], ensures the uniqueness for the Cauchy
problem (see [7, Theorem 3.1]). It is not clear which is the right condition (if any)
to add in order to guarantee the uniqueness also in this noncommutative setting.

See also the examples given in the next section.

& =e

4 Lie Groups

Let GC be a complex Lie group of (complex) dimension k which is the complexifi-
cation of a real Lie group G; G is a totally real submanifold of GC. Let gC and g be
the Lie algebras of GC and G, respectively.

We identify g (resp. g©) with the tangent space to G (G®) at the origin, and
for each V € g (resp. V € g©), we denote by Ly the corresponding left-invariant
vector field on G (resp. G©). The complexification of the flow associated to the
map g© > V > Ly is the map

G x gC 5(g, V) gexp(V) e G(C,

exp being the standard exponential map exp : g© — GC. Let us denote by (g, p, U)
the complex gradient system which extends V +— Ly . Then we have the identity

U(gexp(—iV))=V.
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If G© is a complex reductive Lie group and G is a compact real form for G, then
we have the Cartan decomposition of G©

Gxg— G©
(g, V)~ gexp(iV).

In this case the algebra g admits a definite metric B, invariant under the adjoint
representation Adg of G, inducing an isomorphism between the Lie algebra g and
its dual g*. With this identification, the gradient map U is (up to the sign) the mo-
ment map associated to a symplectic action of G on GC. See e.g. [5] for details.

This example explains our terminology “complex gradient system”.

We would like to point out that in general, as shown by the examples below, the
representation p of the complex gradient system extending the left representation
V > Ly is not the restriction of the left representation of gC.

Let G€ be the matrix Lie group of the matrices of the form

1 z1 z3
0 1 2z
0 0 1

with zo = x4 + iy € C, « = 1,2, 3, and let G be the corresponding group with
zi €R.
Then g is given by the matrices of the form

0 upr uj
0 0 wu
0O 0 O
withu, eR,a=1,...,3.
Put
010 0 0 O 0 0 1
Ei=|10 0 O0), E,=]0 0 1}, E3=|0 0 O
0 0 O 0 0 O 0 0 O
Then Ey, E», E3 is a basis of g. Denoting Ly = Lg,, we then have
0
le—a
3)61
L 0 n 0 n d
= — x— _’
2 0x) 18x3 y18y3
[ d
3_3x3’
0
JLy = —,
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JL 0 n 0 0
ay2 ay3 0x3
0

JL3 = —
ay3

Some computation yields for the gradient map U the expression

U(z1,22,23) = =y1E1 — y2E2 — (y3 + x1)2) E3,
and the representation p is given by

~ 0 0
p(El)=E1=—+y—=L1+ynJ(L3),
0x1 0y3

~ 0 0
p(E) =Ey=—+x1— =Ly —y1J(L3),
0X2 0X3

~ 0
p(E3)=E3=— =1Ls.
0Xx3

Observe that
[EI’EZ]:ES’ [51,53]=[52,E3]=0,
[ng,JE2]=E3, [ng,JEﬂ:[JEz,JEﬂ:O,
[Ei, JE;]=0, i,j=12.3.

It follows that the representation p : g — I'(GC, TG®) is a Lie algebra isomor-
phism and the gradient map U is a harmonic function.
Let now GC be the matrix Lie group of the matrices of the form

1 22
0 1
with z1, 22 € C, z1 #0, and let G be the corresponding group with z1, z2 € R.
The Lie algebra g of G is given by the matrices of the form

uir up
0 O
with u, up € R. The matrices

1 0 0 1
=00 0) 20 0)
form a basis of the Lie algebra g which satisfies the relation

[E1, E2] = E».
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The corresponding left-invariant vector fields on G© are given by

L 9 + 0
= X1 — e
1 1a y8y1

d d
Ly=xi—+y1—

dx2 iy’
JLi= =y
dxy a1
JL2——y1i+ li
dx2 ay2

After some computations we obtain that the gradient map is given by

201
U(z1,22) = —01E1 — TEZ,

where

Y1
6 = arctan —,
X1

and the representation p satisfies

(E)=E o 4 8+<x1 1)8+
pP{Ly) = l_xl_ N T2\ 5 ) T2
dx dy yi 01)9x2 ay2
~ y1 0
Ey=E=2"2
o(E2) 2= G o

Observe that
(E1, E2)=[JE1, JE2] = E»

and

namely the representation p : g — I'(GC, TG®) is a Lie algebra isomorphism, but
the gradlent map U is not a harmonic function, and the vector fields E 1, Ez, JE 1
and ]Ez are not a basis of a Lie sub-algebra of F(G(C, GC).
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5 The Holomorphic Abelian Case

Let (¥, p, U) be a complex gradient system.

With a little abuse of language, we say that such a complex gradient system is
holomorphic if pC(V) is a holomorphic vector field on M foreach V e V.

We also say that it is abelian if

[pC (V). pC(W)] =0

for each pair of vectors V, W € #. Such a condition is equivalent to say that for
each pair of vectors V, W € ¥, one has

[o(V), p(W)] = [p(V), Ip(W)] = [Jo(V), Jo(W)] =0

Consider now a domain £2 C C” and let F : 2 — R¥ be a smooth function. We
associate to F' a complex gradient system as follows.

Set M = 2 x Ck, ¥ = R* and define
U(Za w) =F(x»}’) —u

where z=x +iy and w =t +£” withx,yeR" and f,u € Rk, Finally consider the
linear map p : RK — I'(M, T M) characterized by the conditions

0
=—, =1,...,k,
pleq) o a

where e, ..., e is the canonical basis of R¥.

It is easy to show that this complex gradient system is holomorphic and abelian,
and the aim of the next theorem is to prove that it is the local model of any holo-
morphic abelian complex gradient system. Namely the following is true.

Theorem 3 Let M be a complex manifold of complex dimension n+k. Let
(R¥, p, U) be a holomorphic abelian complex gradient system on M. Then for each
point p, there exist a complex coordinate system

Z=(Z19~--»Zn)s w:(wlv"'vwk)v
=Xy +iyy, p=1,...,0nwy =ty +iug, o =1,... .k, x=(x1,...,%), y =
Dy ees Yn),u=(u,...,ur), and a smooth (vector) function F depending only on

x and y such that

ad
= =1,...,k,
pleq) = 3ta o

Uiz, w)=F(x,y)—u.

Proof Let
gl gk bk
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be the (local) one parameter group of transformation of M generated by the vector
fields

E1res b J (B, o T ().

By hypotheses the Lie brackets between all pairs of vector fields among &1, ..., &
and J&, ..., J& are zero, and hence the transformations gll AU gf‘ and h,l R hi‘
commute eagh other.

Let p € M be fixed, and let z1, ..., z,+« be a complex coordinates system around

p,where z;, =x, +iy,,p=1,...,n+k.
After reordering the coordinates we may suppose that

a a a

I N R I T S ,J y ey ,]
o5, Iy &1, J&i &k, J&

generate the tangent space to M at each point in a suitable neighbourhood of p.
Fora=1,...,k, set wy, =1, + iuy and define

Gy, =& ohy .
Then the map
(Zl,..-,Zn,wl,---,wk)'—>Gllv1 0"'0G1fuk(Z1,~--,Zn,0,~-~,0)

is a diffeomorphism ¢ between an open set of C"** and a suitable neighbourhood
U of pin M, that is,

-xlv yl» MR xna ynv tlv ulv R tk? uk

is a real coordinate system on U.
Since the maps G, T G{‘Uk commute each other, it follows that with respect to
such a coordinate system we have

§o = plea) = %
fora=1,...,k.
‘We now prove

ZlseresZny, Wiy.non, Wk

are complex coordinates on U, showing that the diffeomorphism ¢ is in fact a bi-
holomorphism.

Since, by hypotheses, (Rk , p, U) is a holomorphic abelian complex gradient sys-
tem, it follows that G}Ul ...G{‘Uk are holomorphic local diffeomorphisms and for
fixed wy, ..., wg, the map

@215y 2y Wy ey WE)
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is holomorphic with respect to the variables z1, ..., z,. Moreover, fora =1, ..., k,
the maps g;, and h,, commute, and hence the map wy > Gj, (-) is holomorphic
with respect to wy. On the other hand, since the maps G,}U e Gka commute each
other, the map ¢ is holomorphic with respect to the variable wy, @ =1, ..., k, when
the variables z1,...,2z, and wy, ..., Wy—1, We+1, - - ., Wi are fixed.

Thus the map ¢ is separately holomorphic in each variable and hence is holo-
morphic.

Finally, let U = (Uy, ..., Uy) : M — R* be the gradient map and consider the
map F = (Fy,..., Fy) : U — R defined by

Fo(z,w)=Fy(x,y,t,u) =Uy(z, w) +uy, a=1,...,k.

We end the proof showing that the map F does not depend on the variables ¢ and u.
Indeed, foro, 8 =1, ..., k, we have

e () =0
3tﬁ_ﬂ “r
and
aFa—J(S)(U)—i-rS =—8u4p +8ap =0
dug ) (Ua ap = —Oap t 0ap =U. O
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Coleff-Herrera Currents Revisited

Alekos Vidras and Alain Yger

Abstract In the present paper, we describe the recent approach to residue currents
by Andersson, Bjork, and Samuelsson (Andersson in Ann. Fac. Sci. Toulouse Math.
Sér. 18(4):651-661, 2009; Bjork in The Legacy of Niels Henrik Abel, pp. 605-651,
Springer, Berlin, 2004; Bjork and Samuelsson in J. Reine Angew. Math. 649:33—
54, 2010), focusing primarily on the methods inspired by analytic continuation (that
were initiated in a quite primitive form in Berenstein et al. in Residue Currents
and Bézout Identities. Progress in Mathematics, vol. 114, Birkhéuser, Basel, 1993).
Coleff—Herrera currents (with or without poles) play indeed a crucial role in Lelong—
Poincaré-type factorization formulas for integration currents on reduced closed ana-
Iytic sets. As revealed by local structure theorems (which can also be understood as
global when working on a complete algebraic manifold due to the GAGA principle),
such objects are of algebraic nature (antiholomorphic coordinates playing basically
the role of “inert” constants). Thinking about division or duality problems instead of
intersection ones (especially in the “improper” setting, which is certainly the most
interesting), it happens then to be necessary to revisit from this point of view the
multiplicative inductive procedure initiated by Coleff and Herrera (Lecture Notes
in Mathematics, vol. 633, Springer, Berlin, 1978), this being the main objective of
this presentation. In homage to the pioneering work of Leon Ehrenpreis, to whom
we are both deeply indebted, and as a tribute to him, we also suggest a currential
approach to the so-called Neetherian operators that remain the key stone in various
formulations of Leon’s Fundamental Principle.

1 From Poincaré-Leray to Coleff-Herrera Construction

Let A be a complex n-dimensional analytic manifold. Consider M < n closed
hypersurfaces Si,..., Sy in X that intersect as a nonempty complete intersec-
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tion, that is, the closed analytic subset V = ﬂflzl S; C X is purely (n — M)-
dimensional (all its irreducible components have complex dimension n — M). When
S1,..., Sy are assumed to be smooth and moreover to intersect transversally, a
well-known construction by Leray [22] (see also [1]) leads to the construction
(from the cohomological point of view) of the iterated Poincaré residue morphism
from HP(X \ S; U---U Sy, C) into HP~M(V,C) (paired with its dual iterated
coboundary morphism) when p > M. Following a currential (instead of cohomo-
logical) point of view, the construction proposed by Coleff and Herrera [14] allows
us to drop the assumption about smoothness of the S;’s and the fact they intersect
transversally, keeping just (for the moment) the complete intersection hypothesis.
We propose here to make explicit in this introduction the bridge between such cur-
rential construction and J. Leray’s approach. In order to do that, we recalls a concept,
which is of interest by itself for algebraic reasons, of multilogarithmic meromorphic
form [7, 25].

Definition 1 Let X and Sy, ..., Sy, V be as above. A meromorphic (p, 0)-form w
on X (M < p <n), with polar set contained in UI/‘/Izl S;, is called multilogarith-
mic with respect to S, ..., Sy if and only if, for ahy x € V, one can find an open

neighborhood U, of x and M holomorphic functions sq , ..., Sy x in U, such that:

e forany j=1,..., M, the hypersurface §; C & is defined in Uy as {s; » = 0};

e dsix A--- Adspy x is not vanishing identically on any irreducible component of
V in U,, that is, the complete intersection V N U, is defined by the sy, j =
1,..., M, as a reduced complete intersection;

e forany j=1,..., M, the differential forms s; y and s; x dw (or, equivalently,
sjyw and ds; x A ) can be expressed in U, as Zlﬂil wy, where wy is a meromor-
phic form with polar set contained in (., Sy N Us.

Consider X, the S;’s and w as in Definition 1. Let Vsing be the set of singular
points of V, and let U = X"\ Viine. The closed hypersurfaces X'; =S; N U C U,
j=1,..., M (considered as closed hypersgrfaces in U), are smooth and intersect
transversally in some open neighborhood U C U of W = ﬂ;‘i 1 % j. Under these
conditions, one can define on the complex submanifold W C U the Leray—Poincaré
residue Resy, . x,,[w] of the meromorphic form w (considered as multilogarithmic
in U with respect to X'y, ..., Xjr). Let us recall here this construction. For any x €
W C V, one can find an open neighborhood U, in U such that dsj x A -+ Adspyx
does not vanish identically on any irreducible component of VN Uyx. If y e WN U,
and ds1 x(y) A+~ Adsy x(y) #0, then {s; , = 0} is necessarily a reduced equation
for the complex submanifold X'; about y. In a neighborhood U, , C Uy of such
ye WNU,,dsix A+ Adsy x does not vanish, and thus we can write a local
division formula (iterating with respect to j =1, ..., M the division procedure for
differential forms, as introduced by G. de Rham and extensively used in [22]):

w= </1< dsi) ATy ylow] + oy v[w]
= ] X,y x,ylw],

j=1 Sj.x
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where the (p — M, 0)-form 7y y[w], also denoted by Resy, .. =, x[w], and the
(p,0)-form oy y[w] are both meromorphic, of the form Z, @l.x,y» ¥l,x,y being a
meromorphic form in U, , with polar set contained in 121 Sr- The restriction of

every ry ylw] to W is a d-closed, holomorphic (p — M)-differential form on the
closed submanifold W N U, . All such forms Resx, .. 5, x[w], x € W, fit together
to form a holomorphic, d-closed form on the closed manifold W, which is precisely
the Poincaré—Leray residue of @ on W and is denoted as Resy,, . x,[w]. Such a
holomorphic (p — M)-differential form on the manifold W C U defines a (p, M)-
currenton U

Resy, . 5, [0]: g e D" P My, (C)r—)f Resy, .5, 0] A @. (1)

The main issue now is to extend (in some standard way) the (p, M)-current (1) to
a (p, M)-current T over the whole manifold X' so that supp7 C W and 8T = 0.
There are different ways of doing this, but, for reasons of algebraic nature that will
be made explicit later on, the one we adopt here is based on the analytic continuation
of meromorphic current-valued maps. The use of this approach in different settings
is the main theme of the present paper. It is based on an algorithmic construction of
d-closed currents sharing a common holonomy property.

To be more specific, we consider a finite collection fi, f2,..., f; of holomor-
phic functions in an open set £2 C C", where m < n, and a collection of natural
numbers q1, q2, ..., gm € N. We define now the current

21

f [ f1] >i| |:
T _|:8< =0|A—1p=0)— |-
1 : f 1‘11 211=0 - f
where [ f1 = 0] denotes the principal Weil divisor div ( f1). For a holomorphic func-
tion 4 in §2, there exists, by the result of Sabbah [26] (completed later on by Gyoja
[19]), about any point z in £2, a local formal Bernstein—Sato equation, originally
introduced in [6],

Q- (A1, A2, £, 830 [W*2H 1] 1‘[<aoL+a1 Ao )R ()

where ag, € N*, (a1, 02,,) € N2 \ {(0, 0)}. This result extends to the context of two
functions a deep result due to Kashiwara [20]. Exploiting this local formal equation
(2) in the sense of distributions in a neighborhood U, of z, one has, by lifting the
antiholomorphic polar parts, that

| |2A.2

b, (A1, ?»2)( W

|f1|2A'> (formally) b, (A1, )»z)h f f“h” 1
5 - h
= Q: (M1, 22, ¢, a/ac)[mr”z i |f1|2“}, 3)

whenever ReA; > 1 and Re X, >> 1. Using the fact that any distribution coefficient
T of the current Tq]j | can be achieved through analytic continuation as T =[5, 13, =0
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(where 1, is a distribution coefficient of (| f1]*M / flq 1Y), we deduce from (3) the
identity

|h|2A2

® r) =Q.(0,12,¢, 3/32)[<|h|2/\2%> ® T}

(in the sense of distributions about z) for Re A, >> 1. Iterating the above identity M
times, we get

bZ(Os )‘*2) <

|2
bz (0, 22) -+ bo(0. A2 + M — 1)( p ®r>

-—M

—= — — h
ZDZ,M()Q’{’3/8§)|:<|h|2}\27) ®r} (4)

for some differential operator Q. ps. Provided that M is sufficiently large, we deduce
from (4) that the map

|h|2)"2

f
n e
can be continued as a holomorphic map to some half-plane {Re A > —n}. Further-
more, if u is an invertible holomorphic function in §2, then any differentiation of
|u|?*2 generates A, as a factor. Thus the value of the analytic continuation of

Ay

|uh|2)‘2 o |h|2k2
ol p

2A
A2 > lu| qu{I

at A» = 0 is independent of u. This is a remarkable holonomy property allowing us
to use the above process iteratively. In particular, the definition of

. _ 2% . . 2%z )
quzz[a(lleqz qul)} :[8<|f2|qz )ATM
= J2 = X=0 f2 = d=0

is then justified. In a similar manner, by using a slightly more general form of (2),
given by

m—1
Q. (ht, e s £, 8/84“)[’1""“ I1 f;j]

j=1

m m—1 N

= <l_[(m0+2(xlj)\j)>hk”’ 1_[1 fj",
L ]: ]:

we can construct a current Tg 5 (for m = 3) by multiplying the current T; , with a
suitable meromorphic function. We continue this iteration of the analytic continua-
tion process until the current Tq]f m 18 constructed. What is important in this approach
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is that it is algorithmic and essentially algebraic, because of the use of Bernstein—
Sato relations. No log resolution of singularities is explicitly involved in the picture.
Furthermore, this procedure mimics the Leray iterated residue construction. An in-
teresting application of the above approach is the following:

Proposition1 Let X, the S;’s, V, and w be as before. Let U = X'\ Viing, and X =
S;NUfor j=1,..., M. The closed hypersurfaces X1, ..., Xy (in U) are smooth
and intersect transversally in some open neighborhood (in U) of W = ﬂyzl X,
which allows us to define the Poincaré—Leray residue Resy, . s, [w] as a (p —
M, 0)-holomorphic form on the closed submanifold W of U. The associated (p, M)-
current Resy, . x,[wlin U, acting as (1), is the restriction of a d-closed ( p, M)-
current T over X, with SuppT C V.

Proof Let x € V, and let U, be the neighborhood attached to the multilogarithmic-
ity of w as described in Definition 1. Since w is a meromorphic form with polar set
in U;VI:l S, one can express w in Uy as

Vx

q1,x qM x ’
sl x ‘SM,x

w =

where v, is holomorphic in U,. Consider the "D?-") (U, C)-valued map defined
on{ReiA;>1,...,Reipy > 1} as

St Ml eeesh R 2%
Ot REM 0] = T /\3s1x|f no

_ 1 /l\§<|sj,x|2)\j> A
@M\ s "

J-X

.. . 1 \M(M—-1)/2
The reverse order of indices expresses here the absorption of the factor (ol ) el

Qim)M
It is known from [27] that the current-valued map
(M- Apg) —> REAMM )
can be continued analytically as a function of M complex variables (A, ..., Ap) to
{Rer; > —n,...,Reiy > —n} for some n > 0. The proof of such a result relies

deeply on the use of a log resolution X 5 X such that 7! J j Silisa hypersurfaie
with normal crossings. The approach we developed above for construction of 9-
closed (p, M)-current in U, through the iterated analytic continuation process
X _ oA L seees A
R [o] = [[ v [[R)Sc 1 M[“)]]M:o]xzzo ’ "]AM_I:O],\Mzo
is applied at this point, taking successively A1 up to {Rei; > —n1}, then A, up
to {ReAy > —n2}, and so on. Note (again) that the argument does not seem (ap-
parently) to require the use of an appropriate log resolution to resolve singularities
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(namely here that of the hypersurface defined as the zero set of Af]--- f;,,—1), but
this is indeed hidden behind the fact that there exist local Bernstein—Sato equations.
The current R%*[w] is also denoted as

M1
R“w:(/\a(sqj,x))wx.
=1 B

To show that all R**[w], for the different U,, globalize into a 9-closed, (p, M)-
current over X', we use the holonomy of the currents under consideration. That is,
for any holomorphic functions u, & in U,, with u nonvanishing, the current-valued
function

luh|*
Ae{Rer > 1} — TR‘*[w]

can be continued analytically into a half-plane {Re A > —n}, whose value at A =0
is independent of u. The global 9-closed (p, M)-current thus obtained is denoted
as R[S }eq,....[Syleal@]. This reflects the fact that it depends only on the mero-
morphic form @ and on the reduced cycles corresponding to the closed hypersur-
faces Si, ..., Sy (with respect to this ordering). In a neighborhood Uy y of some
y € W N U,, as introduced before, the "DP-M >(Ux, y, ©)-current-valued map

(Ao ) €fReA; > 15 j=1,..., M)

1 ! — 2N M dij
— G /\a|sj,x| 78 DN /\ L2 ) Ayl

j=M j=1 N
can be continued as a holomorphic map to {ReX; > —1; j =1, ..., M}, with value
at A{ =---= XAy =0 the (p, M)-current
p e DP=M (g, |, C) > Resy, . 5,0l Ag.
WU,

Note that in such a neighborhood Uy y, we have, forReA; > 1, j=1,..., M,

1 1 1
5 X 5 ; dsjx
(/\ a(|sjq/|x )) A= (/\ a|sjsx|n’) A (/\ ss.]’ ) Aty ylol
j=M j=m "7

J:X
1
+ (/\ a|s,~,x|”f> Aoy ylol.

j=M

Thus, we obtain, for any ¢ € D"~P""" (U, ,,C),
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This comes from the fact that the ‘D@ (U ,y» C)-current-valued map

1
Ay evnshpg) —> (/\ §|sj7x|2*i) Aoy ylo]

j=M

is holomorphic in {ReA; > —1; j=1,..., M} and takes the value O at Ay = --- =
Ay = 0. Finally, using the covering of V by the U,, x € V, we conclude that the
(p, M)-current defined in U = &'\ Vgipg as

,,,,,

can be continued as the d-closed current T = R[g,]..q....[Sy ] [@] OVer the whole
manifold X. Note that the support of T satisfies suppT C V. O

2 Regular Holonomy of Integration Currents

Let X be an n-dimensional complex manifold, and V C X be a closed, purely
dimensional, reduced, analytic subset of codimension M. El Mir’s extension the-
orem in [17] implies that the integration current [V] is defined as the unique,
positive, d-closed, (M, M)- current over X such that, for any test function ¢ €
ID(n_M’n_M)(X \ Vsing, O),

(WLM=/¢=/ ¢.
14 Vreg

It is important to point out here that the closed analytic set V' is considered as being
embedded in the ambient manifold X. This will be revealed to us to be important
for two reasons: first, with respect to connections between intersection and divi-
sions problems in X’ (that one intends to study jointly), closed analytic subsets in X
need to be understood (and studied) in terms of their defining equations. Second, the
Coleff-Herrera sheafs of currents CHy y and CHy y (-; %S) that we will introduce
in the two following sections are indeed sheaves of currents in X', with supporton V,
which depend in a crucial way on the embedding ¢ : V — X. Therefore, instead of
working on the complex analytic space (V, (Ox)|v), using, for example, a log reso-

lution V —=> V for some closed hypersurface Hging on V, satisfying Viing C Hiing,
we will work in the ambient manifold X and keep as far as possible to methods
based on the use of Bernstein—Sato-type functional equations [19, 20, 26]. We will
use extensively in this section the methods introduced to prove Proposition 1. These
methods allow the possibility to define (in a robust way) the exterior multiplication
of the integration current [ V] with a semi-meromorphic form w, whose polar set in-
tersects V along a closed analytic subset W satisfying dim W < dim V. Recall here
that "D(P-9) (X, C) denotes the space of (p, ¢)-currents on X, acting on the space
Du=r.n=4) (X C) of smooth (n — p, n — q)-test forms on X'
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Proposition 2 (A holonomy property) Let X and V C X be as above. Let h,u €
Ox(X). The " DM-M) (X)-valued map

2A
(A, ) € {Rer>1,Rep>> 1} —> |u|2”| ]L V]

can be continued analytically as a holomorphic map to the product of half-planes
{Rer > —n,Ren > —n} for some n > 0. Moreover, if V\ {u =0} =V, then the
value of this analytic continuation at A = u = 0 remains unchanged if one replaces
lu| by 1. When V \ {h =0} =V, the construction of the principal value current

1 I |2A
n [V]:= |:— [V]:| ) &)
=0
is “robust” in the following sense:
1 o |1 |2A ol
E[V] = lul [V] = | lul E[V] (6)
A=u=0 n=0

for any holomorphic function u € O x(X) such that V \ {u =0} =

Proof The second assertion in the statement of the proposition is a consequence of
the first. If V' \ {u =0} =V, i.e., |u| does not vanish identically on any component
of V (hence [|u|?*] u=0 = 1 almost everywhere on such component), one has

| |2k

2;1,' |2A. B
|ua] A [Vl = (V]
u=0

for Re A > 1. Assume the first assertion, namely that the current-valued function (5)
is holomorphic in two variables in a product of half-spaces {Re . > —n, Re © > —n}
for some 1 > 0. Then, following the analytic continuation in A up to A = 0, we get:

20 20 2i
HWW"L[V]] ] _ [|u|2“"L[V]] _ ["Lm} .
h n=04d1=0 h A=p=0 h r=0

This proves the second assertion (under the assumption that the first one holds).

In order now to prove the first assertion above, let us reduce the situation to
the local one, that is, where X is a neighborhood §2 of the origin in C". One can
assume that V (defined in §2 as the common zero set of holomorphic functions
Vi, ..., Uk in H(£2)) is the union of a finite number of irreducible components of the
complete intersection V = {f; =--- = fyy =0}, with df1 A--- Adfy % 0 on each
such component ([18], p. 72). Let v be a linear combination of vy, ..., vy which
does not vanish identically on any of the irreducible components of the complete
intersection V that are not irreducible components of V. We introduce from now on
the notation V¥\V to denote the union of the irreducible components of V which
are not entirely contained in V. Let using be a holomorphic function in & such
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that \Zing C {using = 0} and uging # O on any irreducible component of V. Let us
introduce the differential (M, 0)-form

dfi Ao~ Ndfu
=

Sre--fm
and the 9-closed (M, M)-current
T/
Mg A ANdfy =R (0]
i fi M = ReS[ f1=0eq. .. fu=0leal @],

where the current Tlf y 1s defined by the iterated process

2AMm 2
B L L L
r1=0 Am—1=0dx,=0

considered in the proof of Proposition 1, where also the notation Res.j[w] was in-
troduced. Using the Bernstein—Sato equation (2) (here for M + 4 functions), still in
its conjugate form, one can prove that the current-valued function

2
2y 20y o P
177 Jo] = u]

()"9 u, v, w) g |”sing Res[fl =0lred---» [f0=0lred [C()]

can be continued from
{, v, );ReA>1,Reu>>1,Rev>> 1,Rew > 1}
to a product of half-planes
{(A, w,v,w);Rel>—n,Reu > —n,Rev > —n,Reww > —n}

for some n > 0. Moreover, when ReA > 1, Reu > 1, and Reww > 1, the value at
v=0of
2 2 i *
v > |uging ™ (1= [v]*")|ul “TReSm:mm ..... [f1=0lrea [©]

is equal to the current

2w, 1214 |h|2k
|”sing| |ul T[V]

Keeping Re X > 1 and Re x > 1 and taking the analytic continuation in & up to
o =0, we get precisely the current

|h|2k
|u|2“—h [V]. O
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3 “Holomorphic” Coleff-Herrera Sheaves of Currents

Given an n-dimensional analytic manifold X, together with a closed, purely dimen-
sional reduced analytic subset V (of codimension M), the (“holomorphic”) Coleff—
Herrera sheaf CHy y (-, E) of E-valued (0, M)-currents, where £ — X denotes
a holomorphic bundle of finite rank over &X', plays a major role in division or duality
problems. The local description of its sections, together with the subsequent proper-
ties, suggests how one can profit from the 2n local parameters ¢y, ..., &, El, e Z,,
instead of just the n “holomorphic” ones ¢, ..., {,. Thinking heuristically, the an-
tiholomorphic local coordinates ¢, ..., {, remain unaffected by the holomorphic
differentiations involved in the action of such currents. For example, if Ay, ..., Ay
are Cartier divisors on X and s1, . . ., s) denote the corresponding holomorphic sec-
tions of the A;’s such that the hypersurfaces sj_l (0) intersect properly (that is, de-
fine a nonempty complete intersection on X’), then the usual Coleff-Herrera residue
/\§/1=1 a1 /s;j) stands as a global section of the Coleff-Herrera sheaf CHy v (-, E),
where E = /\fl Ox(—=A4)).

The concept and its importance were pointed out by Bjork [11, 12]. The original
construction of global sections for such sheaves is due to Coleff and Herrera [14].
In this section, we will recall the definition of the sheaf CHy vy (-, E) (following
the approach of Bjork, Andersson, and Samuelsson [2, 11-13]), together with the
local structure of its sections (which justifies their operational properties). Since
our objective all along this presentation is to stick to the methods based on analytic
continuation (which seems to be a natural way to introduce the objects algebraically,
for example, by using the Bernstein—Sato functional equations as (2)), the approach
we adopt here follows that developed by Andersson [2].

Definition 2 (The Coleff-Herrera sheaf CHy v (-, E)) Let X, V, E be as above.
The (“holomorphic”) Coleff~-Herrera sheaf CHx y (-, E) is the sheaf of sections
of (0, M) E-valued currents 7 on X, with support on V, which satisfy the three
following conditions:

1. For any holomorphic function # in a neighborhood of V satisfying
V\{fu=0}=V,
the current-valued function
re{Rer>> 1} —> [u|?T

can be analytically continued as an holomorphic map to {Re X > —n} for some
n > 0, and
[l T], =T

(that is, T satisfies the Standard Extension Property (SEP) with respect to its
support V).
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2. One has, in the sense of currents,
(IV)coan =0,

where (Zy )conj denotes the complex conjugate of the ideal sheaf of sections of
Ox that vanish on V.
3. The current T is d-closed.

Global sections of this sheaf, that is, elements in CHy v (X, E), are called E-valued
Coleff-Herrera currents (with respect to V) on X.

Action on integration currents by adjoints of “simple” holomorphic differential
operators with values in the dual bundle E* provides us with an example of Coleff—
Herrera sheaf of currents. To be more specific:

Example 1 Let D be a Cartier divisor in X', and U be an open subset of X'. A holo-
morphic differential operator with analytic coefficients Qy : C,°,_,,(U, E*) —
C;l’iM,nfM(U, Ox (D)) is said to be (n,n — M)-simple in U if its splits as

Oulel=qulel A wy,

where gy denotes a holomorphic differential operator from C° _, (U, E*) to
C(C)’f;,_M(U, E*), and wy is an element of .Q;gM(U, E ® Oy (D)), that is, a global
section over U of the sheaf of £ ® Oy (D)-valued (n — M)-holomorphic forms. Let
us denote as ZD')’Q" 7M(-, E*, D) the sheaf whose sections over U C X are (n,n —
M)-simple holomorphic differential operators with analytic coefficients from
CfnfM(U, E*) into Cfij’niM(U, Ox(D)).If Oy € @')’é”*M(U, E*, D), then let
Q’[“] be the adjoint operator which transforms elements from ’ DMM) (U O (—D))
into elements in "DO-M) (U, E) as follows:

(03T ¢)=(T, Qulgl), Ve e D" M (U).

If hy denotes an holomorphic section of D in U such that (VNU)\ {hl_]1 0} =
VNUand Qp € @%"_M(U, E*), then the current

vNnu
TU=Q’{,[[ ]}

hy

(where [V N U]/ hy is defined as in (6), see Proposition 2) fulfills conditions 1 and
2 in Definition 2. This follows from the fact that the current-valued function

1

pe{Reu> 1} —> Iulz“Q*[h

[V]red:|

is analytically continued to Re . > —n and that its value at u = 0 does not depend
on u as soon as V \ {u =0} = V. This shows that Q*[%[V]red] satisfies both the
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holonomy property and the standard extension property with respect to V, exactly
as %[V]red does. If it is additionally 9-closed (which unfortunately cannot be read
directly on the operator with meromorphic coefficients Qy/hy), then Ty fulfills
also condition 3 in Definition 2 and therefore is a global section of the Coleff—
Herrera sheaf CHy y (-, E) over U.

Let U be an open subset of X'. The local structure result established in [2, 11—
13] can be stated as follows: when T € "DOM) (U E) is a 9-closed current, T €
CHy v (U, E) if and only if, for any x € U, there exists a neighborhood U, C U of
x in U, a section Q, € D*"~M(y,, E*, C), and a holomorphic function A, in U,
such that VN U, \ {hy =0} =V NU, and

VU,
TUX=Q12[¥].

hy

The local structure result, besides the fact that it provides a useful local represen-
tation of sections of the Coleff-Herrera sheaf CHy v (X, E), also emphasizes that
only holomorphic differential operators are involved in the action of such currents
(which explains indeed why they do play a role of algebraic nature despite their
analytic structure).

It is important also to point out that, when X = P"(C), such a local structure
result reflects (thanks to the GAGA principle) into a global structure result in this
algebraic setting. The matrix of differential operators Q y ;s g involved in the defi-
nition of Q y, when expressed in local coordinates (¢, ..., {,) in some affine chart,
as

QX[( > wd?;) ndt A"'/\dé‘n:|

Jc{l,...,n}
|J|=n—M

e

1,JC{1,...n} {1,...n}
\I|=|J|=n—M |K|=n—M

Ox. 1.k <§, %)[W{]) d¢y ndip,

becomes a matrix of differential operators with polynomial coefficients, while the
polar factor &y corresponds here to a polynomial section of the bundle Oy (k)
for some k € N. Such differential operators with polynomial coefficients are of
course reminiscent of the Neatherian operators involved in the formulation of
the Ehrenpreis—Palamodov fundamental principle [5, 10, 16, 24]. For example,
when Pp,..., Py are M homogeneous polynomials in [zg : - : z,] defining a
complete intersection V in P*(C), a global section of the Coleff-Herrera sheaf
CHy v (-, /\11” Ox(—deg Pj)) can be used to test the membership to the ideal
(P1, ..., Py). Note also that local structure results of this type originally go back to
the work of Dolbeault [15].
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4 “Meromorphic” Coleff-Herrera Sheaves of Currents

Intersection and division problems (in the case of proper intersection) are intimately
connected through the Lelong—Poincaré equation: namely, if Ay, ..., Ay are M
Cartier divisors on a complex manifold X, together with respective metrics | |;

and holomorphic sections s; such that the s ; 1(0) intersect as a nonempty complete

intersection s 1 (0), then the integration current [div (s1) e - - - ® div (s37)] (the oper-
ation between cycles being here the intersection product in the proper intersection
context) factorizes as

M
[diV(sl) °- - OdiV(SM)] = (/\ 5(1/Sj)> ANOISITA-- - AOySM,
j=1

where /\jwzl 5(1/sj) € CHy ;-1 (&X, /\111/1 Ox(—A4))) is a Coleff-Herrera current
independent of the choice of the metrics | | ;, and 9; stands here for the Chern con-
nection on (Ox(A;), | |;) (one could in fact replace 0; by the de Rham operator d
since the choice of the metrics is here irrelevant). Unfortunately, when V denotes
an (n — M)-purely dimensional, reduced, closed analytic set in &, the integration
current [V] cannot usually be factorized (locally about a point x € V) as the prod-
uct of a section of the Coleff-Herrera sheaf CHy y (-, C) with a local section of
the sheaf .Qf(M of (n — M)-abelian forms. A sufficient condition for this to be
true is that Oy /Ly, is Cohen—Macaulay (see [3]). In general (see the proof of
Proposition 2), in some convenient neighborhood U, of x, there exists a factoriza-
tion [VNU,] =Ty, Awy,, where oy, € .Q;‘(*M(Ux), and Ty, is a section in Uy of
the meromorphic Coleff-Herrera sheaf CHy v (- ; xSy, C) defined below (S, being
here a closed hypersurface in U, such that (V NUy) \ Sy = V N Uy). This moti-
vates the enlargement of the concept of Coleff—-Herrera sheaf in order to tolerate
holomorphic singularities (as we proceed when we enlarge the sheaf Oy of holo-
morphic functions in X" by introducing the sheaf M y of meromorphic functions on
X).

Let X, V, E be as in the previous section. We now add in our list of data a
closed hypersurface S in some neighborhood of V (in X') such that V \ § = V. The
hypersurface S will play the role of a prescribed polar set for the sections of the
sheaves we are about to define.

Definition 3 (The Coleff-Herrera sheaf CHy v (- ; xS, E)) Let X, V, E be as
in Definition 2, and S be as above. The (“meromorphic”) Coleff-Herrera sheaf
CHy v(- ; %S, E) is the sheaf of sections of (0, M) E-valued currents on X
(M = codimy V), with support on V, which satisfy, besides conditions 1 and 2
in Definition 2, the additional condition

Supp(@T)Cc VNS. (7)

In order to exhibit sections of meromorphic Coleff—Herrera sheaves (see Exam-
ple 2 below), the following lemma reveals to be essential. The method we use here
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to prove it illustrates both the power and the flexibility of the analytic continuation
method. An alternative approach (based on the regularization of currents and the use
of cut-off functions) was proposed in [13].

Lemma 1 Ler V be a purely (n — M)-dimensional closed analytic subset in an
n-dimensional complex manifold X . Let u, h, s € Oy (X) satisfy

VA h=0}=V\{s=0}=V\{u=0}=

Let Q € Z)'}"*M(X , C) (see Example 1). The (0, M)-current-valued map

2 Is1? L1
(1. v) € [Reju > 1L Rev > 1) i |u*' =— 0| 1 [V]

extends as an holomorphic map to {Re u > —n, Rev > —n} for some n > 0, whose
value T at w = v = 0 is independent of u. The “robust” definition of T makes it
natural to denote it as

1 1
T = —Q*[—[V]}.
s h
The current T fulfills conditions 1 and 2 in Definition 2.

Proof Letu € Oy (X) and p, v be such that Rev >> 1 and Re u > 1. Then

2v |S|2M 1 2v |S|2M
lul™ ——Q*| -[V1]|, [V] o(¢, — )| lul—o¢
s h { s
[l ¢ Ju > |s |2 9
_<T[V]’ Q[;}>+M<T[V], Qu,s<u, v, ¢, i)[¢]>

+ <W[V] é ( i>[ ]>
v A s Qu.s u«,v,aa; ®l),

where Q, (i, v, ¢,9/9¢) and éu s(u, v, ¢, 8/9¢) are the meromorphic differential
operators (polynomial in w, v) from Cn (X)) into C,fi Mo (X)), with polar set
contained in {us = 0}. We can rewrite (for some convenient K € N, namely the
order of the differential operator Q)

(e oo
h Ous| 1., ¢, 3¢

|u > |5 |2
huK—KH[V] Aus\ v, &, — oz [¢]

= [ s (v o o)
= TW us| 4,0, ¢, @ A:O’
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where A, ; denotes a holomorphic differential operator (polynomial in u, v) from
C;l’on y (X) into Cn M—M (X). The same reasoning holds when one replaces Q, s

by Q,, s with some holomorphic differential operator Au s instead of A, ;. Note also

that
ol 1

where A is a holomorphic differential operator from the space €., into
c>® m.n—p- The second assertion follows from the fact that, when Re o >> 1, the

I e[ Ly
s e h

o,M j—current
is annihilated locally by (Zy )conj (since Q is a holomorphic differential operator),
which remains indeed true for the current

1 I |sh|?¥
-0 [—[V]}=[ Q" [ [V]H .
s h s =0

This current fulfills conditions 1 and 2 in Definition 2. O

Example 2 Lemma 1 allows us to revisit Example 1, introducing possible poles. Let
X, V, E, S be as in Definition 3. Let additionally D, A be two Cartier divisors on
X.Let U C X and hy, sy be respectively holomorphic sections of D and A in U
such that s, '0)c Sand (VNU) \hy "0O)=vNU.LetQ e CD'}&"_M(U, E*, D).
Then the (9 x(—A) ® E-valued current in U

1 . [[vnU]
T= su QU[ hy ]
belongs to CHy v (U ; %S, (’)ﬁg(—A) ® E) as soon as Qy and hy are such that the
current Q7 [[V NU]/hy] is d-closed.

Example 2 above provides, in fact, what appears locally to be the description
of sections of Coleff—Herrera sheaves, since one has the following proposition (see

[13]):

Proposition 3 Let X be an n-dimensional complex manifold, V be an (n — M)-
purely dimensional closed analytic subset, and S be a closed hypersurface in X
such that V\ S = V. Any element T in CHy v (X; %S, C) can be locally realized
in an open neighborhood Uy of x € V as ¥ = Ty /sy, where Ty is a current in
CHy v (Uy,C), sy € Ox(Uy) satisfying sx_l(O) NU, =S NUy. This means also

that one has
—Q [ [V ]} 3
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with Qy € @’;&"7M(Ux, C,C), hy € Ox(Uy), satisfying (VN U) \ hy' (0) =V N
Uy, the current QX[[V N Ui/ hy] being 9-closed in Uy. Conversely, any (0, M)-
current T over X with support contained in V that can be locally expressed about

each point x € V (in the ambient manifold X) as (8) and is d-closed outside S,
belongs to CHy vy (X; xS, C).

Proof The second assertion follows from Lemma 1 since conditions 1, 2 in Defini-
tion 2 and (7) in Definition 3 can be checked locally. If 7 € CHy y (X; xS, C) and
x € V, {ox =0} being a reduced equation for S in an open neighborhood U, of x
in X, one has 9(s,7) =0 in Uy if s, = o) as soon as y € N exceeds strictly the
order of 7 in U,. Therefore, sxTiu, € CHy,y(Uyx, C) (conditions 1, 2 in Defini-
tion 2 remain fulfilled, condition (7) in Definition 3 is now realized). One can check
immediately that

1
X GxTw,) =T,

(the product on the left-hand side being understood as in Lemma 1), which proves
that 7" can be represented as (8) in U, . Il

One can adapt the proof of Lemma 1 and Proposition 3 in order to get the fol-
lowing result.

Proposition 4 Let X, V, E be as in Definition 3. Let T € CHy v (X, E), A be a
Cartier divisor on X, equipped with a hermitian metric | |, and s be a holomorphic
section of A. The (0, M)-current-valued map

|s| 2
ne{fReu>1}— ——T
s

extends as a holomorphic map to {Re u > —n} for some 1 > 0. Moreover, one has
that

s _

[ —T OeCHX’VX\fl@(X;*s 10), 0Ox(-2)® E),
l,L:

the current being independent of the choice of the metric on A. Recall that yX\THO

denotes the union of irreducible components of V that do not lie entirely in the

closed hypersurface s~ (0).

Proof Since it is sufficient to prove this proposition locally, one can assume that
T = Q*[[V]1/h], where Q € ® x(X,C), and h € Ox(X) is not identically zero
on any irreducible component V, of V which does not lie entirely in s~ (0). For
Re /¢ >> 1, one has, since 1/h 1y, 1) - [V]=1/h[VEW" O], that

K i o i W I O 1) I o
e T et VU
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We now notice that s does not vanish identically on any irreducible component
of VX' © which means VA\s™' O\ s-1(0) = V™' O Proposition 4 follows
immediately from Lemma 1, combined with the second assertion in Proposition 3
(replacing V by VX\s™ ), O

Meromorphic E-valued Coleff-Herrera currents (with respect to V and pre-
scribed polar set on S such that V' \ § = V) induce, via the 9 operator, elements
in CHy vns(-, E). We present here an alternative proof (based on the analytic con-
tinuation) of a key result from [13].

Theorem 1 The g-operator maps CHy v (-; %S, E) into CHy yns(-, E).

Remark 1 Note that the morphism above is surjective (at the level of germs at
x € V)assoonas Oy /Ly x is Cohen-Macaulay [12].

Proof Since one can reduce the problem to the local situation where E is triv-
ialized, we may assume from now on that E is the trivial bundle X x C. Let
T € CHy y (X; xS, C). The statement in Theorem 1 amounts to check conditions 1,
2, 3 in Definition 2 locally for the current 37 (with respect to V N S). Then we can
assume (see Proposition 3) that X = U, where U = U, is an open neighborhood of
apointx in V, 7T =1/s Q*[[V]/h], with h,s € Ox (U) satistying

VAOD\{h=0=(VNU)\{s=0]=VNU,

and Q € an_M(U, C,C) = @'jé”_M(U). It is clear that 97 satisfies condition 3

since 52 =0. Since 7 = [|s|**/s Q*[[V1/h]l,.=0 (see Lemma 1) and Q*[[V]/h] is
closed (as an element in CHy y (U, C)), we have

2 —
3T = [ ST o [lmﬂ [u|s|2ﬂld A Q* [lmﬂ .
un=0 n=0

In order to prove that conditions 1 and 2 in Definition 2 hold for a7, itis enough to
show that, when u € O x (U) does not vanish identically on any irreducible compo-
nent of VN SNU (thatis, {s =u =0} NV is defined as a complete intersection in
V NU),the (0, M + 1)-current-valued function

1
w,v)e{Reu»lRev>>1}»—>mu|2”|s|2“ AQ[[V]} 9)

extends as a holomorphic map to {Reu > —n,Rev > —n} for some n > 0, whose
value at ¢ = v = 0 is independent of u and is annihilated (as a current) by
(Zvnsnu)conj- Shrinking U = U, about x, if necessary, we can assume that there

exists a holomorphic differential operator Q € @';"_M _I(U , C, ©) such that, for
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Reu > 1, Rev > 1, and for any ¢ € D("’"_M_l)(U, C), the following identity
holds:

1ds ds 1
Q[Iulz”lslz“;? A <o] =—A Q[|u|2“|s|2“;¢} on Vieg.

This comes from consideration of the facts that multiplication with antiholomorphic
functions commutes with the action of holomorphic differential operators and that
Q splits as Q[¢] = gle] A w, where g preserves the maximal degree of differential
forms (on Vieg) in d¢,and w € .Q'}gM (U, ©). Let K be the order of Q. There exist
holomorphic differential operators Ay, Ay, As., in @':{,"_M_l(U ,C, C) (the two
last ones depending also polynomially on w and v) such that, for any Reu > 1,
Rev >> 1, and for any ¢ € D""=M=D(y, C),

1 2V 121 9
Q[|u|2”|s|2”;¢} = '”'SK—'L'AS (c, g)m

|| |s |2 9 ~ 9
+ KK (MAs,u (M, v, ¢, &) +vA; (y,, v, ¢, §>>[<p].

Consider the (0, M + 1)-valued maps

Jue[* |52 0]
(m,v)e{Rep>»1,Rev > 1} r— | p————B;
sKHh 120

10
lu|?V |s | |n|* (o

(n,v)e{Repu>1, Rev> 1} — [MK—IMBX,M(M,U)} ,
utsitip 2=0

where

d
(By, @) = <[VJred, ?S AAS[¢]>,

(Bs,u(ﬂa V), (ﬂ)

ds d ~ d
= <[V]red’ ? A (N-As,u (Ma v, ¢, &) + V-As,u (Mv v, ¢, §>>[¢]>

for all ¢ € D®"~M=D (7, C). We claim that both current-valued maps (10) ex-
tend as holomorphic maps to {Reu > —n, Rev > —n} for some 1 > 0. Moreover,
the value at u = v = 0 of the first of these maps is annihilated (as a current) by
(Zvnsnu)conj» while the value at u = v = 0 of the second one equals 0.

Let us assume this claim for the moment and conclude the proof of the theorem.
ForReA > 1,Reu > 1,and Rev > 1, we have
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1ds |h|**
wlul® |s 1 = — A Q*[—[V]
s S h
Jul?[s|* [ Jul I | |**

=k ki1, Bt H T kkrr,  Beult ). (11)

Thus, the current-valued map (9), which can be rewritten because of (11) (for
ReA>»1,Reu>1,Rev>1)as

|u|2”|s|2“|h|”8+ |u|?V|s|*# ] ?* )
sK+1, s uKsK+1p, sl o

extends as a holomorphic function of (u, v) to {Reu > —n, Rev > —n} for some
n > 0, the value at © = v = 0 being equal to

s 2 h 21
i) L)
sHTh A=04 =0

which is independent of u and annihilated (as a current) by (Zynsnu)conj. This
proves that 97 fulfills conditions 1 and 2 in Definition 2.

Proving the claim clearly amounts to prove that for any positive integers o, t, the
(M, M + 1)-current-valued map

s P# 1 d5
{Rep>1,Reu> 1} — Mia A[V]
Ts%h K =0

extends as a holomorphic map to {Rex > —n, Re u > —n} for some n > 0, whose
value at i = v = 0 is annihilated by (Zynsnu)conj- In order to do that, we need

to introduce a smooth log resolution ) L V for the closed hypersurface W =
VN{¢; h(¢)s(@u(¢) =0} Cc V. That is, V is an (n — M)-dimensional complex
manifold, and 7 is a proper surjective holomorphic map such that the closed ana-
Iytic subset WV (obtained as the union of 7~ 1(W) with the set of points in ¥ about
which 7 is not a local isomorphism) is a closed hypersurface in }V with normal
crossings. Such a log resolution can be obtained applying the Hironaka theorem.
Let ty : V — X be the inclusion embedding. For any ¢ € D~M-n=M=D 1y (),
we can rewrite, using the properness of 7 and a (sufficiently refined) partition of
unity (V,, p,) subordinated to the support of (ty o 7)*[¢],

|u|2”|s|2u|h|ZA ds
utsoh

A [Ved, §0>

as a sum of contributions of the form

_ M
lue &2 |, EP 12 2 P (d 'c

Zﬁt,_

Ty, +op+a
v, Mfsfhzfz Y Bita, Lj

) A p(E) (v o ) [@1(&),

12)
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where & = (§,.1, ..., & n—m) denote centered local coordinates in V;, u,, s,, h, are

invertible functions in V,, and £, f} * £™ are monomial functions in the centered
coordinates (§,1,...,&, ,—m) with respective multiexponents y,, B, a, € Nt—M,
The function

a —
u &Y 20 |s,£P 2 g2 P ds,

Ty +oBi+ 5
Voo upsghgITOPT S

A pu(&) (v o) [@l(€)  (13)

A, V) —

clearly extends as a holomorphic function of (X, i, v) to a product of half-planes
{ReA > —n,Reu > —n, Rev > —n} for some > 0, whose valueat L = =v =0
equals 0. The reason is that the singularities under the integral in (13) are only
holomorphic singularities. The same remains true if ¢ = hyr, where h € Tynsnu,
since in this case any &, ;, j =1,...,n —m, such that 8, ; # 0 divides 7*h, which
implies that all antiholomorphic singularities in the term under the integral in (12)
are thus canceled. It remains to study the meromorphic analytic continuation (as a
function of (A, u, v)) of

&2 5, 6P 2P dE,

—= A p(ty o) *[g] (14)
14 ufsf’hlgtryl+aﬂ‘+a' §.j L

A, v) —

for j € {l,...,n— M} suchthat 8, ; > 0. Using integration by parts, we can rewrite
(14) (whenReA > 1,Reu > 1,Rev > 1) as

n
at,j)‘+ﬁt,jﬂ+7/t,j‘)

Ve2vig gPo2myy g% 20 9
Xf |Mtgt | |SLEI | | LSL | déz,j/\ag -(,OL(LVOH')*[(P])-

LJ

”fsff ht%.tt vitoBito

We need here to distinguish two more cases.

o If y, j =0, the function

|ul§tyl|2l}|st€t l|2M|hL5;-LOlL|2)L déz,j

= Ap (v Oﬂ)*[w]}
ulrslohtgltyz+‘7ﬂt+at gl,./ t

(w,v) +— [M
v, =0

_ [;
aL,j)‘—i_ﬁl,jM

Y 2v Bi2u h a2n P
% / [, &7 |7V 587 |1 h &S dfz,j A2 (,0[ (v Oﬂ)*[(p])]
v, 9, ; 2=0

L

Ty toBita
urfsghg = r

1 Ve2v g gBo2uyy %2 9
— _|: [, &7 |7 5.8 [7H | & | dél,,,' A2 (,0[ (v O”)*[(p])i|
BuiLJv, 9, ;

Ty +ofi+ao
ufsfrhtéz ' o L

A=0

extends as a holomorphic function to {Re u > —n, Rev > —n} for some n > 0.



Coleff-Herrera Currents Revisited 347

o If y,; > 0, one uses a primitive form of the Whitney division lemma, a clever
trick introduced by Samuelsson [27]. The hyperplane of coordinates {&, ; =0} N
V, lies in the closed analytic set {(ty o 7w)*[s] = (r o ty)*[u] = 0} N V,, whose
image by 7 is included in the (n — M — 2)-dimensional closed analytic subset
of U defined as {u =0} N SNV NU. Since any differential form dE,, I =
n— M — 1, has a vanishing pullback to SN {u = 0}NV NU for dimension reasons,
the (0,n — M — 1)-differential form (ty o n)*[df,] has a vanishing pullback
to {&, ; = 0} NV, which means that (ty o n)*[d?,](ét) = Ew- wy (&) for some
(0,n — M — 1)-smooth form w; in V,. Then aj divides (ty o)*[¢] in V,, which
implies that antiholomorphic singularities under the integral in (14) are canceled.
Therefore, (14) extends as a holomorphic function of (A, i, v) to a product of
half-planes {ReA > —n,Reu > —n, Rev > —n} for some n > 0.

This completes the proof of the claim and thus of the theorem. U

Proposition 4, together with Proposition 1, implies the following: if X', V, E, A, s
are given as in Proposition 4, then, for all open subsets U C X,

_/Tls|*
8(|:| L Ti| ) € CHX’VX\rl(O)mrl(O)(Uv Ox(—4)QE) (15)
n=0

whenever T € CHy v (U, E). Note that VX\"A(O) Ns! (0) is either purely (n —
M — 1)-dimensional or empty, in which last case (15) is somehow irrelevant since
the current on the left-hand side is 0. We will need in the next section the following
result, which is by far more involved, that we formulate here without proof (see [9]
for a detailed proof).

Proposition 5 Let X', V, E, A, s be as in Proposition 4. Let S be a hypersurface in
X suchthat V\S=V andT € CHy v (X ; xS, E). The (0, M + 1)-current-valued
map

. |S|2v
ve{Rev>1}— 0 ANT
s

extends as a holomorphic function to {Rev > —n} for some n > 0. Moreover, we
have

. |S|2U
|:8< P ANT 0GCHX’VX\r](O)mS—l(O)(X;*ES,SaOX(_A)®E)a
=

where Xs s denotes any closed hypersurface in a neighborhood of V in X such that

(VIO N 5-1(0)) \ T, = VIO 5710

and Xg s D SV\sTHO s~10), SV\sTHO) being the union of all components of S
whose intersection with V does not lie entirely in VX\f] O A s=1(0).
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5 Essential Intersection and Coleff-Herrera Original
Construction

Let X,V,E,S be as in Proposition 5. Let also A; be a Cartier divisor on
X, equipped with a hermitian metric | |, and s; be a holomorphic section of
Aj. Propositions 4 and 5 imply that any global section 7 € CHy y (X ; %S, E)
splits into the sum of an element from CHX erl(o) (X; %S, E) and an element in

CHX vAsTlo (X; %S, E). That is,

T=[(=1®)T] o+ 1P T] Lo =T+ T (10)

(see also [4]). We remark that this splitting is independent of the choice of the metric
on Ap. To be more specific, suppose that

1,
T_sQ[h}

where s is a holomorphic section of a Cartier divisor A, & is a holomorphic section
of a Cartier divisor D, and Q € @%"_M(X, E* ®@ Ox(A), D) (see Examples 1
and 2). Then, for any test function in C°,_,, (X, E*), we have

([ =117, g0 )

roltaswe] ] ]
LA 1
H[/v A (1= lal™)e 2=0d u=0d3,=0
[ el L)
VO h s r=0du=0
Furthermore,

. 211 _ 211
0 Is1] ANT =10 —|S1| AT !
5] _ 5] AU

€ CHy v, (X ; *Polj, Ox(—A) ® E), (17)

where V) stands for the closed analytic set y X\ N© Ns; 1(0), and Pol; denotes
a closed hypersurface in X" satisfying V; \ Pol; = V;. Note that (16) can be under-
stood as an analogue (at the level of meromorphic Coleff-Herrera currents) of the
gap sheaf operation in intersection theory (see, e.g., [23]), namely, the splitting of
the cycle [V] corresponding to V' as the sum [V]Sfl(o) of its components whose
supports lie completely in the hypersurface sl_l (0), and the sum [V]¥ A1) of the
other ones. On the other hand, the wedge product operation (17) can be understood
as an analogue (at the level of Coleff—-Herrera currents) of the proper intersection
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product between two cycles whose corresponding supports VAT O and sy L0)
intersect properly.

Given an ordered collection Ay, ..., A,, of Cartier divisors, with m <n — M,
together with respective holomorphic sections sy, ..., S, the operation (17) can be
iterated because of the iterative process, initiated with 7o =7

~( Isj1? ~( Isj1? .
Tit1=10 ‘54 AT; =19 'S‘ /\7}|X\S‘71(0) , 0<j<m.
J )»j=0 J J )»j=0

When this procedure is carried up to the end, we get

m
Tm € CHX,(Vﬂsl’l(O)ﬂwﬂs,;l(O))ess (X ; xPol,,, /\(’)X(—Aj) ® E),
1

where V N sl_1 on---Ns, 1 (0) = Vegs[s] stands for the essential intersection (see,

e.g., [14]) of V respect to the ordered sequence of hypersurfaces sl_l ©),...,s, 1(0).
If 7o = To € CHy v (X, E), then the current 7, is a global section of the Coleff—
Herrera sheaf CHy v, [s](, AT Ox(—A4;) ® E).

One can consider as well (as in [21]) the A" O(—Aj)-valued current R15m A
[V] (which is d-closed) obtained, starting from RU A [V]=[V], through the in-
ductive procedure

—(|si|?i
Rt Sf'“A[V]:|:3<—|S]| )AR“ ’’’’ S/'/\[V]i| L 0<j<m. (18
Sj 2;=0

This point of view was introduced in a slightly different form in [14]. The authors
consider there a (p, 0)-semi-meromorphic form w on a complex space (V, Oy),
with poles along the union of a finite number of reduced hypersurfaces S, ..., Sy
of V (taken in a prescribed order). They construct on (V, Oy) an (m, p)-residue
current Ry, . s, [w] with support the essential intersection (S1 N -« N Sy, )ess. Note
that the residual objects defined in [14] are intrinsic with respect to the complex
space (V, Oy), that is, independent of the embedding ¢ : V — X. The construction
proposed here and that in [14] are of course related: besides the fact that our currents
are treated here as (M + k, M + p)-currents, 0 < k < m, in the ambient manifold
X instead of (m, p)-currents on the complex analytic space V, the main difference
between the two approaches is that the singularities 1/s; in (18) are isolated from
local expressions for the denominator of .

Consider the particular case where there exist holomorphic bundles Eq, ..., EL,
on X such that the integration current [V] can be expressed as

L
[V1=) TioAar.
=1

where 7)o € CHy v (X, E;) and w; € .QS?M(X, E[) (which occurs, for example,
when one restricts X' to some relatively compact open subset. When X is Stein and
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Ox x/Zv x is Cohen—Macaulay about each point x € V (see [3], Example 1), then
one can factorize R*!>m A [V] as

L
RS 1sweosSm /\[V]ZZTIW N wy, (19)
=1

where each 7j ,, is some (/\]' Ox(—A4)) ® E;-valued Coleff-Herrera current (with
respect to Vegs[s]) which is a pole-free Colef—Herrera current. Factorization (19)
remains valid in general, but one needs to tolerate then poles in the Coleff-Herrera
sections 77 , .

In conclusion, we claim that the results presented here (within the robust frame
of analytic continuation), together with the geometric formalism of intersection the-
ory (where the role of integration currents on cycles is played by global sections
of Coleff-Herrera sheaves), should be a starting point to pursue an approach, intro-
duced in [8], in order to attack division or duality problems with methods inspired
by those used in intersection theory.
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Right Inverses for P (D) in Spaces of Real
Analytic Functions

Dietmar Vogt

Abstract In this paper we study the question when a linear partial differential
operator P (D) with constant coefficients admits a continuous linear right inverse
in the space A(R") of real analytic functions on R" (or, more generally, in A(2)
where 2 is a open subset of R"). To obtain a necessary condition, we investigate
when P (D) admits solvability “with real analytic parameter” in A(£2) and solve it
completely for convex §2, using a different approach from the one used in Domariski
(Funct. Approx. 44:79-109, 2011). To obtain a sufficient condition, we show that
the global real analytic Cauchy problem is solvable if and only if the principal part
of P(D) is hyperbolic. In this way we get a complete solution of our main problem
for A(R?) and, in the homogeneous case, for A(£2) where £2 is the open unit ball
in R".

1 Introduction

Let £2 C R” be open, and P € C[zy, ..., z,]. We study the linear partial differential
operator with constant coefficients P(D1, ..., D,), with D; = —i %, acting on the
space A(S2) of real analytic functions on £2. We want to know when P (D) admits
a continuous linear right inverse in A($2).

We recall that P(D) needs not to be surjective in A(§2) even for £2 = R". It had
been conjectured by De Giorgi and Cattabriga [5] and shown by Piccinini [18, 19]
that not every linear differential operator P (D) with constant coefficients is sur-
jective in A(R™). Their examples were operators whose principal parts had a mute
variable. We study such operators in Sect. 1, and we characterize completely when
they are surjective in A(§2 x R) for convex £2 (the last variable being assumed to be
mute), so extending results of [22]. The same characterization has been obtained in
Domariski [7]. However methods and proofs there are completely different, so that it
appears useful to present our approach. Surjectivity of P (D) in A(§2) for convex £2
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has been characterized by Hormander [8] in terms of a Phragmén—Lindel6f condi-
tion for plurisubharmonic functions on the zero variety of the principal part P, (D)
of P(D). Meise, Taylor, and Vogt [13] characterized, for convex 2, the polynomials
P such that P (D) admits a continuous linear right inverse in C°°(£2), also in terms
of a Phragmén-Lindelof condition on the zero variety of P. While surjectivity in
A(£2) depends only on the principal part, the existence of right inverses in C°°(£2)
does not, and the perturbation conditions for lower order parts are unknown up to
now. The condition for surjectivity with a mute variable, or surjectivity with param-
eter dependence, connects both. It depends only on the principal part, which has to
admit a continuous linear right inverse in C*°(£2).

Surjectivity with parameter dependence or surjectivity in £2 x R is, of course, a
necessary condition for the existence of a continuous linear right inverse of P (D)
in A(£2), which yields a necessary condition depending only on the principal part.
We do not know whether the existence of a right inverse depends in fact only on the
principal part (for the ultradifferentiable case cf. [4]). In some cases, however, the
necessary condition turns out to be also sufficient. This is the case for dimension 2
and £2 = R?. Here the necessary condition means that the principal part has to be
hyperbolic.

We then show, for arbitrary dimension, that hyperbolicity of the principal part is
equivalent to unique solvability of the global Cauchy problem in the real analytic
functions, for real analytic data. This result is interesting in its own and yields a
complete characterization of the P (D) for which there exists a continuous linear
solution operator in A(R?). Another case where the necessary condition is also suf-
ficient and we get such a characterization is the case of homogeneous operators and
£2 a bounded set with C 1-boundary, for instance, the unit ball.

2 Preliminaries

Throughout the paper we denote by A(£2) the linear space of real analytic func-
tions on the open set £2 C R” equipped with its natural locally convex topology,
which is as well of (PDF)-type and ultrabornological (see [12]). This implies by
Grothendieck’s (or de Wilde’s) open mapping theorem that any continuous linear
surjective map from A(£2) to A(£2) is open.

We will use the following condition HPL(S2, loc) introduced in Hormander [8].
J (£2) denotes the convex, compact subsets of 2, and PSH(W) the plurisubhar-
monic functions on a complex variety W. For any compact convex set K C R”, we
denote by hg (x) :=sup{(x, &) : & € K}, x € R?, the support function of K.

Let V be the germ of a complex variety at £ € R". V satisfies HPL(£2, loc) if
there are open sets U € U, € Uz € C" with & € U; such that for each K € 7' (£2),
there exists K’ € 2 (£2) and § > 0 such that each u € PSH(U3 N V) satisfying ()
and () also satisfies (y), where

(@) u(@) <hg(Amz)+68,zeUsNV,

B) u(z) <0,zeU,NR*" NV,
(y) u(z) <hg(Imz),zelU;NV.
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For detailed information on this and other related Phragmén-Lindel6f conditions,
we refer to [8] and [16]. For unexplained notation and results on partial differential
equations, we refer to [9].

3 Solvability with Real Analytic Parameter

We will use the following notation: For P € C[zy, ..., z,], we set P+ = P, consid-
ered as a polynomial in C[z1, ..., z,+1], and for open £2 C R", we consider P+ (D)
as acting in A(£27) where 21 =2 x R.

We say that P(D) is solvable in A(82) with real analytic parameter if PT(D) :
A(R2F) — A(£7) is surjective. Solvability in A(£2) with real analytic parame-
ter has been investigated in a different context in [22], and a characterization for
£2 = R" was given there. A complete characterization has been given in Domanski
[7]. Many results of this section, in particular, Theorem 1 can be found also there.
However our approach and the methods of proof are entirely different.

Various kinds of parameter dependence in different spaces have also been studied
recently in Bonet-Domariski [1, 2]. Real analytic parameter-dependence in 2'(£2)
has been studied and characterized in Domanski [6].

The following lemma improves the necessary condition in [22, Proposition 3.1].

Lemma 1 If 2 C R" is convex and P+ (D) surjective in A(27), then P, (D) has
a right inverse in C*°(82).

Proof Let V ={z e R" : P, (z) =0} be the zero variety of P,,and V* =V xR
the same for P,j . By [16, Theorem 3.3], it suffices to show that V satisfies HPL($2,
loc) at zero, and, by [8, Lemma 4.1], we have at our disposal HPL(£27T, loc) at any
point £€9 € VN R+ with |£9) = 1. We apply it to €0 = (0,...,0,1) e R"T1. We
find 0 < r; <1y <r;3 and for every K € #(2), a K’ € ¢ (£27) and § > 0 such
that each u € PSH(U;r N V1) satisfying (a) and (b) also satisfies (c), where

(@) u(z) <hgxoy(Imz)+8,zeU NVT,
() ux)<0,x €U NR"™INVT,
(©) u(z) <hg(Imz), zeU NVT.

We have set UJTL ={zeCt: |z -89 < riYandput U; ={z € C": [¢]| <rj}. We

remark that /g « (o) (x) = hg (x1, ..., x,) for x € R*+1,
Let now u be a plurisubharmonic function on Uz N V, and u™ be the same func-
tion acting on U;rﬂVfNotice that for (z1, ..., Zn+1) € U3+,we have (z1,...,2,) €

Us. We assume that

() u(z) <hg(Imz)+48,zeUsNV,
B) ux)<0,xeU,NR"NV.

Then u™ satisfies (a) and (b) and, hence, (c). For z € Uy, we set z = (z1, ..., Zn, 1).
Thenz e U 1+ , and we have
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(v) u(@)=ut (@) <hg/(ImZ) =hgr(Imz),

where K" =7 K’ and 7 : (x1, ..., Xp41) = (x1,...,x,). Clearly K" € £2. O
For convex 2, we obtain a complete characterization of differential polynomials

P (D) which admit solvability with a real analytic parameter. The same characteri-

zation has been given by a different method in Domarski [7, Theorem 6.1].

Theorem 1 For convex §2, the following are equivalent:

1. P*(D) is surjective in A(27).

2. Py(D):C*®(£2) —> C*>(82) admits a continuous linear right inverse.

Proof One implication is Lemma 1, the other is [22, Proposition 3.2]. O

If we take into account [16, Corollary 3.14], we get as a special case for 2 = R”"
[22, Theorem 3.4].
Theorem 2 For n > 1, the following are equivalent:
1. PH(D) is surjective in A(R"+1).
2. P, (D) is surjective in A(R™), and P,, has no elliptic factor.

As an immediate consequence of Theorem 1, we obtain the following:
Corollary 1 If P, (z) = Py (z1,...,2p) with 1 < p < n, then the following are
equivalent:

1. P(D) is surjective in A(R").

2. Pu(D1,...,Dp) : C®(RP) — C*°(RP?) admits a continuous linear right in-
verse.
Since by a theorem of Grothendieck elliptic Py, (D1, ..., Dp) : C°[RP) —

C*°(RP) for p > 2 never admits a continuous linear right inverse (see Tréves [20,
Theorem C.1]), this explains the examples of Di Giorgi, Cattabriga, and Piccinini.
A somewhat more general formulation is the following:

Theorem 3 [fthere is N # 0 in R" such that P,,(z + AN) does not depend on A for
all z e R", then the following are equivalent:

1. P(D) is surjective in A(R™).
2. Py(D):C*®[R") —> C*®(R") admits a continuous linear right inverse.

Proof By a linear transformation, we may assume that N = e,, and the re-
sult follows from Corollary 1. Assertions 2 in both results are then seen to be
equivalent, because P, (D) = Py, (D1, ..., D,—1) ® idceo(r) acting on C*(R") =
C®R"HRC®(R). O
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By use of a theorem of Langenbruch [11], for general open £2 C R” (conditions
for this case see [10]), we obtain the following:

Corollary 2 If P satisfies the assumptions of Theorem 3, 2 C R" is open, and
P (D) is surjective in A(S2), then P, (D) : C®([R") — C*°(R") admits a contin-
uous linear right inverse.

Proof By [11] P(D) is surjective in A(R"), and we can apply Theorem 3. g
We will need it in the following more special version:

Lemma2 Ifn > 1,2 C R" is open, and P (D) is surjective in A(27), then P,,(D)
has no elliptic factor.

Proof By [11] PT(D) is surjective in A(R"*1), and we can apply Theorem 2. [J

4 Right Inverses in A (§2): Necessary Condition

We begin with a simple observation:

Lemma 3 If P(D) has a right inverse in A(£2), then PT(D) is surjective in
A(S2 x R).

Proof If we identify A(£2 x R) = A(2)RA(R), then PH(D) corresponds to
P(D) ® idg(r), which has R ® id4(r) as a right inverse, where R is a continuous
linear right inverse for P (D). In particular, P (D) is surjective. O

Lemma 3 and Lemma 2 together imply the following:

Proposition 1 Let n > 1 and 2 C R" open. If P(D) : A(2) — A(£2) admits a
continuous linear right inverse, then Py, has no elliptic factor.

For convex £2, we can use Theorem 1 to sharpen the necessary criterion.

Proposition 2 Let n > 1 and 2 C R" open and convex. If P(D) : A(2) —
A(82) admits a continuous linear right inverse, then so does P, (D) : C*(§2) —
C®(£2).

Homogeneous polynomials admitting a continuous linear right inverse in C°°(£2)
are carefully studied in [13]. In the following case we get a sharp criterion and even
a complete characterization:

Proposition 3 Let n > 1, and let 2 C R" be open, convex, and bounded with C L
boundary. If P(D) : A(§2) —> A(82) admits a continuous linear right inverse, then
P, is, up to a constant factor, a product of real linear forms.
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Proof This follows from Proposition 2 and [13], Theorem 3.8. O

Example 1 If §2 is the unit ball in R? and P is homogeneous, then the following
are equivalent:

. P(D) admits a continuous linear right inverse in A(2).
PT(D) is surjective in A(227).

. P(D) admits a continuous linear right inverse in C*°(£2).
. P is, up to a constant factor, a product of real linear forms.

The only thing to prove is 4 = 1. But this is done just by integration. We must
construct a right inverse only for P being a real linear form L, which we may assume
tobe L(x) =x;. Then f f(f f&, x2,...,xq)dE is aright inverse.

5 Operators with Hyperbolic Principal Part

The existence of a right inverse of P(D) in A(§2) depends in all cases treated up to
now only on the principal part P, (D). Therefore it may be of interest to mention
that also “hyperbolicity” in the sense of global existence and uniqueness for the
Cauchy problem follows from and is even equivalent to the hyperbolicity of the
principal part, and in this case the right inverse can be given in a very explicit way.

We will consider P (D) as acting not only in A(£2) but also in C*°(£2) and in the
Gevrey classes y®)(£2) for s > 1 defined as follows:

y (@)
={feC®@):VK € 2,6 >03C Vo, x e K : | f@(x)| = Ce!(j)!)"}.

Here a = (a1, ..., @,) € Nj and |o| = ) aj. ¥ (£2) is a Fréchet space equipped
with the seminorms

plel

I £l = sup | £ x)]

xeKn (s’
o

where K, runs through a compact increasing exhaustion of §2. For convenience, we
set y (F9)(2) = C®(£2).

Let us remark that y©)(2) = Elw)(82) with (1) = 175 in the sense of Braun—
Meise—Taylor [3].

We set yo(s) (R™) = y O (R") N 2(RY) equipped with its natural (LF)-topology.

P is called y /™= _hyperbolic with respect to N if there are fundamental so-

1/
Iutions E4 € yém/m b R"

) of P(D) with support in the cones
Hi={x|{x,£N) >0} U{0}.

From [15, Proposition 2.12] and [9, Theorem 12.7.5] we obtain the following:
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Proposition 4 If P,, is hyperbolic with respect to N, then

1. P is y™/™m=D_pyperbolic with respect to N.
2. The Cauchy problem in Proposition 5 is uniquely solvable in y ™/™=D(R") for
all data g € y ™™= D®R") and fy, ..., fu_1 €y ™M= D@1,

We use it to show the unique solvability of the Cauchy problem in A(R").

Proposition 5 Let N = e; and set x = (x1, x"). If Py, is hyperbolic with respect to
N, then the Cauchy problem

ak
PD)f =g, ﬁf((),x/)=fk(x/), k=0,...,m—1,
1
is uniquely solvable for all g € AR") and fo, ..., fu_1 € AR with f €
AR"Y).

Proof Since the assumption implies, by [8, Theorem 6.5], that P(D) : A(R") —
A(R™) is surjective, it is easily seen that we may assume that g = 0. Since
fos-ves fm—1 € y(’"/m’l)(R”’l), there is, by assumption and Proposition 4, a
unique solution f € y /™= (R") of the Cauchy problem.

Due to the Cauchy—Kowalewski theorem, this solution is real analytic in a neigh-
borhood U of {0} x R*~!,

Let x € R", x; > 0. We choose ¢ € y ™/"=D(R") such that ¢ = 1 in a neighbor-
hood of 0 and supp (@* —¢) Cx —V,where V=UN{E | |&] < x1}. Using the

1/
fundamental solution E € yo(m/ m=1) (R™), which exists by Proposition 4, we set

T=¢E, and P(D)T=68—S5.
Then supp S C x — V and supp T C H4 N supp ¢. We obtain
0=(P(D)f)*T=fx(P(D)T)=f—Sxf,

e, f(§) =Sy(f(§ —y)) forall §.

For y € supp S, we have x — y € V, and the same holds for all £ in a neigh-
borhood of x. Therefore f is real analytic in a neighborhood of x. An analogous
argument applies for x; < 0. O

Theorem 4 If P,, is hyperbolic, then P (D) admits a continuous linear right inverse
in A(R").

Proof Let Py, be hyperbolic with respect to N. We may assume that N = e¢]. We set
R(g) := f where f is the unique solution of the Cauchy problem in Proposition 5
with fo=---= fiu—1 = 0. R is clearly a linear right inverse for P(D); it is con-
tinuous because the inverse of the “Cauchy map” yx is continuous (see the proof of
Proposition 6). g
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Proposition 6 If the Cauchy problem
k

d
P(D)f =0, @f((),x/)=fk(x’), k=0,....m—1,
1

is uniquely solvable for all fo, ..., fu_1 € AR 1) with f € A(R"), then P, (D)
is hyperbolic with respect to e .

Proof For x € R", we set again x = (xj,x"). Let x be the “Cauchy map”
AR — AR H" e,

x(@) = (9(0,x"),¢(0,x),..., (p(m_l)(O, x")),

where all derivatives are taken with respect to the first variable. By assumption,
X 1s surjective, hence bijective, and therefore, due to the de Wilde—Grothendieck
theorem, a topological isomorphism.

We consider the functions ¢; (x) := e* ¢ =E+ineC” P()=0.Then

x(@0) = (90 (0,'), i819¢ (0,5), ..., (e~ (0,x'))
= 0 (0.x) (L. i¢1, ..., e ™).

Since X_l

is continuous, we have the following estimates for ¢;, P({) = 0:
Vr 3R Ve >035>0,C: lloclles < C|x (@) z .

where

loc ()], 5 = sup e5 7 = grhi+olél,
’ x|<r
[yl=s

0. sup e YE X — GRINI+elE]
@c (0, )| g P

|x/|<r
Iy 1<e

Therefore, taking in AR 1™ the maximum of the “norms,” we have, for
P(¢)=0,

Ix )] g, = (1+ |;|)”’*16R|n’|+s\s’|.

With the quantifiers as above and ¢ =1log C, we obtain
rinl+816] < ¢+ (m — Dlog(1+ [¢11) + Rn’| +e[g"|.

Looking for the solutions of P(¢) =0 forreal ¢’,i.e., n” =0, and choosing r = 1,
we obtain, for every ¢ > 1, a C, such that

n1] < Ce+ (m — l)log(l + |§]|) +8|§/

)
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which implies

Im| = (m — Dlog(1+ [n1l) < Ce 4 (m — 1) log(1 + |&1]) + & €|

and, for large ||,

1
Sml <Ce+ (m—Dlog(1+ &) +e|&|. (D

Assume that there are £ € R” and 1 € R such that P, (£ 4+ ine;) = 0. We set
g()=Pu(E+i(n+2)ep) for z € C. Since g(0) =0 and g £ 0, there is k such that
2(2) = 7"go(z) and |go(z)| = A > 0 in a neighborhood U, (0).

Now 1™ P(t(£ 4 i(n + 2)e1)) = g(2) + h(z), where |h(z)| < % for z in U,(0)
and all 1 > 0. We apply the theorem of Rouché for large ¢ to the disc U, (0) with p =
Ci~V/k where C is chosen such that AC¥ > M, and obtain z, with |z:] < crVk
such that, for & =#(& +i(n + z:)e1), we have P (&) =0.

We assume now 7 # 0 and apply inequality (1) with ¢ > 0 such that ¢ |§’| < %|n|
to ¢ for large ¢. Then instead of 5, we have Im(if(n + z;)), and we can estimate

Im(it (n +20)| = tln + Rez,| = (Inl = Iz/]) = #(In| — €~ /*).
Instead of &1, we have 7 (& — Imgz,) and the estimate
151 — Imz)| < 1(l&1] + €7 1H).

So (1) takes for all large enough ¢ the form
t
S (Inl = C71%) < Ce+ Gm = Dlog(e (1611 + Ce7/5)) +e([€]1).

Dividing by ¢ and letting t — +00, we get a contradiction to the choice of €. Hence,
n has to be zero. O

Notice that solvability of the Cauchy problem above for all data implies that e;
is noncharacteristic, hence the uniqueness of a solution. We obtain the following:

Theorem 5 The following are equivalent:

1. The Cauchy problem in Proposition 5 (“inhomogeneous Cauchy problem”) is
(uniquely) solvable for all data.

2. The Cauchy problem in Proposition 6 (“homogeneous Cauchy problem”) is
(uniquely) solvable for all data.

3. Py, is hyperbolic with respect to e .

6 Caseofn=2

We may use this to prove a complete characterization for n = 2. We assume £2 to
be open in R2.
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Lemma 4 [fn =2 and P (D) is surjective in A(271), then P, is, up to a constant
factor, the product of real linear forms.

Proof P, decomposes into irreducible factors, as follows:

my

Pu(z1.22) = A" [ | (21 + auz2).
pu=l1

where AeC, ay,...,anm, €C,and m; +my =m.If a, € C\ R, then Dy +a, D>
is elliptic, which, by Lemma 2, cannot occur. O

We arrive at the theorem:

Theorem 6 For n =2, the following are equivalent:

1. P(D) admits a continuous linear right inverse in A(§2) for some open con-
vex §2.

2. P(D) admits a continuous linear right inverse in AR?).

3. PT(D) is surjective in A(R?).

4. P, is, up to a constant factor, the product of real linear forms.

Proof 2 =1 is obvious, 1 = 4 follows from Lemmas 3 and 4, 2 = 3 is Lemma 3,
and 3 = 4 is Lemma 4. It remains to prove 4 = 2. We notice that P, (D) is hyper-
bolic, even with respect to every noncharacteristic direction. Theorem 4 then gives
the result. g

Example 2 Consider the polynomial P (x, t) = x>+it € C[x, t]. Then P(Dy, D;) =
d/dt — 8% /3x? is the heat operator in one space dimension. By Theorem 6 it admits
a continuous linear right inverse in A(R?), while it does not admit such an inverse
in C OO(RZ), since it is hypoelliptic (see [21, Theorem 3.3] or [13, Corollary 2.11]).

7 Case of Convex £2 with Boundary

In this section we return to the case handled in Proposition 2 and Example 1. We
collect the information we have up to now in the following theorem:

Theorem 7 If 2 C R*, n > 1, is a bounded, open, and convex set with C L
boundary, then the following are equivalent:

PT(D) is surjective in A(27).

Py (D) admits a continuous linear right inverse in C*°(S2).

P,, is proportional to a product of real linear forms.

P (D) is y™/™=V_hyperbolic in every noncharacteristic direction.
P(D) admits a continuous linear right inverse in y ™/~ (02),

ARl
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6. P (D) admits a continuous linear right inverse in y /™= (1),
If P is homogeneous, then the following is also equivalent:
7. P(D) admits a continuous linear right inverse in A(§2).

Proof 1 = 2. This is Lemma 1.

2 = 3 follows from [13, Theorem 3.8].

3 = 4. Since P,, is hyperbolic in every noncharacteristic direction, this follows
from Proposition 4.

4 = 5 follows from [14, Theorem 4.6].

5 = 6 follows by obvious tensor argument, or also from [14, Theorem 4.6], since 5
implies 3, and 3 implies 3 for P,

6 = 1 follows from [14, Corollary 5.11].

7 = 1 is always true, as follows from Lemma 3.

Let now P be homogeneous.

3 = 7. We have only to show that a real differential operator of order 1 has a
continuous linear right inverse in A(£2). We may assume that P(D) = 9/0xy.
We act in a similar way as in the proof of Example 1. Set w = {x’ € R"~! :
exists x; with (x1, x’) € £2} and for x’ € w, let 1y1(x), 2(x")[= {x1 : (x1,x') €
£2}. We put y = %(7/1 + y2). Then y € C(w). By Whitney’s approximation the-
orem (see [17, Theorem 1.6.5]) we find y € A(w) such that |y (x") — 7(x)| <
%(yl (x") — y2(x")) for all x’ € w. Then x' > (y(x’), x’) is a real analytic section
of wto £2,and f — f;('x,) f (&, x")d& is a continuous linear right inverse. O

The author wants to thank P. Domanski for suggesting the use of Whitney’s ap-
proximation theorem in 3 = 7, which led to a considerable improvement of the au-
thor’s original statement, where real analyticity of the boundary had been assumed.
We have even:

Remark 1 3 = 7 in Theorem 7 holds for any convex, open, and bounded £2.

We can formulate the last part also in the following way:

Theorem 8 If $2 is bounded and convex with C'-boundary, then the only noncon-
stant irreducible homogeneous differential operators P (D) which admit a continu-
ous linear right inverse are, up to a factor, directional derivatives of order one.

We end the paper by two more special cases. First we assume that £2 C R” and
o C R"~! are convex and open and {0} x @ C £2 C R x w. So £2 may, for instance,
be the open unit ball.

We obtain the following analogue to Proposition 5. For some of the tools we will
be using, we refer to the proof of Proposition 5.

Proposition 7 Assume that Py (x) = x{"'. Then the Cauchy problem

k
P(D)u =0, a—kf(O,x’)sz(x’), k=0,...,m—1,
0x)

is uniquely solvable for all fo, ..., fm—1 € A(w) withu € AR x w).
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Proof Due to the Cauchy—Kowalewski theorem, we find an open neighborhood
W D {0} x w in R" and ug € A(W) which solves the Cauchy problem. We choose
@ € y™/m=D(Q) with suppp C W such that {x : ¢(x) = 1} contains a neighbor-
hood of {0} x w.

Then w := P(D)(pug) € y ™" DR x w), suppw C W, and w = 0 in a neigh-
borhood of R x w. By the assumption and [15, Corollary 2.11] there are fundamental
solutions E4 and E_ with supports in [0, +00) x {0} and (—o0, 0] x {0}, respec-
tively. By decomposition of w in an “upper” and a “lower” part, convolution with
E or E_, and putting the results again together, we obtain v € y ™/~ D(R x w)
with P(D)v = w and v = 0 in a neighborhood of {0} x w.

We set now u := uq — v and obtain a solution in y ™/~ D(R x w) of the Cauchy
problem such that u is real analytic in a neighborhood of {0} x . Now we proceed
like in the proof of Proposition 5, using £ and E_. g

In the following we set N(X) ={f € A(X) : P(D)f = 0} for any open subset
X Cc R

Theorem 9 Under the assumptions of Proposition 7, we obtain:

1. The restriction map N (R x w) — N (£2) is surjective.
2. N(82) is complemented in A(S2).
3. P(D) has a continuous linear right inverse in A(S2).

Proof f — u(f), where u(f) is the unique solution of the Cauchy problem of
Proposition 7 with f(x) = 387 f(0,x"), is a continuous linear extension operator
N(£2) > N(R x w). This provels 1. Composition with the restriction A(R) — A(S2)
gives the required projection to prove 2. Now P (D) is surjective in A(§2), which
follows from an easy evaluation of the Phragmén—Lindel6f condition in [8], or from
our Remark 1 together with the fact that surjectivity depends only on the principal

part (see [8]). Then it is also open (see the Preliminaries). Together with 2, this
shows 3. O

Example 3 If 2 ={(t,x) € R2: 24 x2< 1} is the open unit ball in R2, then the
heat operator 8/9r — 3%/dx2 has a continuous linear right inverse in A(£2).

Finally, we consider the case of a noncharacteristic half-space.
Theorem 10 Ler 2 ={x : (x, N) <y}, where P,,(N) # 0. Then the following are
equivalent:
1. P(D) admits a continuous linear right inverse in A(S2).

2. Py, is hyperbolic with respect to N.

Proof If 1 is given, then, by Proposition 2, P, (D) admits a continuous linear right
inverse in C*°(£2), and therefore, by [13, Proposition 3.2], P, (D) is hyperbolic
with respect to N.
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To prove the converse, we may assume that N = ej and §2 = {x : x; < 1}. The
map which assigns to every f € A(§2) the restriction to §2 of the unique solution
u € A(R") of the Cauchy problem

ok A ,
P(D)u =0, @u(o,x)zﬂf(o,x), k=0,...,m—1,

is a continuous projection in A(§2) onto N (£2). Since, by [13, Proposition 3.2] and
[13, Proposition 4.12], P(D) is surjective in A(§2), we obtain, like in the proof of
Theorem 9, assertion 1. O
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Averaging Residue Currents
and the Stiickrad—Vogel Algorithm

Alain Yger

Abstract Trace formulas (Lagrange, Jacobi—Kronecker, Bergman—Weil) play a
key role in division problems in analytic or algebraic geometry (including arith-
metic aspects, see, for example, Berenstein and Yger in Am. J. Math. 121(4):723—
796, 1999). Unfortunately, they usually hold within the restricted frame of complete
intersections. Besides the fact that it allows one to carry local or semi-global an-
alytic problems to a global geometric setting (think about Crofton’s formula), av-
eraging the Cauchy kernel (from C" \ {z; ...z, =0} C P"(C)), in order to get the
Bochner—Martinelli kernel (in C"*1 \ {0} c P"*!1(C) = C**! U P*(C)), leads to
the construction of explicit candidates for the realization of Grothendieck’s duality,
namely BM residue currents (Passare et al. in Publ. Mat. 44:85-117, 2000; Anders-
son in Bull. Sci. Math. 128(6):481-512, 2004; Andersson and Wulcan in Ann. Sci.
Ecole Norm. Super. 40:985-1007, 2007), extending thus the cohomological incar-
nation of duality which appears in the complete intersection or Cohen—-Macaulay
cases. We will recall here such constructions and, in parallel, suggest how far one
could take advantage of the multiplicative inductive construction introduced by Col-
eff and Herrera (Lecture Notes in Mathematics, vol. 633, Springer, Berlin, 1978), by
relating it to the Stiickrad—Vogel algorithm developed in Stiickrad and Vogel (Queen
Pap. Pure Appl. Math. 61:1-32, 1982), Tworzewski (Ann. Pol. Math. 62:177-191,
1995), Andersson et al. (arXiv:1009.2458, 2010) toward improper intersection the-
ory. Results presented here were initiated all along my long-term collaboration with
Carlos Berenstein. To both of us, the mathematical work of Leon Ehrenpreis cer-
tainly remained a constant and very stimulating source of inspiration. This presen-
tation relies also deeply on my collaboration over the past years with M. Andersson,
H. Samuelsson, and E. Wulcan in Goteborg.
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1 Coleff-Herrera Residue Currents for Complete Intersections
and the Transformation Law

Let X be an n-dimensional (ambient) complex manifold, and V C X be a closed
analytic subset with pure codimension M, equipped with its structure sheaf Oy =
Ox/Zy, where Zy , = {hy € Ox y;hy = 0 on V,}. Let [V] be the integra-
tion current on the complex subspace (V,Oy). Let A, ..., A, be m <n—M
Cartier divisors on X', with respective holomorphic global sections s1, ..., S;, such
that for all x e V N UT:] s;I(O), the germs (sqx, ..., Snu.x) define a regular se-
quence in Oy . We denote as Oy [s] the ideal sheaf of Oy obtained as the im-
age of EB;" 1Ov(—=A4;) by the interior product with (sq,...,s,). Note that, if
the closed hypersurfaces s; 10), j =1,...,m, intersect properly on V (that is,
dim(V n ™ =15 (O)) <n—M —m) or, equivalently, define a complete inter-
section on V, the required condition holds, provided that the ambient manifold X’ is
replaced by some convenient neighborhood U of V N sTH0):=vn ﬂ;-”zl sj_1 0).
What seems to be today the most robust approach toward the so-called Coleff—
Herrera current /\’J":1 9(1/sj) A [V] (originally introduced by Coleff and Herrera
in their pioneer work [13]) is the following result (initially obtained in [9] for m =2,
then finally extended by Samuelsson [28] for arbitrary m).

Theorem 1 (Robust approach to the Coleff—Herrera residue current attached to a
complete intersection) In the above context, for any choice of C* metrics | |; on
the line bundles Ox (A ), the holomorphic @_o D<), ..« <m 'DMMAT) (x
Ni=i Ox(—Aj))-valued map

Aty Ap) €{r; Rer; >1, j=1,...,m}

! 1/l
}—>|:/\<1—|S]| +ﬁa< ]S' >> /\[V] (1)
i J

Jj=m

can be analytically continued as a holomorphic map to a product of half-
spaces {Rei; > —n} for some n > 0. Its value at A = 0 coincides with its
'pM.MAT (x| /\;{1:1 Ox(—=A4Aj))-component and defines a 9-closed bundle-valued
current, which is independent of the metrics | |j, j =1, ..., m. This current, sup-
ported by VN s71(0), is denoted as /\ —1 B(I/SJ) A[V]. Conszdered as a d-closed
current on the complex space (V, Oy), it is locally annihilated by any local section
of the ideal sheaf Oy [s]. Moreover, when V = X, it realizes the local duality with
respect to the ideal sheaf O x[s], namely

(hx : /\5(1/sj) =0> > (hy € (Oxls]), = G1xs -2 5m)Ox k). (2)

The intimate relationship between the sheaf of differential operators with mero-
morphic coefficients and the local description of such a current arises from the fol-
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lowing remark, which refers to the sheaves of Coleff—-Herrera currents (here bundle-
valued, holomorphic or meromorphic, see [32]) introduced by Bjork [11], together
with their companion local structure theorems (see [11], or also [32] for a survey
in this volume). The current /\;';1 (/s 1) A [V] splits locally about each point
of its support V N s71(0) as T; A wy, where T is a local section of the Coleff-
Herrera sheaf CHy yn,-1(0) (3 *Sx, /\;.":1 Ox(—A4))), and w, is a local section of

.Qgg e, Nl Ox(Aj)). Here S, denotes a germ of hypersurface at x polar re-

spectto VN s;] 0),1.e., (VN s;l(O)) \Sy=ViN s;l (0). Moreover, when V is
Cohen—Macaulay about xg € V N s~1(0) (that is, Oy x, is Cohen-Macaulay), the
integration current [V'] factorizes about xg as 7y, A @wy,, Where @y, is a local sec-
tion of the Coleff—Herrera sheaf CHy v, and @y, is a section of the sheaf £2 fv” (see
[4]), which implies in this particular case that one can take about x( the current
section 7y, to be a local section Ty, of CHy yns-1(0) (-, Al Ox(—A))) instead of
CHy yns-1(0) (3 *Sx. /AT Ox(=A))). This occurs in particular when V is defined
as a reduced complete intersection about the point xg.

Remark 1 Theorem 1 provides a robust approach (via analytic continuation) toward
the Coleff-Herrera residue current for complete intersections on a purely dimen-
sional analytic set (V, Oy), as developed in [13]. It is important here to point out
that one may replace in (1) the integration current [V] by any global section of
the Coleff-Herrera sheaf CHx v (-, E), where E denotes a finite-rank holomorphic
bundle over X. When m < M, the first assertion in Theorem 1 remains valid under
the complete intersection hypothesis about the s;’s on V, which provides some kind
of robustness for multiplicative residue calculus involving Coleff-Herrera currents
(see, for example, Proposition 3 below). The proof can be carried in a way similar to
that in [28], taking advantage of the wedge product operation introduced in [12] (see
also [32]). Be careful however that the definition of the sheaf CHy vy (-, E), whose
global sections are (0, M) E-valued currents in the ambient manifold X with sup-
port lying in V, depends on the embedding V C X'. Nevertheless, Remark 1 will
be important with respect to the role of such Coleff-Herrera residue currents in the
construction of analytic tools for division theory, in accordance with that played by
integration currents in intersection theory (see Sect. 2.2 below).

We considered so far the holomorphic sections sy, ..., s, of the hermitian line
bundles (Ox(A;),| |;) independently, then introduced the Coleff-Herrera cur-
rent /\'}’:15(1 /sj) A [V] through a multiplicative procedure which is reminis-
cent of the multiplicative operational formalism carried by the Cauchy kernel
dzi/z1 A -+ ANdzy /zm- Instead of that, one could interpret s =s; @ --- D sy, as a
holomorphic section of the m-holomorphic bundle @Tzl Ox(4;), equipped with

the metric || |2 = | I% DD |f”. The robustness of the approach toward the current
/\;'-1:l 5(1 /s;) A V] (in the complete intersection setting, see Theorem 1) motivates

this alternative one. We still use analytic continuation, but this time with respect to
a single auxiliary complex parameter A instead of several. Such an approach was
introduced in [9, 27], then extensively developed (after being interpreted within the
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frame of holomorphic hermitian bundles) in [3, 4, 6, 7]. It is based on an averaging
procedure.

Theorem 2 (Bochner—Martinelli approach) Let X, V, the A;’s, and the s;’s be
as in the preamble of this section. Let || || be an arbitrary hermitian metric on the
m-dimensional bundle @';’:1 Ox(Aj)=Ep, s=51® @ sm, and s* be the con-
Jjugate section of s, that is, s*(x) (&) = ((€, s (X)) forx e X, & € Ex x. The holo-
morphic @, DM+ (x, \" E*)-valued map

_ m 1 * sy 1
A ((1 — IsI®) + 3llsI A <Z - A”(s”i,) )) AV G)

r=1

(defined for Re A > 1) extends as a holomorphic map in a half-plane Re A > —n for
some n > 0. It coincides at A = 0 with its 'DM-M+mx, A" E*) component, that
is, independently of the choice of the metric || || on E 4, with the Coleff-Herrera
current /\;’7:] a(1/sj) ALVI].

Remark 2 In the particular case where all line bundles Oy (A i)sJj=1...,m, are
trivial over &, and the holomorphic sections s; are holomorphic functions in X’
defining a complete intersection on V, one can interpret the current

20\ T2k T sFA@sH) !
[((1—||s|| ) +dlls] A<Z(2in)r Is 127 ))Aml_o

r=1

(now || || is the Euclidean norm on C™, and s*(x)(§) = > ' sj(x) &j for & € C™) as
an averaged value of the currents

1 P .

i 2)\1' 1_ |(uj9s>|2)\'/
[/\<“|<””s>| +EB<W>>A[V1L .
.

j=m

(where (u',...,u™) € (P"~1(C))™, and (s,ul) = 31", uisk fork=1,...,m)de-
fined as in (1), for (u', ..., u™) generic in (P""~!(C))™, with respect to the normal-
ized tensorized Fubini—Study metric on (P"*~'(C))™.

Averaging Coleff-Herrera currents (realized in a multiplicative form as in Theo-
rem 1) prevents usually from keeping track of the algebraic or arithmetic structure
of the data (when there is one). Keeping track of such a structure is indeed bet-
ter possible through a multiplicative approach such as in Theorem 1. Nevertheless,
within the complete intersection frame, the fact that the current /\?:1 a(l/ sPHNVI]
remains preserved under such averaging (Theorem 2) allows one to reinterpret in
geometric terms (and prove) the key (algebraic) operational property of multivariate
residue calculus (see, for example, [10, 18, 23]), the so-called Transformation Law.
In order to formulate such a computational rule (which appears to be the geometric



Averaging Residue Currents 371

counterpart of Wiebe’s theorem [33]) in a rather general form, one needs to intro-
duce two sequences of Cartier divisors on the ambient complex manifold X', namely
(A, ..., An, %0, ..., %k_1) and (A~1, e, Zm) (m +k <n — M), together with re-
spective holomorphic sections (sq, ..., Sy, 0, ..., k—1) = (5,1), (S1,...,8m) =5,
when k = 0, one takes {¥, ..., Tx—1} = . The geometric hypotheses are:

codimy (V Ns™'(0)) = codimy (V N5~1(0)) =

(Vns=H)ng 'O =vnsT'0) YI=0,...k-1; 4)
codimy (V Ns™'(0) Nt~ (0)) = codimy (V N51(0) N7 (0)) =m + k.

Let Eo =@, Ox(4)) and Ex = D', Ox(A;). As a pendant algebraic hy-
pothesis, one assumes that there is a meromorphic section H of Hom¢(E 4, E3),
together with positive integers vy, ..., vk, such that = H - s and

k—1 k—1
@:detH®®t59vKeOX<X,H0m(c(EA,EA~)®®OX(VKTK)). (5)
k=0 k=0

Theorem 3 (Transformation Law for Coleff-Herrera residue currents) Under the
above geometric and algebraic hypotheses (4) and (5), one has the following identity
between bundle valued currents:

AF(E) A(2) r=(Ad(E) » AT(5) rm) om

Proof In order to get this result, we introduce metrics | |, on the divisors T, k =
0,...,k — 1, and compare the values at ;o = --- = ug—1 (following the analytic
continuation) of the two holomorphic maps (for Re u, > 1,k =0, ...,k — 1):

o A ) )

Nl D
MH( /\ a( ) /\8< ) >®tg°---tk”"‘1"
k=k—1 -

These two current-valued maps coincide for Reu, > 1, x =0,...,k — 1, be-
cause of the robustness assumption in Theorem 2, together with the holonomy
and the Standard Extension Property of sections of the Coleff Herrera sheaves
CHy mer(o)( *S) or CHy ynz-1(0)(+; *S), where § = UK —0te —1(0) (see [32],
condition 1 in Definition 2). The fact that they share the same value at u = 0 about
anyx € VN s~1(0) N+~ (0) follows from the robustness of the approach toward the
Coleff—Herrera residue via analytic continuation (Theorem 1). On the other hand,

|

(6)
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both maps (6) vanish at . = 0 about any x € V N F~1(0) \ s~'(0)) Nt~ (0) be-
cause of Cramer’s rule, combined with the local duality property (2) in Theorem 1
(here is the crucial algebraic point on which relies Wiebe’s theorem in the algebraic
context). O

In order to focus on the importance of the Transformation Law, let us con-
clude this section with few comments inspired by arithmetic considerations. Let
{p1, ..., pm} be a collection of polynomials in Z[X1, ..., X] (here m < n), with
respective degrees dj, ..., dm, whose homogenizations define a complete intersec-
tion in C" = P"(C) \ {z0 = 0}. Denote as T[py,..., pm] the /\'lan Opn () (—d;j)-
valued Coleff—Herrera global current in P"(C) obtained from the current T[p] =
3(1/p1) through the inductive process

|Pl+1|1+1

T[p],...,p]+1]=|: 3(—)/\T[p1,...,p]]i| , I=1,...,m—1.
2imw pi r=0

(N
The metric | |; one takes here on Opn(c)(dj+1) is the Fubini-Study metric, but this
is in fact irrelevant, since the result after taking A = 0 in (7) is unaffected by such a
choice. For u!, ..., u™ ™ generic in Z™*! \ {0}, the linear subspace

I, :={lzo: - :2a] €P"(C); (u’/,2)=0, j=1,...,m}

is such that dimen (17, N{p1 = - - = pm = 0}) = 0. Consider the A" Opn(c)(—d;)-
valued (n — m, n) 9-closed current T[ P1s---, pm] A [I1,]. For any global smooth
(m, 0)-form b in P"(C) with values in A" Opn(c)(d;), we have

(Tlp1,.... pm] A LT, b)
=([(1 = 120" Tp1. ... pm] A UT]], - b)
+({[lz0*TIp1, ..., pml AT, . b)
=((Tlp1, .. Pl AUT) gy O) (TP - Pm] A LT s B)-
An explicit computation of
(Tlp1. ... Pm] ALT]) cn s B) ®)

can be carried thanks to the Transformation Law (such as formulated in Theorem 3
with £ = 0), following the procedure described in [18]. In particular, if b[q, J] is

the form expressed in C", in affine coordinates ¢, ..., {y, as
_ q(%) _
ble. J1= (14 [g|?)tdeea)/2 | /\ <\/1 + |;|2) d=dj + - +dn,

for some g € Z[ X1, ..., Xnland 1 < j; <--- < jim <n, we get for (8) a somehow
explicit rational expression R, j[u] € Q. A key point in such a procedure is that it
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provides a final estimate on the logarithmic height £ of the rational function R, ;[u]
of the form

h(Ry,s[ul) < h(g) + k1 (n) D(D + degq) max(h(p;), log |u’ |

), ©))

where D =[]]"(dj + 1), in accordance with the geometric Bézout theorem and its
arithmetic counterpart. If ¢ (T [p1, ..., pm] A [I1,]){z,=0}, We get a rational expres-
sion with logarithmic height control (9) for (T'[py, ..., pm] A [11,], blg, J]).

2 Coleff-Herrera Residue Currents and Ordered Sequences
of Sections of Cartier Divisors

Let X be an n-dimensional complex manifold. Given a purely dimensional cycle
[V]e Z"M(X) (identified here with the (M, M) associated integration current on
it and with support denoted as V) and a closed submanifold Z C X, the splitting
operation

(VI=[VIZ +[VIY\Z, (10)

which consists in separating (as components of [V]Z ) the components of [V] with
support lying in Z, from the others, is one of the major operational tools in geomet-
ric intersection theory. Transposed in algebraic terms, it leads to the notion of gap
sheaf (for an introduction to the subject, see Part I in [26]).

Example 1 ([24, 30, 31]) Let [V1],...,[Vmm] be m purely dimensional algebraic
cycles in P*(C), [V] be the (n — M)-cyclein X =P"(C) (n=mn+1)—1,M =
ZT:] codimpn ) V;) corresponding to the ruled join

JWVi, oo V) ={[Z1 1+ Zn] € PO 25 €V V= 1,0, m)

(multiplicities been taken into account), and Z be the diagonal subspace of P"* (C)
defined as a complete intersection as the set of points [Z] : ---: Ziy] € P"(C) such
that Z*¥ = Z! for any k € {2,...,m} (see [19]). Note that, in this particular case, the
coherent Opn (c)-ideal sheaf 7z is globally generated by (m — 1)(n + 1) holomor-
phic sections o; of the same line bundle Op(c)(1). Moreover the zero sets al_l ),
I=1,...,(m—1)(n+ 1), define here Z as a complete intersection in the ambient
n-dimensional manifold X = P"(C).

We propose now to transpose, within the frame of global sections of the Coleff—
Herrera sheaves CHy y (or CHy v (-; *S)) (instead of the geometric frame of in-
tegration currents), the splitting operation (10), together with the construction such
an operation generates when applied inductively. We should point out here that such
a construction is directly inspired from the ideas introduced by Coleff and Her-
rera [13] (see, for example, [29]).
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2.1 The Coleff-Herrera Product

Let X and V be as in Sect. 1. Consider also an ordered sequence Ay, ..., A, (one
drops here the assumption m <n — M) of Cartier divisors on X, equipped respec-
tively with hermitian metrics | |;, j =1, ..., m, and with holomorphic global sec-
tions s1, .. ., S . The major difference with Sect. 1 is that we forget here the geomet-
ric assumption that the closed hypersurfaces sj_1 O)c &, j=1,...,m, intersect as
a complete intersection on the closed analytic subset V. Let T be a global section
over & of the Coleff-Herrera sheaf CHy y (-, E), where E denotes some finite-rank

holomorphic bundle over X'. Let A\, 9(1/s;) A T be the current in

@ @ 1pO.M+r) <X, /\ Ox(—4;)® E)

r=01<ji<--<j,<m =1

defined inductively from

_ 1 1 _ 2A
a(-) AT = [(1 —Is13* + .—a(—m'l )) A T]
S1 2im S1 2=0

by the iterative process

7\15<1>/\T (1 | |2A + 1 5<|sl+1|lzil>>/\/l\5<l>/\T
_ - — s o il _
sj et 2im SI41 / sj 0

j=1 j=1

(11)
for ] =1,...,m — 1. Remark that in spite of the notation /\'}ng(l/sj) AT
(that we use here for simplicity), this current is not in general a (0,m + M)-
current. The above inductive construction is independent of the choice of the
metrics | |; on the line bundles Ox(A;) but of course depends on the order-
ing of the sequence of divisors {Aq,..., A,;}. When the hypersurfaces s;I(O),
j=1,...,m, define a complete intersection on V, this current coincides with its
'pOM+m)(x /\7’:1 Ox(—A;) ® E) component and can be recovered in a robust

way in a neighborhood of V N s~!(0) as the value at A| = --- = A,, = 0 of a holo-
morphic function in m variables in a product of half planes ReA; > —n for some
n > 0 (see Remark 1 above). The iterative construction is justified by the local
structure theorems for sections of the Coleff-Herrera sheaves CHy w (-; xS, E),
where W denotes a purely dimensional closed analytic subset of V, and § is a
closed hypersurface in a neighborhood of W in X such that W\ § = W. When
Jj=(t1,-..,jr) is an r-uplet (0 <r <m, j =0 if r = 0) of strictly increas-

ing integers 1 < j; < --- < j, < m, the component (/\7’:15(1/5./) AT); in
"DOMEN (X N]_, Ox(—A;) ® E) is a global section of the Coleff-Herrera sheaf
CHX,VI'[S]('; *Si[s], Ei)’ where Ei: EL[A, El= /\1r=1 Ox(—A;))®E, Vi[s] is
a purely (n — M — r)-dimensional closed subset of V, and S;[s] is some closed
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hypersurface in a neighborhood of V;[s] such that V;[s]\ S;[s] = V;[s]. The con-
struction of V;[s] is carried through the procedure that leads to the construction
of the multicycle of contact (see [31]) between a given cycle [V] and a smooth
closed submanifold Z C X contained in the intersection of an ordered sequence
Hy,...,Hy, (m <dimV) of closed hypersurfaces. More precisely, V;[s] can be
reached through the following iterated splitting operation: when W is a closed
purely dimensional subset in X and S denotes a closed hypersurface in a neigh-
borhood of W, then W is (geometrically) decomposed as

W=wSuw¥S, (12)
where W9 denotes the union of irreducible components of W lying entirely in S,

and W¥\S is the union of the remaining ones. The closed analytic set V;ls] appears
then as the end term in the inductive sequence: B

Vialsl= VS @i 1 ¢ (i, ..., ji)s else Viils]= VAT © 05l 0);

L) . : ;
Vikelsl = (Virlsl) i k41 (oo

s 0 o
else Vj k+1ls] = (Vl,k[s]) RN ﬂskﬁl(oﬁ

Vilsl = Vimlsl = (Vimoals)™ @ ifm & (i, ik

—1
P O A 1)

(13)

else V;[s1=Vjmls]= (Vjm-1ls])

If m <n—M and r =m, Vi1, mls] is the so-called essential intersection
vn sfl(O) Nn---N s,;l (0))ess, wWhile, if » = 0, Vy[s] is the union of the irreducible
components of V' which lie entirely in the intersection s, ! on---Ns, L(0).

The same iterative procedure allows us also to define the Coleff—Herrera cur-
rent A\, 9(1/s;) AT when T is a global section of the Coleff-Herrera sheaf
CHy v (-; xS, E) for some closed hypersurface S in a neighborhood of V' such that
V'\ § = V. As before, each component ( /\;'7:l a(l/s ;) AT); is then a global section
of the Coleff-Herrera sheaf CH y | Vjls] (-; %S i [s,S], E j ) for some convenient hyper-
surface S;[s, S] in a neighborhood of V;[s] such that V;[s]\ §;[s, S| = V;[s]. We
can point out (see [8]) that analytic continuation with respect to a single complex
parameter (as in Theorem 2) provides a direct approach to such a current.

Proposition 1 Let X', V, the A;’s, the metrics | | j, the holomorphic sections s’s,
and the Coleff-Herrera current ‘T (with eventual poles) be as above. Let y| > y) >
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-+ > Y, > 1 be m positive integers, and € > 0. Then the current-valued map

T
ar, M < ———;
] 2(y1+¢€)

1 v 1 _ |Sj|2~)hyj
+—>[/\<1—|s,-|§“+ﬁa< sj- >>j|/\T (14)

j=m

XG{AG(C; I)»|>>1}

extends as a holomorphic map in an open neighborhood of the closed sector
{largy,; (M| < 7/ Q2y1)}. Its value at ). = 0 equals the current /\T:1 a(/sj)) AT.

We intend from now on to focus on the advantages (or disadvantages) that carry
the idea of averaging (as done in Sect. 1 when stating Theorem 1, then Theorem 2)
Coleff-Herrera residues of the form A7_; 8(1/s;) AT or A\'7_; (1/s;) AT, when
V is a purely dimension (n — M)-closed analytic subset in a complex manifold X,
S1,.-.,Spy being holomorphic sections of arbitrary Cartier divisors on X.

2.2 Vogel Sequences and Vogel Residue Currents

The first positive point with respect to the averaging idea arises from the theory of
improper intersection on &, as developed in the algebraic context in [30] (see also
[24]) and in the analytic context in [31]. Let X and V be as in Sect. 1, and Z be a co-
herent ideal sheaf in Oy, with Z(Z) being the support of the quotient sheaf Oy /Z.
We recall that, at the local level, a local Vogel sequence (in the geometric sense) at
x € V (for Z,, on the germ of complex analytic space (V,, (Oy),) is a sequence

(S1.xs---»Sn—m x) in the ideal Z, such that there is a neighborhood Uy of x in X,
together with representatives s y, ..., S,—um » of the germs in this neighborhood,
with

1
codimy |:((Ux NVI\Z@D)N ﬂs;)lc(O):| =1 or+oo, l=1,....n—M. (15)
j=1

Such geometric conditions (15) (considered in the semi-global setting) are al-
ready sufficient in order to imply the following proposition.

Proposition 2 Let U be an open set in C*, V be a purely M -codimensional closed
analytic subset of U, I be an ideal in Ocn (U) (with zero set Z(I) in U and gener-
ators oy, ...,or). Let (s1, ..., sy) be a sequence of elements in I such that

!

codimv[(V\Z(I))ﬂ ﬂs;l(O)} =1 or+oo,l=1,....n—M. (16)
j=1
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If T is an element in CHy v (U, C), then

n—M n—M

/\ 5<i> AT =Tiza) + Z Tlst,--..stlizay, a7
. S
j=1 =1

where T[s1, ..., ;] is defined inductively after | — 1 operations via

Tlsil= ——|3 Y g
[sl - (21'7-[) ) |U\S;l(0) A:O’

L[ ( sl
Tls1,....8r4+1]= i) 0 5 /\T[S],...,Sl/]lU\S;l(O) .
! A=0

Moreover, all currents T[sy,...,s1],1=1,...,n — M, are d-closed and thus are
Coleff-Herrera currents. Here T\z(y means [(1 — |0|2)‘)T]A:0, while Tiy\z )
means [|U|ZAT];L=0, when T is a Coleff-Herrera current.

Remark 3 Formula (17) remains valid if T is replaced by a meromorphic Coleff—
Herrera current 7 € CHy vy (U; xS, C) for some closed hypersurface S in U such
that V \ § = V. However, the second assertion does not remain true.

Remark 4 All currents (T'[sy, ..., s;])|z«) are supported, as the current Tjz(), by
the closed analytic set V N Z(I). As noticed in [7], such a (0,] + M)-current
(T'[s1,...,81)zu) vanishes as soon as | + M < codim(V N Z(1I)), which means
that only the terms with index [ between codim(V N Z(I)) — M and n — M re-
main in the development (17). The first term 7jz(;) is of course only present if
codim(VNZ()) =codimV =M.

Proof Decompose T as

T=[(1=IsiP)T], o+ (51 T],_y = Tyy10) + Tyt U8

1

The fact that T|v*] ) has its support included in V N s~ L0) implies
“1

2A
(L AT i = 1—|s1|“+i5 Is1] AT =T
s [s;(0) i 1 s (0) =0 Is; 0y

Since TU\s* 10) is a Coleff—Herrera current with respect to VU\Sfl(O), we have
1
(L) At _ L5 g =T
5 ) Moo = 57 |\ ) Moo =TI
We now observe that, since all components in the support V* FOof T ~1,, li€ in

Isy " (0)
Vs l(O) and have codimension M as V, the geometric condition (16) for / =2
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implies

n—M 1
./\ a<s_j> Mo = T to) = Tizo-
j=2

It remains to continue the process to compute

2\
[(1— |s2|2*+2.i5<'”' )) AT[sl]} .
17T 52 A=0

In order to do this, we decompose T'[s1] as in (18):

Tlsil = [(1 = 2l TIs11], o + 1521 Tls21], g = Tls1) 51 gy + Tlstli 1 o)

The geometric condition (16) for / = 3 implies now that

il 4 g (2 a7 =T
— Il o =) ) A T T Lsiliza-

The contribution

1 (|s2]*
2
[(“'”' +ﬂa< o)) oo,

equals, as for the first step,

L5122 ) 7 Tlst, ]
s - = T|[sy, s2].
Qin 5 Hovy'o ], 152

The procedure can be thus repeated, which leads to (17). In order to prove that all

TIsi,...,s;] are 3 closed, it is enough to prove it for T'[s1] (then the proof goes
inductively). The result for T'[s1] follows immediately from the fact that
1 =( Is1 |2M 2
Ts1]1=—; [3< AT |, _ ) (19)
(2”.[) ) [ ])»—0 =0
by computing 9 of both sides in (19). U

Proposition 3 Let U be an open set in C", M <n, fi,..., fu be M holomorphic
functions in U, and T = T|[ f] the (0, M)-Coleff-Herrera current

M
TIf]1= (/\ 5(—_))
j=1 fi ©,M)

(with respect to (V[fDess = (f70) N -0 f3;' (0))ess). Let I be an ideal in
Ox (U) such that (V[ f1ess \ Z(I) = (V[ f1ess, with generators (oy, ...,or). If
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ul, . u"M one after each other, in this order, are generic in PL (©), such that in
particular (s1, ..., sp—m) = ((u', o), ..., WM, o)) fulfills conditions (16) with

V = (V[ fDess, then the current

n—M <
1

]:

) ATLf] (20)

is annihilated as a current by "M

Proof Before presenting a sketch of the proof, let us focus on a simple situation (to
which the general case will in fact be reduced). Suppose for the moment that 7' €
CHy.v (U, C) and that ¢ and /& are two holomorphic functions in a neighborhood
of V such that (o, h) defines a complete intersection on V. Then, we claim that the
current

[ B S (R e

is annihilated by o. This follows from the fact that the map

2A
(A1, 22) €{Rer; > 1,Rel; >>1}r—>| |h lo|*2 T

extends as a holomorphic function of two variables to a product of half-spaces
{ReA; > —n} x {ReA, > —n} for some 1 > 0. Since V \o=1(0) =V \ h~1(0) =
V, it follows that

()] L[5 )L -6)

which is a Coleff-Herrera current on U with respect to V N {h = 0}. Since o does
not vanish identically on any component the set V N {h = 0}, we have

(R

Consider now the Coleff-Herrera current 7T'[ f]. Let U 5 U be the normalized
blowup of U along I, and £(I) be its exceptional divisor (multiplicities being
taken into account). Though U is not smooth, one can (locally) consider an em-
bedding U c £2 ¢ CV and treat the current (/\IIM 5(1/n*[fj]))(0,M) as the 9-closed
(N —n, M + N —n) current (A} 3(1/7*[f;1))0.m) A [U] in £2. It factorizes in
£2 as the product of a (0, M + N — n)-Coleff—Herrera current with eventual poles
(with respect to some closed M-codimensional analytic subset VI f1of U) times a

holomorphic (N — n, 0)-form. Moreover, ‘7[ fI\m— Yz = V[ f1. Actually, one

which proves the claim.




380 A. Yger

can approach the current (/\lel 5(1/n*[fj]))(0,M) by Xjz*(o)|=e /\11‘/1 E(I/n*[fj])
as € > 0 tends to 0, where y denotes a smooth cutoff fungtion as in [12]. The ex-
ceptional divisor £(/) defines then a divisor £( )|‘7[ £ on V[f]. Choose u' (gener-
ically) such that 7 * [s1]|‘7[ 71 Vanishes on each irreducible component of the support
E) Lfl exactly at the multiplicity on this component of the divisor E Ol - This
means that 7*[sq ]|‘7[f] can be expressed locally about a point x € V N 7~ N(Z())
as m¥[s1] = 5“7[ f]hl, where & is the generator at x for the stalk of the principal

sheaf ideal (7*[o0],...,n*[or]), and {h; = 0} defines with & on V[f] (about x)
a complete intersection. Then it follows from the case studied at the beginning that

the current
~( Is1**
T fllstlizay = [[3( ) A T[f]] }
S1 2=0d1Z(D)

is annihilated by I. Suppose that [ > 2 and that we know that T[sq,...,s—1] is
annihilated by 1 =1 oncesy, ..., s;—1 have been conveniently chosen. Then we have

I fs1, 82, s1-1)jza) =0,
which implies that if & € I'~!, the current

hT[f1ls1,82, .- si—1jo\zay =h T f1ls1, 82, ..., 81-1]

is a Coleff—Herrera current. Repeating the argument used for / = 1, with T[ f] re-
placed by A T[ f1[s1, ..., si—1]lju\z ), one can choose s; in a generic way (generic-
ity depends here on the previous choices of sy, ..., s;—1 but is independent of %), so
that, for any & € -1

|z |+

hT[f1ls1,..s1lizay) = [[5( > /\hT[fasl»~~-»Sl—1]|U\Z([)] }
A=0

|Z(I)

is annihilated by 7. It follows then that, with this convenient choice of s;, the current
(TLf1ls1, ..., 81Dz is annihilated by I'. This concludes the proof. O

It is natural to call the sequence ((u', o), ..., ("M o)) a Vogel sequence for I
with respect to the Coleff-Herrera current T[f] if such a sequence is constructed
(in a generic way in terms of the u/) through the inductive procedure described
above step-by-step. The corresponding current /\’{_M d(1/(u’, ) A T[f]is then
called a Vogel residue current (for I with respect to T| f]).

Remark 5 When [V] is a purely dimensional cycle in X (here assimilated to its
associated integration current), and Z C X is a complex submanifold, it is proved in
[14] and reinterpreted in algebraic terms in [24] that the (multi)cycle of intersection
[V] e Z, defined via the Vogel procedure from a prescribed Vogel sequence, is such
that its Chow ideal Z“"*¥([V] e [Z]) (see [24] for the definition of this notion)
lies in the integral closure of the sheaf of ideals (Z([V]),Zz). Briangon—Skoda’s
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theorem then implies that (ZC°¥([V] e [2]))" C (Z([V]), Zz). Proposition 3 can
thus be understood as an analogue result when [ V'] is replaced by the Coleff—Herrera
T[ f] and intersection theory is transposed at the (algebraic) level of residue currents
instead of the (geometric) one of integration currents.

2.3 Averaging Vogel Residue Currents

Let X be an n-dimensional complex manifold, U be an opensetin X, M <n,and T
be a (0, M) E-valued Coleff—-Herrera current in U (or T a (0, M) E-valued Coleff-
Herrera current in U with poles) with respect to a closed analytic subset V C U of
pure codimension M. Let Z be an ideal sheaf in Oy (U). Assume that oy, ..., o
generate Z(U) globally in U. One can think of (oy, ..., or) as a holomorphic sec-
tion of the trivial bundle E, = U x CL*!, equipped with its standard hermitian
metric. It is natural to propose as an averaged current

m

— 1
a — TorT)|d Ne - ®d m 21
/(‘PL(C)),,,[(_/:\] ((u/,@))/\( or ):| wr(u')® - @dwr (u™)  (21)

(where m=min(L + 1,n — M + 1), w;, denotes the Fubini metric on PX(C), and
(u,o0) = Zé wop foru =[ug: -+ : ur] € PL(C)), the current obtained as the value
at 0 of the @) _ M. M+’)(X /\ E* ® E) current-valued map

e B N o
A 1—|lo|?+3llo]* A A(T orT). (22
H( lolI** + 3o ;‘ SR (T or 7). (22)
Here 0* =0 = Z(I)‘ 0 ®ef and do = Zé do; ® ¢ (if (eg, ..., er) denotes a stan-

dard base of sections for E, = U x CLH1). Because of the local structure theorems
for sections of the Coleff—-Herrera sheaves (see [32]), this map is holomorphic in
some half-plane Re A > —n for some 1 > 0. It was indeed proved in [8], as a conse-
quence of Crofton’s formula, that if m = min(L 4 1, dim V + 1), the averaging

Lo [t ) ) Al sy oaonie

leads to the current

dimV - _
_ 1 o*A@o*) !
MS = 1=o?+3d|o* A
v [( o= +dllo]l ;:1 iy TG

A [V]:| o, ....do). 23)
=0
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The action on (do, ..., do) corresponds here to the contraction operation between
the /\" E} and E, as follows:

Ny @ (do)

r!

((Pf/\n-A@Df)(da,...,da): r=1,...,dimV,

for any @7 of EZ-valued currents. The current (23) is d-closed and positive in this
case. Even though it is not an integration current, the vector of the Lelong num-
bers (ep(x),...,e,—pm(x)) of its various components (from type (0, 0) till type
(n— M,n — M)), at any point x € V N Z(Z), coincides with the vector of Segre
numbers (see [22]) at x for Z, with respect to V, which is the minimum (with re-
spect to lexicographic order) of all u-plets (deg, yx.0,...,deg, ¥x.n—m), Where y
is a Vogel cycle at x, and yx x, k =0, ...,n — M, denotes its component at x with
codimension k in V (as a subcycle of V). Moreover, the relevant part in the Siu
decomposition of the averaged current M€ is expressed as

dimV

o k[ 7k
V,relevant — Z Z'Bt [ZL ]’
k=0

where the ZF are the distinguished varieties of T with codimension k (distinguished
varieties being defined as the images of the irreducible components of the excep-
tional divisor £ in the normalized blowup of U along the coherent ideal sheaf Z).
Here the ,BLk are positive integer coefficients. This generalized version of H. King’s
formula is proved in [8]. This shows that, at the semi global level, averaging Coleff—
Herrera currents, once they are conveniently multiplied in order to become intersec-
tion currents, is an operation that fits well with improper intersection theory, such
as implemented in [30, 31]. Note that the Segre numbers remain unchanged if one
replaces s = (0o, ..., 0L) by some u-plet (5, ..., 07) which generates in Oy (U)
an ideal with, locally about each point, the same integral closure as Z. This empha-
sizes the role of a current M? (or, to be more precise, residue currents involved in
its factorization) with respect to Briancon—Skoda-type theorems.

In order to extend these ideas to the global setting, one assumes that the co-
herent sheaf Z is globally generated in X by holomorphic sections oy, ..., oy of
the same line bundle Oy (A). Referring to Example 1, the holomorphic sections of
Opm+n-1(¢)(1) defining the diagonal subspace Z in the join as a complete inter-
section, provide a useful illustration of such a situation, the coherent sheaf 7 being
in this case the radical sheaf Zz. Let E, = @LH Ox(A). Choose a metric | | on
Ox(A) thatinduces the metric || | = | |D---®| | on E,. Let E be a finite-rank holo-
morphic bundle over X'. When T (resp. 7)) is an element in CHy v (&X', E) (resp. in
CHy v (X; xS, E)), itis natural to propose, as the averaged current (21), the current
obtained as the value at 0 of the @"_)'DOM+) (X, \" EX ® E) current-valued
map (22), where o* denotes the conjugate section of o with respect to the met-
ricon E,. If 1 : V — V denotes the normalized blowup of the complex space
(V, (Ox)v) along the Oy ideal sheaf Zy, generated locally by the holomorphic
sections x +— oy (t(x)) (¢ being the embedding V C X),[ =0, ..., L, and £ denotes
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the exceptional divisor in this normalized blowup, then one can check that this aver-
aging leads, from the point of view of intersection theory (that is, when 7 or 7 are
replaced by the (M, M)-current [V]) to the construction of the Vogel current

dim V

3 1 o* A (50_*)r71
_ 2. 2
Vogy o1 = |:<1 = llolI”* +3llolI” A <Z Qim)" llo |12

r=1

A [V]:| (do,...,do)
A=0

dimV
= [VED] + Z T ([E1 A (M (05 (=E) @ 7* A1) )
r=1
dimV
= > Vog( - 9
r=0

We denote by Ay the line bundle Oy (A). Here n*[c] = el x 7, where 7 is a
holomorphic nonvanishing u-plet of sections of Oy (—&) ® 7w*[Av]. The metric
on Oy (=€) is defined by lel%¢ = |lo o 7||. It induces a metric on the divisor
Op(=&) @ *((Ox(A))v), so that

dd* log|el”! |§ =[]+ ' (O§(=8)) = [E1+ dd  log |Iz|I* — 7*(c' (A1),
that is,

ddlog||t||* = ' (m*[Av]) + ' (O5(=8))
= (0§ (=& ®*[AV]).
The current Vog ) = Z‘rﬁi%v Vog )., (that can also be considered as a current on

(V, Oy)) is related to the Segre current

dimV dimV
Segy o1 = [VEPV]+ Y m (€A (N (Op(=)) ") = D Segy o 1
=0

r=I1
(25)
thanks to the algebraic relations

r—1

r—1 i .
VOgV,cr,\ r= Z( I ) Seg\/,g,| |; r=I A (CI(AW)) , r=1,... ,dlm V.
=0

An important particular case occurs where T is a Coleff-Herrera residue of the
form /\?/[: 1 (/s i)s $1,..., Sy being respective holomorphic sections of Cartier
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divisors Aj, j=1,..., M, on X, such that the s._l(O) define a complete intersec-
tion. In this particular case, one can consider the (M + L + 1)-holomorphic bundle
Epro = @jwzl Ox(A;) ® E,, equipped with the metric @f/’ [1; @I Il (where | |;
denotes an hermitian metric on Ox(4;), j =1, ..., M), and propose as an alterna-
tive averaged version for all Vogel residue currents

M

m

_ 1 /1 .
/\3( )A/\8<—>, u ePH(C), 1 <j<m=min(L+1,dimV +1)
j=1 j=1

(u’, o) s

the current obtained (still through the analytic continuation process) as the value at
A =0of the @/—) "DOM+) (X A" E% ) current-valued map

r

dimV

3 1 (s@a)*A(ﬁ(s@a)*)’—l)

A 1— 2\ 5 2)»/\
— - ls@ol*+3ls o] Giny e

r=1

(26)
where s o =51 - D sy Do, and (s & o)* denotes its conjugate section with
respect to the metric which has been chosen on E, . The two currents, which

belong to @'— 'DOM+1 (x, \" E} o)

r

1_||O_||2A.+5||O,||2)\./\ d% 1 U*A(ga*)r7] /\/[W\g(l/s)
Qiny ol AN I
J= =l

r=1
and
AV ®e) A @@ o)) !
[ Is@o|*+dlls@ol ;‘ Gy ool -~

@7)
coincide when codim (s ~!(0)No =1 (0)) = M + L+ 1 (see [34]) but differ in general.
They can both be used (see [3, 7]) to materialize the residual obstruction for the
exactness of the generically exact Koszul complex

M~+L+1 | M+L
0 — /\ E} =% /\ Efy g —>
oo L e A ] ]
=B NEs, =3 NEa, — S EL, “3XxC, (28)

since they are both annihilated (as currents) by the operator 2im | g, — 9, where
lsg@o denotes the interior multiplication by the holomorphic section s @ o of Ex .

3 About a Result by M. Hickel, M. Andersson, and E. Gotmark

In order to emphasize what averaged Vogel residue currents introduced in Sect. 2
could be useful for, and, in parallel, to illustrate how far using their use reveals



Averaging Residue Currents 385

to be successful, let us focus on the effective geometric global formulation of
Briangon—Skoda’s theorem in C[X1, ..., Xy], as obtained first by Hickel [20] and
then reformulated (and thus reproved), using the frame developed above, by An-
dersson and Gotmark [5]. Before stating the result, one needs to recall basic facts
about Lojasiewicz exponents at infinity in C* C P*(C) = C" U {z¢9 = 0}. Let
Pl,--., pm be m polynomials in C[X1, ..., X], together with their homogeniza-
tions Py, ..., Py, considered as respective holomorphic sections of the Cartier divi-
sors Opn(c)(deg p;). Let £ =, & be the (reduced) exceptional divisor of the nor-

malized blowup IF’“((C) = P*(C) of P*(C) along the coherent ideal sheaf Z(P),
generated locally by the holomorphic sections Py, ..., Py. Let u,(P) be the multi-
plicity of Z(P) - Opn ), and u,(zo) be the multiplicity of Ziz,—o} - Opn ¢, along the
same component. The Lojaciewicz exponent v, (P) is defined as

Voo (P) = sup(M)
t 1 (z0)

In the special case where m = n and dimcn p~!(0) < 0, one has the Lojasiewicz
inequality at infinity in C"* C P"(C), namely

n

YOl X s, (29)

o lgideers = gy

for some strictly positive constant . In particular, for p to be in this case a proper
map from C" into C", it is enough that vo(P) < deg p;, j =1, ..., m. Notice that,
when m = n and dimcw p~'(0) < 0, the current

Aa(3)]

is annihilated by zg ¥=(P) This can be seen using (as in the proof of Proposition 3)
the normalized blowup of P" (C) along the coherent ideal sheaf Z(;)—gy. On the other

hand, the current
(1
Nl -
1 .I IC)Z

is annihilated by any homogeneous polynomial of the form Q such that the map
= 0, 0)/Ip@)|™ is locally bounded in C" (see [5]).

M. Hickel’s result ([20], revisited with the analytic methods presented above
in [5]) can be stated as follows (we just mention here the result when m < n).

[{zo=0}

Theorem 4 ([5, 20]) Assume that m < n and let py,..., pm be m polynomials
in C[X1,...,Xn]. Let g be a polynomial in C[X1,..., Xn] such that the func-
tion |q|/|p|™ is locally bounded in C". Then, there exist polynomials ay, . .., amn €

C[X1, ..., Xy] such that g = 2?1:1 ajpj with degajp; <degq + [mvs(p)]+ 1,
where [y] denotes the integer part of the rational number y .
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As a consequence of this theorem, it appears that the effective realization
of the global Briangon—Skoda theorem (g being in the ideal (pp,..., pm) in
C[X1,..., Xy] if the germ ¢, for each ¢ € p_l(O), lies in the m-power of the
integral closure of the ideal (py ¢, ..., p,¢) in the local ring Ocn ;) can be achieved
with degree estimates for the quotients a; controlled by the geometric Bézout the-
orem, which means that the effectivity of the problem is governed by geometric
intersection theory.

The proof of Theorem 4 relies on the use of the averaged Bochner—Martinelli ver-
sion (22) (E, = 69'1" Opn () (d;) with the Fubini—Study metric on each component,
o=P,V=PYC)=2X), of all currents

N 1
N 77)
1 L
ul, ... u™ e P™1(C), m = min(dim({P = 0}) + 1, m), with respect to the ten-
sorized Fubini-Study metric on P*1(C) ® - -- ® P~ (C) (m times). As pointed
out in [24], when dealing with intersection problems involving arithmetic aspects,
it is more adequate to use a specific Vogel cycle of intersection instead of what
could be understood as an averaged version, for example, the intersection cycle
constructed in [31] and reinterpreted in [8] in the currential setting. The methods
presented here (end of Sects. 1 and 2.2) aim precisely to give some support to the
following conjecture:

Conjecture 1 (Global arithmetic Briangon—Skoda) Let pq, ..., pm be m polyno-
mials in Z[ X1, ..., Xy] with degrees bounded by d and logarithmic sizes bounded
by h. Let ¢ € Z[X1, ..., Xxq] be such that the function g/|p|™"™™ is locally
bounded in C". Then, one can find § € N* and ay,...,am € Z[X1, ..., Xn] such
that

m
8¢ =3 ajpj,  max(deg(a;p;)) <k (w)degq + ro(n)d? M),
; J
j=1 (30)

max(h(3). h(a; p;)) <€) h(g) + k1(w) (h + logm) gV minwLm
J

where « (n), ko(n), k1 (n) are numerical constants depending only on the number n
of variables, yy, y1 being universal constants (idealistically x(n) = 1, xo(n) = n,
o=y =1).

This result was obtained by Elkadi [16] when dim( p_l(O)) = 0. On the other
hand, the arithmetic membership problem can be solved with such bounds (30)
when m < n and (pi,..., pm) defines a complete intersection in C" (see [17]),
which includes in particular the case of the arithmetic nullstellensatz [10, 15, 25].
This fits well with the ideas that govern the construction of Vogel sequences. Nev-
ertheless, it is known now that methods based on multidimensional residue calculus
(relying essentially on Cauchy—Weil integral formula and associated Bergman—Weil
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developments) do not provide the sharpest bounds for the arithmetic nullstellensatz,
which is truly a problem related to arithmetic intersection theory (see the recent
approach in [15], based on a arithmetic version of O. Perron’s theorem used for
the algebraic nullstellensatz in [21]). As a consequence, this makes more clear that
such methods were in fact more in the spirit of Conjecture 1. Using the Stiickrad—
Vogel approach [30], combined with a precise analysis of the Vogel residue currents
involved (for a description of their annihilators and explicit computations of the
restrictions to C" of the auxiliary Coleff-Herrera currents involved in their expan-
sion, see Propositions 2 and 3 above, together with the concluding comments in
Sect. 1), seems to be a natural way to tackle such a conjecture. It is indeed nec-
essary to overcome the difficulty which is inherent to the fact that averaging such
Vogel residue currents in order to get suitable Bochner—Martinelli currents (for con-
trol of the degree in effectivity questions) does not preserve the arithmetic structure
of the data (which would be necessary in order to get in parallel control on the
heights). It seems also opportune to mention that the initial approach to Theorem 4
by Amoroso [2] relies on the Northcott—Rees notion of superficial elements in ide-
als that is also present in the construction of Vogel sequences (more specifically of
filtered sequences, see [1]).

This presentation of the Coleff—-Herrera machinery, combined in Sect. 2.2 with
that of the Stiickrad—Vogel approach [8, 30, 31], transposed to the context of residue
currents instead of integration currents on cycles, intends to be a modest invitation
toward such an approach to effectivity questions in arithmetic polynomial geometry,
when they require operational tools related to duality, such as Briangon—Skoda’s
theorem or multidimensional operational residue calculus.
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