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Preface

The Mediterranean Institute for the Mathematical Sciences (MIMS) and the
Geometry and Topology Grouping for the Maghreb (GGTM) held an international
conference at the Cité des Sciences in Tunis, Tunisia during March 24-27, 2014.
This event was held in memory of Mohammed Salah Baouendi, one the finest
mathematicians of the past century. It brought together geometers and topologists
from around the world, many of whom were distinguished collaborators of
Baouendi.

A special lecture series on CR-Geometry was given by Peter Ebenfelt and was
attended by a sizable group of graduate students from Algeria and Tunisia. Invited
speakers included Abbes Bahri, Hajer Bahouri, Ali Baklouti, Oliver Baues, Mehdi
Belraouti, Jean-Michel Bony, Makhlouf Derridj, Ali Maalaoui, Hamid Meziani,
Nordine Mir, Mohameden Ould Ahmedou, Ludovic Rifford, Linda Rothschild,
Dmitri Zaitsev and Ghani Zeghib.

MIMS was founded in January 2012 in Tunis (Tunisia), and joins a long list of
mathematical institutes around the world. Its multifaceted mission is to be a rallying
point for the growing community of mathematicians across the MENA and the
Mediterranean regions, to raise public awareness of the mathematical sciences in
this part of the world, and to be a springboard for the young generation, making it
easier for prospective students to connect to the vast world of mathematical
research.

GGTM was founded at the initiative of a group of North-African geometers in
2003 in Marrakech (Morocco). Its objective is to promote mathematical research in
geometry and topology in the Maghreb. This is done through increased collabo-
ration between mathematicians north and south of the Mediterranean and across the
Maghreb, by organizing regular meetings and by advising students.

Mohammed Salah Baouendi was born in Tunis and held one of its early aca-
demic positions there. After holding positions in Paris (France) and in Purdue
(Indiana), where he headed the department for 8 years, he spent the rest of his life at
UCSD (California). His influence on mathematics at large and CR-geometry in
particular has been deep and long-lasting. This volume is a tribute to his work. It
contains fine contributions by collaborators, friends and students of M.S. Baouendi.



vi Preface

This conference was sponsored by CIMPA (Centre International des
Mathématiques Pures et Appliquées), LEM2I (Laboratoire Euro-Maghrébin de
Mathématiques et de leur Interactions), TAFA (Tunisian-American Friendship
Association), MedTech (Mediterranean Institute of Technology) and the
Laboratoires LAMHA and LR13ES21 of the University of Sfax (Tunisia).

We warmly thank all contributors to this volume and all participants who made
this conference a real success.

Tunis Ali Baklouti
December 2014 Aziz El Kacimi
Sadok Kallel
Nordine Mir
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Salah Baouendi 1937-2011: A Mathematical
Life on Three Continents

Linda P. Rothschild

Abstract In this brief account, I have tried to weave together some of the many
strands of Salah Baouendi’s remarkable mathematical life.

Keywords Partial differential equations - Several complex variables

2010 Mathematics Subject Classification 32VO05 - 35H10

1 Early Life: Tunis to Paris

Salah Baouendi was born in Tunis on October 15, 1937. Mathematics was Salah’s
real passion, and it was his mathematical talent that took him from the Sadiki Lycée
in Tunis (Fig. 1) to Paris, where he spent the last two years of high school.

Paris was, and still is, one of the world’s greatest centers of mathematics. After
entering the University of Paris, his abilities and enthusiasm were recognized by
such mathematical greats as Laurent Schwartz. Laurent Schwartz introduced him
to Jacques-Louis Lions and Bernard Malgrange, who were also great influences on
his future research. At that time there was an explosion of new ideas in the area
of partial differential equations (PDEs), giving a new foundation to linear PDEs.
Applications of functional analysis and duality became crucial tools, beginning with
the fundamental work of Schwartz on distributions and the role of operators between
various spaces of functions.

Early in his studies Salah obtained an important result concerning nonsolvability
of a PDE with constant coefficients in a certain functions space. Roughly speaking,
application of a constant coefficient PDO to a function corresponds to multiplication
of the Fourier transform of the function by a polynomial. Through this technique,

L.P. Rothschild (B<)

Department of Mathematics, University of California, San Diego,
La Jolla, CA 92093-0112, USA

e-mail: Irothschild @ucsd.edu
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2 L.P. Rothschild

Fig. 1 Salah Baouendi as a
young man in front of his
lycée, Sadiki College, in
Tunis

solvability was known in many function spaces, but Salah showed it was false in the
space of slow-growing functions.

The setting may be easily described. Let S be the space of all Schwartz functions
in R" and &’ the dual space. The Schwartz space is self-dual, i.e. S = S’ If P is a
polynomial, there is a unique PDO, P (D), with constant coefficients such that for
any f € S suchthat Pf= P(D), where f is the Fourier transform of f. Furthermore
the mapping

S>f>Pfed

is surjective. Salah proved that the corresponding result does not hold in the space C
of slow-growing functions, where a polynomial P maps C into the dual C’. That is,
he showed that the mapping is not surjective, as some had conjectured.

Salah went on to write a brilliant thesis in which he studied the boundary behavior
of solutions of elliptic PDEs. I will describe the context only briefly here. He con-
sidered a class of second order differential operators in an open subset of R”, which
are elliptic in the open set, but degenerate on the boundary, and studied solutions of
the equations near and on the boundary. The results of his thesis were published in a
long paper in the Bulletin of the French Mathematical Society in 1967. In the review
in MathSci Net (Fig.2), the reviewer recognized the importance of this work and
also praised the clarity of the writing. Throughout his life, Salah displayed a clarity
of thinking and writing, both in mathematics and in his world view.
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Fig. 2 Review of one of P rArpieny T
Salah’s very first papers MathSciNet From Refersaces: 2
From Reviews: 0

(Source http://www.ams.org/ Previous | Up | Next
mathscinet-getitem?mr= MROL72112 (30 #2338) 46.40 22.25

. Baocuendi, Mohamed Salah
1721 1 2’. reproduced with Impossibilité de la division par un polynome dans Oc'. (French)
permission from C. R. Acad. Sci. Paris 260 1965 760-762

MathSCINet’ © American L'auteur esquisse la démonstration du fait indiqué dans le titre et signalé dans l'analyse
Mathematical Society) de sa note antérieure [mémes C. R. 258 (1964), 1978-1980; MRO161142 (28 #4351)].
Plus précisément, il démontre que si Pz, zs) = z,22 + 1, alors Papplication T — PT
de O¢'(R?) dans lui-méme n'est pas surjective. Pour ceci il se base sur le lemme suivant:
11 existe une suite (i2,) de fonctions . € D(R?) formant un ensemble non borné dans
O et telle que (Pyp,,) converge dans 0. Ce lemme entraine qu'il existe T € 0" telle
que (T, ¢n} = {T/P, Py} n'est pas borné, donc T'/ P ne saurait &tre dans O¢', c.q.fd.
J. Horvdth

© Copyright American Mathematical Sociely 1965, 2014

2 Paris to Tunis and Back

Now let’s get back in time to the story of the continents. After earning his first
university degree in Paris supported by a Tunisian scholarship, Salah was required to
return Tunis to teach high school and continue his studies there, as he did. However,
with the help of Laurent Schwartz (written in Schwartz’s memoirs, “A mathematician
and his century”), the Tunisian Ministry allowed Salah to return to Paris for his
doctoral work after a year of teaching in Tunis. Following the completion of his
doctorate in Paris in 1967, Salah returned with his young family to the University of
Tunis to take a faculty position.

A number of prominent French mathematicians, including Malgrange, also came
to Tunis for extended stays during the years that Salah spent there. However, this was
atroubled and turbulent time in that part of the world. Tunisia was newly independent,
and the Algerian-French war had left many wounds. Always a person of action, Salah
did what he could to promote mathematics and research at the University of Tunis.
He wrote a four page document on the need for support of mathematics in Tunisia.

In December 1969, while Salah was a professor in Tunis, the French Academy
awarded him the “Prix d’Aumale,” a high honor. Although he was well respected
and admired at the University of Tunis, Salah was not comfortable in his home
country. He chafed under the repressive political atmosphere in Tunisia and returned
to France, where he could devote himself to mathematics without interference from
politics. He spent a year at the University of Nice and several years at the University
of Paris. Through his lectures and publications, he gained an international reputation
as a research mathematician.

One cannot mention Salah’s early mathematical career without discussing his
collaboration with Charles Goulaouic, from the early 60s as fellow students in Paris
until Goulaouic’s tragic death from cancer at the age of 46 in 1983. Much of Salah’s
later work in applications of PDEs to several complex variables had its roots in his
joint work with Goulaouic. Among these were:

e Boundary behavior of solutions of PDEs.
e Approximation of functions by complex polynomials.


http://www.ams.org/mathscinet-getitem?mr=172112
http://www.ams.org/mathscinet-getitem?mr=172112
http://www.ams.org/mathscinet-getitem?mr=172112
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e Characterizations of analyticity by growth estimates.
e Analyticity of solutions of systems of first-order PDEs.
e Nonanalytic hypoellipticity for Hgormander “sum of squares” operator.

In addition to their longtime collaboration, Baouendi and Goulaouic mentored
a whole generation of students in PDEs and organized conferences of mathemati-
cians from around the world. Among the younger mathematicians Salah met during
the Paris years were Louis Boutet de Monvel, Francois Treves, Jean-Michel Bony.
Among Salah’s doctoral students were the North African transplants Makhlouf Der-
ridj and Claude Zuily, who became prominent mathematicians.

In the mid-seventies there were three students officially working with Goulaouic:
Bernard Helffer, Serge Alinhac, and Guy Métiver who also regarded Salah as their
mentor and spent time at Purdue University when Salah was a professor there. Both
Alinhac and Métivier published joint research with Salah conducted in the U.S. All
three became prominent mathematicians in France and leaders in the profession. Like
Salah, Goulaouic had a natural sense of leadership, and their students were mentored
in more than mathematics. Helffer became president of the French Mathematical
Society and Métivier director of the mathematical division of the CNRS.

3 Paris to America (Purdue University)

As a foreigner Salah could not, in those years, be appointed as a professor in France,
so he accepted a tenured faculty position in the mathematics department at Purdue
University, a leading American university in the Midwest. After Salah began his
career at Purdue, a new change in French laws allowed non citizens to be appointed
as professors in French universities. Salah accepted a professorship at the University
of Paris VI (Jussieu) and returned to France in 1974. In the same year he was chosen
as a speaker at the International Congress of Mathematicians in Vancouver. However,
despite his reputation as a prominent scientist, in Paris Salah was often regarded as
a North African who would always be less than a real French citizen. In 1976 he
returned with his family to Purdue, where he was destined to leave his mark on the
university and on the American mathematical community. His children, Moungi and
Meriem would grow up in the Midwest as Americans. Moungi is now a famous
American scientist, a professor of chemistry at MIT, and the father of an 11 year old
daughter. Meriem lives in California with her husband and two teenaged children.
Immediately recognized not only for his mathematical research, but also for his
scientific leadership, Salah was appointed Head of the Mathematics Department at
Purdue in 1980. His accomplishments there include the recruitment of numerous top
mathematicians as well as the establishment of a center for applied mathematics.
His eight years as Head at Purdue are still fondly remembered as the “Baouendi
years.” As his national reputation grew in the U.S., Salah received many inquiries
about his willingness to be considered for higher administrative positions, such as
deanships, at other universities and also for a high level position at the National
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Science Foundation. He was also sought by the American Mathematical Society
(AMS), where he ultimately chaired many committees and served on the Board
of Trustees. Among his most remarkable accomplishments, in the 1990s he led a
successful AMS campaign to prevent the University of Rochester from abolishing
its research program in mathematics.

Refusing to sacrifice his research career to become a high-level university adminis-
trator, Salah remained devoted to mathematics until his death in 2011. His mathemat-
ical investigations turned to applications of PDEs to geometric problems in complex
analysis. His early work in boundary values of PDEs was very relevant to exten-
sions of functions and mappings in the complex domain in several variables. With
collaborators Goulaouic and Frangois Treves, Salah succeeded in a breakthrough in
this new field known as “several complex variables.” He also succeeded in hiring
promising young mathematicians at Purdue, including Steven Bell, David Catlin,
and Laszlo Lempert, all of whom went on to impressive research careers. Among
his students and postdocs there were Mei-Chi Shaw and Alexander Himonas, now
both professors at Notre Dame.

There was a natural transition from Salah’s research in PDEs to several complex
variables. A complex analytic function is just a solution to a system of homoge-
nous first order PDEs, namely the Cauchy-Riemann equations in several complex
variables. Salah had studied solutions of systems of first order in past work with
Goulaouic and Treves. In 1981, Treves and Salah published their celebrated joint
paper whose main result has become known as the Baouendi-Treves Approximation
Theorem. Recall that a CR function is a solution of the tangential Cauchy-Riemann
equations.

Theorem 3.1 (Baouendi-Treves Approximation Theorem (1981)) Any continuous
solution of a homogeneous system of a locally integrable vector fields can be uni-
formly approximated (locally) by polynomials in a set of fundamental solutions of
that system.

Corollary 3.2 Any CR function on a smooth hypersurface M is locally approximable
by restrictions of holomorphic functions to M.

Further work of Baouendi-Treves (early 80s):

e Criteria for extension of CR functions on a hypersurface.
e Extension of holomorphic functions from one side of a hypersurface.
e Holomorphic extension of mappings of one bounded domain into another.

Salah continued his groundbreaking work in several complex variables in the
1980s, attracting the attention of mathematicians worldwide.

He received offers of high-level professorships at the Johns Hopkins University,
Rutgers University (with a State of New Jersey Chair), and the University of Califor-
nia, San Diego (UCSD). In 1988 he moved to San Diego to accept a Distinguished
Professorship at UCSD.
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4 Mathematical Life in California

After moving to San Diego, Salah continued to open new frontiers of research in sev-
eral complex analysis (Fig. 3). His research, joint with several other mathematicians
included major breakthroughs in the following.

A sample of major progress by Baouendi and coauthors since 1990:

Holomorphic extension of smooth CR mappings from one smooth submanifold
of C" into another.

e Development of the method of Segre sets and mappings to analyze real submani-
folds of higher codimension.

Extension of holomorphic mappings between smoothly bounded domains.
Multiplicity and transversality of holomorphic mappings between given real sub-
manifolds in complex spaces.

e Existence and rigidity of mappings into hyperquadrics in complex spaces of dif-
ferent dimensions.

In 2003 Salah and I received the Stefan Bergman Award for our work in several
complex variables, much of it joint. We were both elected to the American Academy
of Arts and Sciences in 2006. In the mid 1990s a young Swedish mathematician, Peter
Ebenfelt, came to UCSD. Salah and I did much joint research with Peter, and the three
of us wrote aresearch monograph, which was published by Princeton University Press
and is regarded as a fundamental book in the area. Peter is now Chair of the UCSD
Mathematics Department and after Salah’s death established a graduate fellowship

Fig. 3 Salah Baouendi
lecturing at IHES (Paris) in
August 2007
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in his memory. Among Salah’s other collaborators and students after moving to
UCSD were Xiaojun Huang, Dmitri Zaitsev, Bernhard Lamel, Francine Meylan, and
Nordine Mir.

5 Contributions to the Profession

Few scientists have contributed so much to their profession as Salah did. He was
a fabulous teacher, earning high praise from students of all levels. He cofounded
two mathematical journals, “Communications in Partial Differential Equations” and
“Mathematical Research Letters,” both of which became top venues and still continue
decades later. He co-organized a number of conference series including “Journées
equations aux derivées partielles” in France, “Midwest Partial Differential Equations
Seminar” in the U.S. Midwest, and “Southern California Analysis and PDE Seminar,”
all of which are still active.

In his later years Salah played an important role in the international mathematical
community. He served as U.S. representative on the Executive Committee of the
International Mathematical Union (IMU) and worked on many projects for the IMU,
which organizes the “International Conference of Mathematicians” (ICM) every four
years. Two decades ago when Salah attended an ICM as a member of the official
U.S. delegation, he encountered his old mentor J.-P. Lions, who was part of the
French delegation. Seeing Salah seemed to make Lions sad. He said, “You should
be representing France, but France did not appreciate you when it had the chance.”
Tunisia should be proud of its native son.



Compactness of the -Neumann Operator
on the Intersection of Two Domains

Mustafa Ayyiirii and Emil J. Straube

In memory of M. Salah Baouendi

Abstract Assume that | and 2, are two smooth bounded pseudoconvex domains
in C2 that intersect (real) transversely, and that 21N €2, is adomain (i.e. is connected).
If the d-Neumann operators on §21 and on 2 are compact, then so is the 9-Neumann
operator on €1 N 2. The corresponding result holds for the 9-Neumann operators
on (0, n — 1)-forms on domains in C",

Keywords O-Neumann operator - Compactness * Pseudoconvex domains -
Intersections of domains

2000 Mathematics Subject Classification 32WO05 - 35N15

1 Introduction

Let ©2 be a bounded domain in C*. For 0 < ¢ < n, the space of (0, g)-forms
/
u= 2 ] uydzy, where uy € £2(2) for each strictly increasing g-tuple J, is
=q

denoted by E%O q)(Q). The inner product on E%O " (£2) is given by
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W, 0)p2 ) = Z/u,v,dv (1.1)

I/1=q

where the prime denotes summation over strictly increasing g-tuples. The Cauchy-
Riemann operator 9, acting on (0, g)-forms is defined as follows:

=g [ > usdzy Zz—dzk/\dzj (12)

I/1=q k=11J|=q

Here, the derivatives are taken in the distributional sense and the domain of 9, , which
we denote by dom(a ), consists of those (0, g)-forms with 6‘ u e E(o g+1) (€2). Then

8q+ 1 5'q = 0; the resulting complex is referred to as the d (or Dolbeault)-complex. 5'q
isa linear densely defined, closed operator, and as such has a Hilbert space adjoint

8;‘ : (0 q +1)(Q) — E(o q)(Q) The complex Laplacian is then the unbounded

operator [, := 0, 18 _1 + 0594, with domain so that the compositions are defined

(this imposes a boundary condition not only on a form u, but on du as well; these
are the 9-Neumann boundary conditions). It is a deep result of Hérmander [12] that
when €2 is bounded and pseudoconvex, [, is injective and onto, and so has a bounded
inverse. This inverse is the 9-Neumann operator N, . Regularity properties of N, in
various function spaces are of great importance, both in several complex variables
and in partial differential equations. We refer the reader to [17, 18] for details and
historical developments.

One of the properties of interest is compactness of N,. That is, N, is not just
bounded on £%0 )(Q), but is compact. Compactness is interesting for a number of

reasons: it implies L£2-Sobolev estimates for Ny (with all their ramifications) [13],
and there are applications to the Fredholm theory of Toeplitz operators [5, 10], to
existence or non-existence of Henkin-Ramirez type kernels for solving 0 [9], and
to certain C* algebras naturally associated to a domain in C” [15]. Details may be
found in [7, 18], and in their references.

In this note, we address the question of compactness of the d-Neumann operator
on the intersection of two domains, given that the J-Neumann operator on each
domain is compact. In addition to its intrinsic interest, the question serves as a test for
how well compactness of the d-Neumann operator is understood, in particular with
respect to identifying ‘the obstruction to compactness’. Namely, if the obstruction is
absent from the boundary of both domains, it ought to be absent from the boundary
of the intersection. For example, for a convex domain it is known that N, is compact
if and only if the boundary does not contain complex varieties of dimension at
least ¢ [6, 7, 18]; that is, these varieties in the boundary form the obstruction to
compactness. Clearly, if the boundaries of both domains do not contain these varieties,
then neither does the boundary of the intersection. Likewise, if both boundaries repel
‘g-dimensional analytic structure’ in the sense of the potential theoretic sufficient
condition known as Property (Py) ([2, 7, 18]; see [14] for a variant), then so does
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the boundary of the intersection (and the J-Neumann operator on the intersection
is compact). However, in general, Property (P;) is not known to be equivalent to
compactness, so that its failure does not (more precisely, is not known to) constitute
an obstruction to compactness.

We mention that it is straightforward to identify abstractly the obstruction to
compactness of the 9-Neumann operator via the zero set of the ideal of compactness
multipliers introduced in [4]: the )-Neumann operator is compact if and only if this
common zero set is empty. However, so far, it is only possible to identify this set in
cases where compactness is understood (i.e. convex domains and Hartogs domains
in C2, see [4]). In particular, we do not understand how the ideal of compactness
multipliers on the intersection of two domains arises from the respective ideals on
the domains.

The material presented here is mainly from the Ph.D. dissertation [1] of the first
author, written under the supervision of the second author at Texas A&M University.

2 The 8-Neumann Operators on the Intersection
of Two Domains

Assume now that Qjand 2, are two bounded pseudoconvex domains in C" whose
intersection 1 N2, is also a domain (i.e. is connected), and whose 9-Neumann oper-
ators Nf "and N,fz 2 are compact, for some g with 1 < g < n. Because compactness
of Ny is a local property ([18], Proposition 4.4), one can obtain compactness results
for NqQ 1N<2 by imposing conditions on €21 Nb<2;. In particular, if one assumes that
b2y N b2, satisfies Property (P,;) mentioned above, or the variant (P,) from [14],
then Nqs2 10822 4 compact ([1], Theorem 4.1.2). We do not pursue this direction here;
instead, we focus on the question discussed in the introduction: obtain compactness
on the intersection assuming only compactness on the two domains.

The following result, although formulated for domains in C", is most relevant in
dimension n = 2, as ¢ = 1 is the case of most interest.

Theorem 2.1 Let Q1 and Q0 be smooth bounded pseudoconvex domains in C"
which intersect (real) transversely, and assume that ) N 2 is a domain (i.e. is
connected). If the O-Neumann operators N 3‘_1) and N (%2_1) are compact, then so is
NQIOQZ

(n—1) *
Proof For economy of notation, we set Q := Q1 N Ly, and § = b2 N DR, S
is a smooth oriented submanifold of C" of real codimension two, and 2 is srnoot_h
except at the points of S, where it is only Lipschitz. We also omit subscripts from 0,
as the form level ¢ is clear from the context.

We first note that compactness of N(,—1) is equivalent to the compactness of
the canonical solution operators 0*N(,—1y and 0*N,, (see Proposition 4.2 in [18];
compare also Lemma 3 in [3]). o N,, is always compact, because N, maps W(Bln) ()

continuously to W(IO. ) (€2). That s because for (0, n)-forms, the d-Neumann problem
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reduces to the Dirichlet problem (see for example the discussion following estimate
(2.94) on p. 36 of [18]), and A : W () — W~!() is an isomorphism (see
for instance Theorem 23.1 in [19]). 5*Nn thus maps W(B,ln)(Q) continuously to
E%O’n_l)(Q), hence is compact as an operator from L%O’n)(SZ) — L%O’n_l)(Q) (since
E%O n)(Q) embeds compactly into W(_Oln)(Q)). Therefore, to show that N,_1) is

compact, it suffices to show that * N(,—1) is compact. This, in turn, will follow if we
can show that there is some compact solution operator for 9: composing it with the

projection onto ker(9)" (which preserves compactness) gives 5*_N(n_1). That is, it
suffices to find a linear compact operator 7 : E%o, nfl)(Q) Nker(0) — £%0 n72)(Q)

such that 9Tu = u for all u € ker(d) N L’%O w1y ().
The strategy for constructing 7' is to write a form o € ker(én_l) N E%O n—1) (2) as

a=Pilg+fla. B €ker(Gp—1)N E%o,n_l)(Qj)a j=12, (2.1
with
”51”5%0,,,_1)(91) + ||ﬁ2||5(20‘n_])(92) S ||04||£%0’n_1)(9), (2.2)

and ) and [, depending linearly on «. Then setting Ta := E*N(%'_l)ﬂl +
0" N(SZE]) (> on €2 gives the desired compact solution operator 7. We use here that
compactness of N(S;‘_l) and N(sz_l) imply compactness of the canonical solution

operators a'N 31_1 and @' N (Snzz_l), respectively (see again [18], Proposition 4.2).

The situation in (2.1) is reminiscent of that in a Cousin problem. We proceed
accordingly; extra care is needed because we need to control £2-norms. Because
21 and €2 intersect transversely, we can choose a partition of unity {(, 1 — ¢} of
Q1 U Q», subordinate to the cover {2, Q7}, with |Vp(z)| < 1/ds(z); here, dg

denotes the distance to S. We will give details in the appendix (Sect. 3). Now set

Bii=0—-pa, B:=qa. (2.3)

We can think of/éﬁ’vl and /672 as forms in ﬁ%o’n_l) (21) and £%0’n_l) (£22), respectively,

by setting them zero outside . Of course, the forms need not be 0-closed. We have
981 =—-0OpAra), 0B =0pAa (2.4)

on Q; and 2 respectively. Now dp A a is a form on 1 U 2, by setting it equal
to zero outside the support of V. If we can write it as v on 1 U Qy, then setting
081 := p1 + yon Qq, and B, := [ — v on Qy, produces forms that satisfy (2.1) (as
the two corrections will cancel in the sum). Oof course, we also need to preserve the
estimates (2.2) (which are satisfied by 31 and /3,).
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Because O Aais a (0, n)-form, we can solve the equation 9y = dp A« explicitly
on 21 U Q7, using again that for (0, n)-forms, the d-Neumann problem reduces to
the Dirichlet problem for the Laplacian. Define g by 9o A o = gdzi A - -+ A dzp.
We use again that A : W(} (Q1UQ) > W HQ, UQy) is an isomorphism. If we
set

V=3 (—4(A—1g)da AA da) : (2.5)
then, on Q; U Q»,

Gy =00 (—4(A*‘g)da/\ A da) - (A(A*‘g)) dTIA---ANdTy = Do A,
2.6)

We have used here that [J (which equals 80" on (0, n)-forms) acts diagonally as
(—1/4)A, see for example [18], Lemma 2.11. From (2.5) we immediately obtain

—1 ~ a
”’Y”ﬁ%&n,l)(ﬂ?lUQz) Slha gHWOl(QlUQz) S ||g||W*1(QIUQz) x> (|0 A a”W(B‘ln)(Qlugz)'
2.7)

In order to estimate the right hand side of (2.7), we recall that |[Vy| < 1/ds <
1/dp@,u9,), Where djq,uq,) denotes the distance to the boundary of €21 U Q.
This implies that multiplication by a derivative of ¢ maps W(} (21 U Q) contin-
uously into L£2(2 U Q) (see for example [8], Theorem 1.4.4.4; Q1 U Q5 has a
Lipschitz boundary). By duality, this multiplication maps £>(22; U £5) continu-
ously into W1 U ). As a result, the right hand side of (2.7) is dominated by
||Ei||£%01n71)(QIUQZ) = ||a||£(20,n71)(9), where & = « on €2, and zero otherwise.
Now we set

Bri=>0—-pa+v; B :=pa—71. (2.8)

Then 3; and 3, are d-closed, so that we have (2.1). The estimates above imply that
(2.2) also holds. The discussion following (2.2) shows that the proof of Theorem 2.1
is now complete.

Remark One’s first tendency would probably be to take the decomposition (2.3) and
apply the compactness estimates on 21 and €2, to 3 and (3, respectively. However,
derivatives of ¢ blow up at S; as a result, 3] and 3, are not known to be in dom(g) N
dom(g*) on the respective domains. By contrast, our approach above only requires

the estimation of ||[0p A «| Wi, (@1ug)? as in (2.7), rather than |0y A a||£30.n>(gj),

Jj = 1, 2. This weaker estimate suffices because we can exploit the elliptic gain of the
d-Neumann operator on (0, n)-forms (which is essentially AL w QI UQ,) —
W(} (21 U2»), as explained above) to recover the loss that derivatives of ¢ introduce.
It is this part of the argument, more than anything else, that confines us to consider
only (0, n — 1)-forms. For example, the fact that €21 U 25 is not pseudoconvex should
be less of an issue. In order to prove Theorem 2.1 via our approach for (0, g)-forms,
one has to solve 9 on € U €2 at the level of (g + 1)-forms. At least in the context
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of smooth d-cohomology on € U €2, the cohomology groups are trivial at levels
q > 2 (this follows from a Mayer-Vietoris sequence argument; see for example [16],
Proposition 3.7; this reference contains a systematic discussion of ‘cohomological
g-completeness’).

3 Appendix

In this section, we show how to construct a partition of unity {¢, 1 — ¢} on 21 U Q3
subordinate to the cover {21, €22}, such that we have the estimate |Vp| < 1/ds.

Define the unit vector fields X and Y on S as follows. For ( € S, X(¢) is the
unique unit vector perpendicular to S and tangential to 25, such that X p; () < 0(i.e.
X (¢) points inside €21). The latter is possible because derivatives of p; tangential to
2, and transverse to S do not vanish, by transversality of the intersection of €21 and
2. Y is defined analogously, with the roles of €21 and €2, interchanged. Then the
vector X + Y points inside Q2 at points of S. Indeed, for ( € S, we have

(X +Y)p1(Q) = Xp1(Q) + Yp1(€) = Xp1(Q) <O. (3.1

We have used that Y p; = 0 (Y is tangential to €21). Equation (3.1) says that X + Y
points inside €2; at points of S. Similarly (or by symmetry), this vector also points
inside €27, hence inside 2.

Denote by D, C C the disc of radius r, centered at 0. We consider a diffeomor-
phism & from S x D, for r sufficiently small, onto a tubular neighborhood V of S
(see e.g. [11], Chap.4), defined as follows:

h(C, w) =+ Re(w)X(Q) + Im(w)Y((), C€S, we D;. (3.2

By continuity, there is > 0 such that the sector of D, where 7/4 — a < arg(w) <
/4 4+ o, less the origin, is mapped into €2, and the opposite sector is mapped into
the complement of Q| U Q5. Here, arg(w) denotes the branch of the argument with
values between —37/4 and 57 /4. Choose a function 0 € C*°(R) with0 <o <1,
oc=1lon(—oo,m/4—a],and 0 = 0 on [7/4 + a,00). On V N (2] U 27), we
define ¢ as follows:

¢(z) = ofarg(w)) , z=h(C, w). (3.3)

For points (¢, w) € h~ 1 (bQNQ N V), arg(w) takes values in the sectors (—37 /44
a, m/4 — «), so that for these points, o(arg(w)) = 1 (possibly after shrinking V).
This is because S and X (¢) span the tangent space to b2, at ¢, and X ({) points
inside 1. Similarly, o (arg(w)) = 0 for points (, w) € Rl NN V).

Arguing geometrically or directly computing one finds that |Vo(arg(w))| <
1/|w|. Because 4 is a diffeomorphism and |w| is comparable to ds, |V| has the
desired upper bound near S.



Compactness of the 9-Neumann Operator ... 15

It remains to extend ¢ to €21 U Q5. First, we extend ¢ by 0 into a (small enough)

neighborhood in €2 of €2,\€2;. Similarly, we extend ¢ by 1 into a neighborhood in
1 of 21\ 2,. Using a suitable cutoff function, ¢ so defined on these neighborhoods
and V can be extended from a slightly smaller set via a suitable cutoff function to
obtain the function we need on Q1 U 5.
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CR Complexity and Hyperquadric Maps

John P. D’Angelo

In memory of M. Salah Baouendi

Abstract We survey aspects of CR complexity for maps between spheres and hyper-
quadrics, provide some new interpretations of the maps found by Lebl and Reiter,
and indicate how group-invariance fit into the story.
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Homotopy equivalence - Spherical equivalence + Hyperquadrics - Unit sphere -
Blaschke product - Group-invariant CR maps
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1 Introduction

The author and Peter Ebenfelt have twice (2006, 2010) co-organized meetings at AIM
whose titles included the words CR complexity theory. As with most developing areas
of mathematics, the precise meaning and scope of these words is not yet clear. One
thing, however, is certain. Salah Baouendi’s work in CR Geometry has been a major
part of the development of this story. Let us say roughly that CR complexity theory
considers how complicated CR maps between CR manifolds M and M’ can be,
based on geometric information about M and M’. The book [2] provides a wealth of
information about mappings between CR manifolds. This paper will consider some
newer and more specific situations.

The first observation is trivial. In a sense one could make precise, but which is not
worth doing, for most CR manifolds M and M’, the only CR maps between them are
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constant. It is therefore natural to consider situations in which non-constant maps
exist, and then to find restrictions on the maps based on information about the domain
and target manifolds. Hyperquadrics in C" provide examples of real hypersurfaces
which contain the images of many CR maps. For example, if M is a real hypersurface
defined by an arbitrary polynomial equation, then there is a non-constant polynomial
mapping from M to a hyperquadric. See [5] for many uses of this idea. See Sect.7
for additional related remarks.

We begin by considering maps between hyperquadrics. Write variables in C" as
(z, w), where w € C. Let H}‘ denote the real submanifold of C" defined by

l n—1
Re(w) = — D [z;1*+ > IzjI*. )
j=1

j=l+1

The case | = 0 corresponds to the Heisenberg group, which is locally biholomor-
phically equivalent to the unit sphere.

Given (/, n) and (L, N), one basic problem is to determine the holomorphic maps
from H' to ]HI’LV . For L = [, Baouendi and Huang [3] proved a remarkable rigidity
result in 2005. Assumen — 1 > 2/ > O0and | <n < N.If f is a holomorphic map
from H} to H;V ,and f preserves sides, then f is either constant or, up to composition
with automorphisms preserving the origin, the standard linear embedding from C* —
CN. 1t is possible (see Theorem 6.1) for additional polynomial maps to exist, but
they do not preserve sides.

Baouendi et al. [1] considered the case where the number / of negative eigenvalues
in the domain hyperquadric and the number [’ in the target hyperquadric need not be
the same. Assume that this difference is small. Normalize by assuming 0 < 2/ < n—1
and 2/” < N — 1. Thus there as many positive eigenvalues as negative eigenvalues in
the Hermitian form in the z space used to define the hyperquadrics, and n > 3. For
any holomorphic map v/, the map

(2, w) = (2, ¥(z, w), 0, 9(z, w), 0, w) @)

takes ' to HIIY , simply because of cancellation. (The zeroes are there to ensure
that the number of components is right.) The main result in [1] is that, under fairly
general circumstances, the only possible non-constant maps are the compositions of
the maps in (2) with automorphisms. This result typifies CR complexity. Maps exist,
and with appropriate geometric assumptions, must be of a restricted form.

We pause to note an easy way to pass from (1) to the equation

! n—1
L==>"1GP+ D0 1GPR + 16l 3)
j=1 Jj=Il+1

First use Re(w) = |w + %Iz —|w — 4—11|2 in (1). Then divide the equation by the
unit |w + %|2 and rename coordinates to obtain (3). While the defining equation (1)
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nicely illustrates the CR aspects of its zero set, the defining equation (3) has certain
advantages as well. We write Q(n — [, [) for the real submanifold defined by (3). In
particular, Q(n, 0) denotes the unit sphere S =1,

Lebl [21] and Reiter [25] found all the the holomorphic maps from $3to 0@2,1).
We discuss this result in detail in Sect. 5. The analogue of the map (2) appears in this
setting also, but other rational maps of degree two and three arise as well. Faran [12]
had earlier found all the maps from S3 to S°. See also [13, 16-19, 22], for various
related rigidity results.

Maps from spheres to hyperquadrics arise also in the following situation. Let
I' be a finite subgroup of U (n). Then there is a canonical nonconstant I"-invariant
polynomial mapping p : C" — C" such that the image of the unit sphere under p is
a hyperquadric. Unless the group is cyclic and represented in one of two particular
ways, the target cannot be a sphere. For a given subgroup I', the target hyperquadric
requires sufficiently many eigenvalues of both signs. Hence there is an interplay
between the values of N, I’ and representation theory. See [9] and its references for
an introduction to this topic. See also Sect. 6 in this paper.

This paper has the modest aim of illustrating CR complexity in several interest-
ing situations. In Sect.2 we survey results about CR complexity for sphere maps.
Section 3 summarizes results from [10] about homotopy equivalence for sphere maps.
Section4 discusses Whitney maps and tensor products, in both the sphere and hyper-
quadric cases. Section 5 considers the classification due to Lebl [21] and Reiter [25]
of maps from Q(2,0) to Q(2, 1). We show how to interpret these maps via certain
elementary constructions. Of course these authors have already done the hard work.
Our discussion indicates how these maps fit into a general framework and how to
simplify certain computations. Section 6 uses group-invariance to find a class of poly-
nomial maps between hyperquadrics which do not increase the number of negative
eigenvalues. Theorem 6.1 comes from [9].

Section 7 discusses a few older results that could be thought of as prequels to the
subject of CR complexity and connects these results to positivity conditions. Thus
CR complexity and Hermitian analogues of Hilbert’s 17th problem become part of
the same story.

The author acknowledges support from NSF Grants DMS 1066177 and DMS
1361001. He also acknowledges AIM. Workshops there in 2006, 2010, and 2014 all
helped in the development of the subject of CR complexity. Finally, he thanks Peter
Ebenfelt and Jii{ Lebl for various useful conversations about these matters.

2 Sphere Maps

We will use the term sphere map to mean a (holomorphic) rational function f such
that f : §2n=1 5 §2N=1 Whenn > 2 such maps are either constant or extend to be
proper holomorphic maps from the unit ball B,, to By . A well-known theorem ([14])
of ForstneriC states, when n > 2, that a proper holomorphic map f : B, — By,
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assumed (sufficiently) smooth on the sphere, must be a rational function. In this
setting (see [4]), the map extends holomorphically past the sphere.

The automorphism group of the unit ball, which consists of linear fractional
transformations, is transitive. It is therefore natural to define spherical equivalence:
sphere maps f, g are spherically equivalent if there are automorphisms ¢ in the
domain and x in the target such that f = x o g o ¢. The study of sphere maps
already leads to CR complexity theory. Forn > 3and N < 2n—2, Faran [13] showed
that a nonconstant sphere map f : $2"~! — §2N=1 i spherically equivalent to the
map z — (z,0) = z @ 0. In [12] he found the four spherical equivalence classes of
maps from $3 to §3. See Corollary 3.2 for these maps and an additional conclusion.

‘We mention some additional facts about sphere maps. Assume n > 2. If N < n,
then each sphere map is constant. If N = n > 2, then a non-constant sphere map
is an automorphism, and hence of degree 1. If N > 2n, then there are uncountably
many spherical equivalence classes of sphere maps. See [6], and for a stronger result
from [10], see Corollary 3.1.

Foreachn, N (withn > 2) there is a smallest number c(n, N) such that the degree
d of every sphere map f : $?*~! — §2N~1is at most c(n, N). The sharp value of
c(n, N) is not known, but see [11] for the inequality

LYW= D o)
2(2n — 3)

For n = 1, there is no bound, as the maps z — z4 illustrate. The smallest value of

c(2, N) is unknown; in this case there are examples of degree 2N — 3, and this value

is known to be sharp for monomial maps. For n > 3, the smallest value of c(n, N)

is unknown; in this case there are examples of degree

N -1

d= .
n—1

By [22] this bound is sharp for monomial maps. The case n = 2 is the most interesting,
as phenomena from lower and higher dimensions clash.

It is also interesting that a family of group-invariant sharp polynomials exists. See
[9] for an entry to the literature in this situation.

Let us return to sphere maps in general. By allowing the target dimension to be
sufficiently large, there is essentially no restriction on such maps. More precisely,
consider the following result (see [7]).

Theorem 2.1 Let g : C" — CN be a rational function such that I|§|I2 < 1 on the

closed unit ball. Then there is an integer k and a polynomial mapping g : C" — Ck
such that p;ﬂ is a sphere map.

Proof The key point in the proof is that a polynomial r(z, z) whose values on the
sphere are strictly positive agrees with a squared norm there. Thus there is a holo-
morphic polynomial mapping g for which 7(z,Z) = [|g(z)||* on the sphere. See [8]
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for this result and related ideas. We therefore consider |¢|*> — || p||%, which is strictly
positive on the sphere. Hence there is a g with

91> = 1Ipll* = ligl?
on the sphere. U

We discuss analogues of the key point in Sect. 7. Several of the results discussed
there of are of the following flavor: if a function is positive on a set, does it agree
with the squared norm of a holomorphic mapping there?

It is useful to place Theorem 2.1 in the context of CR complexity. It is not possible
to bound either the degree of g or the dimension k in terms of n and the degrees of p
and ¢ alone. In order to achieve sphere maps of arbitrary complexity, one must allow
the target dimension to be arbitrarily high. We give one simple example to further
illustrate the depth of this result.

Example 2.1 Consider the family of polynomials given by ¢,(z) = 1 — az;z2. For
la] < 2, the polynomial g has no zeroes on the closed ball. If we seek a sphere
[94]

map, one of whose components is FI6) (here ¢ # 0 is a constant), then the minimum

possible target dimension for this map tends to infinity as a tends to 2.

3 Homotopy Equivalence for Sphere Maps

Let U (n) denote the group of unitary transformation of C". Such transformations are
the simplest examples of automorphisms of B,,. We note that U (n), as a connected
Lie group, is path connected.

Following [10], we consider two versions of homotopy equivalence between ratio-
nal sphere maps. In one version we assume that f and g have the same target dimen-
sion, whereas in the other we allow the target dimensions to differ. We motivate these
notion of homotopy for sphere maps by first considering (in Proposition 3.1) maps of
the circle. This one-dimensional situation is precise, beautiful, and easy to describe;
it therefore tempts us to seek generalizations to higher dimensions.

Proposition 3.3 shows that any pair of proper maps from the same ball are homo-
topy equivalent in target dimension M when M is sufficiently large. Placing restric-
tions on M then fits nicely into the general framework of CR complexity theory. In
particular, given proper maps f and g with the same domain ball, there is a minimal
M for which f and g are homotopy equivalent in target dimension M. Computing
this dimension for explicit rational maps seems to be difficult.

Example 3.1 is striking; it shows when n > 2 that the degree of a family of
rational proper maps between balls is not a homotopy invariant. Theorem 3.1 gives
a finiteness result: for n > 2 and N fixed, the set of homotopy classes of sphere
maps from S>"~! to SV~ is finite. By contrast, the number of distinct spherical
equivalence classes is infinite when N > 2n. Theorem 3.2 and Corollary 3.1 also
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illustrate the distinction between homotopy and spherical equivalence. Given two
rational but spherically inequivalent maps, a homotopy between them must contain
uncountably many spherically inequivalent maps. It follows that the four maps of
Faran from B, to B3 are not homotopic through rational maps in target dimension
three, although they are homotopic in target dimension five.

Definition 3.1 Let f, g : $?"~! — $2N~1 be rational holomorphic maps. Then f
and g are homotopic if, for each t € [0, 1] there is a rational holomorphic mapping
H, : §21—1 5 §2N—1 gych that:

e Hy= fand H = g.
e The Taylor coefficients of H; depend continuously on 7.

We sometimes identify a sphere map f : 2"~ ! — $?N~1 with the map
F®0=(f,0) ;8" §2N-1,

The maps f and f @ 0 have the same norm, but they are not spherically equivalent
because their target dimensions differ. We write f ~ h when || f| 12 = ||h||2.

Definition 3.2 Let f : $2*~1 — §2M~land g : §2"~1 — §2N2~1 pe sphere maps.
Then f and g are homotopic in target dimension k if, for each t € [0, 1] there is a
sphere map H; : §2"~! — %=1 such that:

e Hy~ f@®0and H; ~ g &® 0.
e The Taylor coefficients of H; depend continuously on ¢.

In these definitions,
the following decisive result in one dimension holds:

Proposition 3.1 Suppose f : S' — S! is rational. Then there is a unique integer
m such that f is homotopic in dimension 1 to the map z — 7.

Proof Each nonconstant such map can be written
d Z—aj
fo=€1] —=. )

None of the points a;, which need not be distinct, lie on the circle. If a; satisfies
laj| < 1, we replace it by (1 — t)a;. If a; satisfies |a;| > 1, we replace it by %
Call the resulting rational function H;. Each H; maps the circle to itself, Hy = f
and H, = c¢z™, where |c|] = 1 and m is the number of zeroes in the disk minus
the number of poles in the disk. We can then also deform c into 1. The uniqueness
follows because the number of zeroes minus the number of poles of H; is given by
the line integral:

RS H/(z) .

27i Jigj=1 Hi(2)
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As usual, an integer-valued continuous function is locally constant. (]
The situation differs for higher dimensional sphere maps. First we have

Proposition 3.2 Assumen > 2. Each sphere map f : S**~1 — §2"=1is homotopic
to the identity.

Proof By a well-known result of Pinchuk, f must be an automorphism of the ball.
We claim that each automorphism ¢ is homotopic to the identity: ¢ is a composition
of a unitary transformation U and a linear fractional automorphism of the form

Ly(z) —a
- = .
1 —(z,a)

Here L, is alinear map depending continuously on a, and a is a point in the unit ball.
By multiplying a by 1 — ¢, and deforming U into the identity, we obtain a family H,
where Hy(z) = ¢(z) and Hi(z) = z. O

In case the product in (5) is complex analytic in the disk, the number m is the
degree of f. It is a surprising result from [10] that the degree of a rational sphere
map in higher dimensions is not a homotopy invariant.

Example 3.1 (10) We define proper polynomial maps f, ¢ from C? to C>; each
maps the sphere to the sphere. Both maps have embedding dimension 5. They are of
different degree but they are homotopic in target dimension 5.

fzow) = (z, zw, zw?, zw?, wh).

gz w) = (—w?, zw, —zw?, 22w, 2%).

Since each of f and g is amonomial map with five distinct monomials, the embedding
dimension in each case is 5. They are endpoints of a one-parameter family of proper
maps. Put 1 = cos(0) = c¢. Write s = sin(6).

H,(z, w) = (cz—sw?, zw, (cz—sw?)(sz+cw?), zw(sz+cw?), (sz+cw?)?). (6)

When ¢ = 0 in (6) we obtain f and when ¢t = 1 in (6) we obtain g. Furthermore, the
reader can check that each H; is a sphere map.

Spherical equivalence implies homotopy equivalence and the converse is obvi-
ously false. We note that if f and g are homotopy equivalent in target dimension My,
then they are homotopy equivalent in target dimension M if M > M.

We continue with the following results from [10].

Proposition 3.3 Let f : S 1 — $?2N"land g : $2"~1 — $2K=1 be sphere maps.
Then f and g are homotopic in target dimension M if M > n + max(N, K).
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Theorem 3.1 Let S denote the set of homotopy classes (of rational maps and in
target dimension N) of proper rational maps f : B, — By. Assume that n > 2.
Then S is a finite set. (For n = 1, S is countable by Proposition 3.1.)

Theorem 3.2 Assume n > 2. Let H;: B,, — By be a homotopy of rational proper
maps. The set of t in [0, 1] such that H; is spherically equivalent to Hy is closed in
[0, 1].

Corollary 3.1 Suppose H; is a homotopy of proper rational maps between balls
in dimension N. If Hy and Hy are not spherically equivalent, then H; contains
uncountably many spherically inequivalent maps.

Example 3.2 1t was shown in [6] that the sphere maps

2> Hi(2) = @1 oo 2ty tzn V1 = 122120, ., V1 — 1222) (7)

are spherically inequivalent for distinct ¢ in [0, 1]. Corollary 3.1 is more general.

Corollary 3.2 All four Faran maps (8a)—(8d) from S> to S° are homotopically
inequivalent in target dimension 3 through rational maps.

fz.w) = (z.w,0) (8)
g(z, w) = (2%, zw, w) (8b)
h(z,w) = (2%, V2zw, w?) (8¢)
¢z, w) = (27, V3zw, w?). (8d)

These maps are in four distinct homotopy classes in target dimension 3, but they are
in the same homotopy class in target dimension 5. It is unknown whether the map ¢
is homotopically equivalent to the others in target dimension 4.

4 Whitney Sequences for Sphere and Hyperquadric Maps

First we consider the case of sphere maps. Then we extend some of the techniques
to hyperquadric maps.

Let f : B, — By be a proper rational mapping. Let A be a subspace of CV, and
let w4 denote orthogonal projection onto A. Following [5], we may form the new
proper mapping E 4 (f), defined by

EA(f) = @af @2 @A —ma)(f).

Suppose that B is another subspace of CV of the same dimension d as A, and
A N B = {0}. Then there is a unitary mapping U € U(N) such that U(A) = B.
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Since the unitary group is path connected, we can find a one-parameter family of
unitary mappings connecting U to the identity. It follows that the maps E4(f) and
Ep(f) are homotopic in dimension K, where K = N +d(n — 1).

Definition 4.1 A Whitney sequence is a collection Fp, Fy, ... of rational proper
maps from B, to By, defined as follows. Put F(z) = ¢o, where ¢ is an automor-
phism of B,,. Given Fy : B, — By,, let A; be a non-zero subspace of C"*, and let 7
denote orthogonal projection onto Ai. Choose an automorphism ¢, of B,,. Choose
a linear, norm-preserving injection ji to whatever target dimension we wish. Define
Fr4+1(z) by

Fiy1 = jio (mFx @ ¢r) & (1 — m) F).

The degree of the rational function Fj is at most k + 1, but it can be smaller. By
[10], each Fj in a Whitney sequence is homotopic to a monomial proper mapping
of degree k + 1.

The maps H; in Example 3.1 are each part of a Whitney sequence. The degree is not
a homotopy invariant because the tensor products are taken on different subspaces,
and hence the tensor product need not increase the degree.

Not every proper rational mapping is a term of a Whitney sequence. For example,
even the monomial map (z, w) — (23, V3zw, w3) cannot be obtained in this fashion.
One must allow also the inverse operation of replacing Fj_1 with Fj in the procedure
above. See the last paragraph of this section.

More information on the tensor product operation for sphere maps appears, for
example, in [5, 7]. A similar idea applies for hyperquadric maps. The key point is
the following essentially trivial result. Given the set up in the proposition, we define
a polynomial mapping from C"~! x C! to some CX x CL by

Exp(f. 8=
(Taf ®@2) D (g QW) ® (1 — ) f, (Tpg ®2) & (maf Q@ w) & (1 —7p)g).

Proposition 4.1 Ler (f,g) : C"~ x C! — CN x CM be a polynomial mapping
whose components are linearly independent. Write (z, w) for the variables in the
domain. Let A be a subspace of CN' and let B be a subspace of CN?. Let 74 :
CM — A and mg : CN2 — B denote orthogonal projection onto these spaces.
Define E (f. §) as above. If (f. g) : Q(n—1,1) — Q(N1, Na), then E4 p(f, g) -
QO —1,1) > Q(K, L). The integers (K, L) are determined by linear algebra.

Proof Let Q(n —1, 1) denote the set where ||z||> — ||w||*> = 1. We start with || f]|> —
llgll> =1on Q(n —1,1). We write f = maf @ (1 — ma f) and similarly for g to
obtain

1= [lmafIP + 111 =7 fII* = llmsgll* — |I(1 — 7p)gll? ©9)

on the set Q(n — [, ). We multiply the first and third terms on the right-hand side of
(9) by ||z||> — ||w||?, whichis 1 on Q(n — I, ).
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We then use the two formal identities
lh & H|I* = [|h]I* || H||?
lh & H|* = [|h]]* + || H|?

each several times to obtain the result. O

Proposition 4.1 allows us to construct many polynomial and rational maps via
iterating the tensor product operation. We obtain analogues of Whitney sequences
by also allowing automorphisms. This operation does not produce all rational sphere
maps; even in the polynomial case one must also allow a kind of tensor division.
Here is the simplest example.

Consider the map ¢ from (8d). It is obtained from the homogeneous map

Hi(z,w) = (2, V32w, V3zw?, w)
by replacing the middle two components with the single component +/3zw. This
procedure is the tensor division. The homogeneous map Hs itself is essentially a

tensor product. To obtain it, first tensor the identity map with itself on the full space
three times. The result maps to C®. After a unitary change of coordinates, we obtain

(23, V322w, V3zw?, w3, 0,0, 0, 0).

Finally H3 is obtained by dropping the zeroes.

5 Hyperquadric Maps

We first state the result of Lebl and Reiter which finds all the equivalence classes of
maps from the sphere S to the hyperquadric Q(2, 1). We write variables in C? as
(z, w),and hence Q(2, 0) (the sphere) is defined by lzI24+|w|* = 1. The hyperquadric
Q(2, 1) ¢ C3 will be defined by

G+ G =16 =1
Theorem 5.1 (Lebl, Reiter) Fix p € S3. Let Q be a connected open neighborhood
of p. Assume f : Q@ — C3 is holomorphic and f(2 N Q(2,0)) C Q(2,1). Then
up to equivalence via automorphisms, f is equivalent to one of the following maps:

(z, w, 0) (10a)

(22, V2w, w?) (10b)



CR Complexity and Hyperquadric Maps 27

l(z2, w, w?) (10c)

Z
o (423, (6 — 2w?)w, V322 4 2w?)) (10d)
m((Z—FﬁZ)L (1 +\/§Z+w)LU, (1 +\/§Z— lU)Z) (106)

Z w
1 2

o —wz I+ w—w, (1 +w)) (10f)
(1, h(z, w), h(z, w)). (10g)

In (10g), h is an arbitrary holomorphic function.

This result beautifully illustrates CR complexity. The example (10g) arises
because of cancellation. The other cases are all of degree at most 3. In other words,
once one eliminates arbitrary maps which arise through cancellation, the degree is
bounded. We next discuss properties of the specific maps in Theorem 5.1.

The map (10b) arises from the simplest special case of a general construction (see
[5, 9]) of group-invariant CR maps from spheres to hyperquadrics. Given a finite
subgroup I'" of U (n), we define ®r by

Or(z, ) =1-[]0 -z, 2). (11)

yell

We write r = || f||> — ||g||? for ['-invariant holomorphic polynomials maps f, g;
we obtain a canonical I'-invariant map f @ g from a sphere to a hyperquadric. We
note in passing that the Faran maps (8c) and (8d) are also group-invariant. Further-
more, there are many relationships between group-invariant maps, CR complexity,
and algebraic combinatorics. See Sect. 6 and [9] for a glimpse of these ideas.

To obtain (10b), let I' be the cyclic subgroup of order 2 of U (2) generated by
(z, w) = (—z, w). Here w is not changed. Note that the representation is reducible.
The corresponding I'-invariant CR Map ( is determined from (11) by writing

Or(z,w,z, W) =1 — (1 — [w|* — |21 = [w* + [z
= lz[* +2lw* — [w* = Gz, w)* + Gz, w) ) — Gz, w)lP
Thus ¢ is the map in (10b).

The map in (10b) also arises from the technique implicit in Proposition 4.1. Here
is the computation on the sphere:
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1= (Iz* + [w*? = |zI* + 21z P w]* + |w*
= lz[* + 20 — [wP)w* + [wl* = [z]* + 2|w]* — [w]*. (12)

We start with the identity. Via two tensor products we form the sphere map (8c) to
0 (3, 0) and look at its squared norm. We find a term including |z|2 as a factor, and
replace |z|2 with (1 — |w]|?). The result creates a negative eigenvalue and a new map.
Given a map to Q(A, B), this method creates a new map going to Q(A, B+ 1). In
(12), we were lucky; the newly created negative term canceled one of the positive
terms, and hence our map had target Q(2, 1) rather than Q(3, 1).

The map (10c) can also be understood in several ways. For z # 0, note that

1—|w?
[ kR |
|z|?

on the unit sphere. Hence, on the unit sphere, we have

1 —|wl?
1= 2> + [w]* = z* + |w|2(%) =
|2 + [wf* = Jw]*

|z|2

= C1(z, w)* + Gz, W) — Gz, w)*.

We obtain (10c).

Another way to obtain (10c) uses the symmetry of interchanging the variables, a
unitary change in the domain. Consider the map (z, w) — (z2, w) = h(z, w). On
the sphere, we have

lz* + [w|* = |[h(z, wI* = [|h(w, DII* = [w|* + |z|*. (13)

Dividing both sides of (13) by |z|> and moving the |w72 |? term over yields (10c). We
could have divided instead by |w|?> and found an equivalent map. More interesting

is to divide by |z|*. Then we obtain the map

1
Z—z(wsz’ w)

from Lebl’s list [21], which (by [25]) is also equivalent to (10c).

We note the following abstraction of the discussion of (10c). Suppose f and g are
polynomial maps such the components of f and g are linearly independent, f has
rank A, and g has rank B. Suppose that || f||> = ||gl|*> on Q(a, b), in analogy with
(13) on the sphere. Let g* denote the first B — 1 components of g. Then

f g*
=1 = 1> =1
8B 8B
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on Q(a, b), and we obtain a rational map to Q(A, B — 1). We can then generate
more examples by using Proposition 4.1.

The map (10f) can be verified and understood in several ways. One way starts
with the map 4 : C — C3 defined by

w|—>h(w)=(l+w,w—w2,1—w—w2). (14)

Although / is not invariant under w — —w, its squared norm || 4| |2 is invariant. One
checks easily that

R )P = |1 = w?* + [w[* + 3lw* + 1 = [[A(—w)]|*.
Hence, there is a unitary U such that #(—w) = Uh(w). On the sphere, we have
l£w—w?> = |wP?|£l-wP = (—zP)|£l1—w? = |£1—w?>—|z(x] —w) >
(15)

Plugging these expressions into ||k(w)||> = ||h(—w)||*> and canceling like terms
verifies that (10f) maps the sphere into the hyperquadric Q(2, 1).

We next offer a rather different derivation of the mapping in (10f). Consider
polynomials f1, fa, f3, f4 in a single complex variable w and assume they have no
common factor. The polynomial f4 will be the denominator of our desired map. We
want the identity (16) to hold on the sphere:

i) + 1w = [2f3)* + | fa(w) . (16)

Replacing |z|> by 1 — |w|? shows that (16) holds if and only if
|/ + 1) + [wfw)” = [wfi)? + @) + | fs)* (17
holds for all w. But this equality can be rewritten in the following manner, which

stays within the framework of polynomials in a single variable w. Equation (17)
holds if and only if there is a 3-by-3 unitary matrix U = (u ) such that

Ji wf1
L]1=Ulf]. (18)
wf3 fa

We can regard (18) as a system of 3 equations in 4 unknowns. Finding all solutions to
such a system is tedious but possible. The polynomials f; = 1 —w, f» = 1+w—w?,
f3=1+w,and f; = 1 —w — w? satisfy the three equations in (18).

A similar analysis applies to (10e). It is convenient to write 3 = 1 + +/2z. Then
I8 — 11> = 2(1 — |w|?) on the sphere. Put fi = (1 + Bz, fH = (B + w)w,
f3 = (B —w)z,and f1 = [+ w. The identity (16) is changed only by allowing the
fj to depend on 3. The analogues of (17) and (18) are changed in the same way.
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We verify that (10e) works by using the parallelogram law. That law gives both
of the following identities:

16+ wl +16 - wl* = 2wl + 215
B+112+18 112 =2+2|%.
Subtract the first identity from the second. Using |5 — 1|2 =2(1 — |w|2) we get
B4+1P =18 —wP =16+ w? (19)
and therefore
(1B+1P =16 —wP) (1~ wP) = |8+ wd — [w]). (20)
But (19) and (20) together give
AP =167 =167 =1 AP
on the sphere. Hence (10e) maps the sphere to Q(2, 1).
The map (10d) can be found in a similar manner as for (10f), except that we
replace (16) with
2 )P + |2 = 2w + | )l @

Now we must replace |z|® with (1 —|w|?)?

of (17).

. Doing so leads to the following analogue

| A1) + V3w? fiw)]? + [ rw)* + [wfz(w)|? =
IV3wfi(w) >+ [w? fi(w) >+ | fw) >+ | fa(w)]?. (22)

We must find a 4-by-4 unitary matrix, but solving the equations is possible.

The crucial point involves CR complexity. Finding all the maps as in [21] or [25]
involves massive computations. The maps have fairly simple structure and can be
found and understood by elementary means. We can eliminate the map (10g) by
seeking only maps with linearly independent components. If we knew a priori that
the degrees of all other maps were bounded, then we could reduce to a tractable
problem.

Things differ when the domain manifold is a hyperquadric rather than a sphere. The
paper [16] establishes a rigidity theorem for CR maps between hyperquadrics in the
spirit of the results of [1, 3]. Given areal-analytic CR mapping of a hyperquadric (but
not a sphere) to another hyperquadric Q(A, B), there are two distinct possibilities:

e Theimage of the mapping is contained in a complex affine subspace. (The analogue
of (10g)).
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e The number of positive eigenvalues A is bounded by a constant depending only
on B.

Furthermore, when both A and B are sufficiently large and comparable, there
exist CR maps whose image is not contained in a hyperplane.

6 Preserving the Number of Negative Eigenvalues

The following result from [9] illustrates a failure of rigidity. It also points out a subtle
difference between sphere maps and hyperquadric maps. For a sphere map f, the
function || £||? is plurisubharmonic and hence satisfies the maximum principle. Thus
f maps the ball to the ball (it preserves sides) if it is not constant. For amap f @ g
whose target is a hyperquadric, however, the analogous function || f||>—||g||* will not
in general be plurisubharmonic. Hence, the hypothesis in [3] about preserving sides
is meaningful. One can interpret the following result as providing a counterexample
when this hypothesis is omitted.

Theorem 6.1 For each odd positive number 2p+1, there is a positive integer N (p)
and a polynomial g, of degree 2p such that

gp:02,2p+1) — Q(N(p),2p+ 1),
and such that g, maps to no hyperquadric Q(a, b) witha < N(p) orb < 2p + 1.

This result does not contradict the theorem of [3]. This mapping g, does not
preserve sides of the hyperquadric. By their result, if g, also preserved sides, then it
would have to be linear.

The mapping in Theorem 6.1 is constructed as follows. First one considers a cyclic
group of order 2p, represented as the subgroup of U(2) generated by a diagonal
matrix whose eigenvalues are w and w?, where w is a primitive pth root of unity. The
invariant polynomial ®r has the following formula:

2p—1
or(z,2) =1- [ =w/lzf —w’]zP). (23)
j=0

Putting x = |z1|> and y = |z2|? in (23) yields a polynomial f(x, y) in two real
variables x, y with these properties:

e f(x,y)=1lonx+y=1.
o flwx,w?y) = flx,y).
e f has p + 1 positive terms and 1 negative term, namely —y>”.

i f(_x’ }’) = f(x’ )’)
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In fact, f has the explicit formula

(x +x2+4y
2

)2 4 (2

— /x2 +4y)2p _y2p.
2

Consider the polynomial F in 2p + 3 variables defined by

2p+1

F(-xls s X2p4+15 Vs )’2) = f(_ Z Xj, Y1 +)’2)
i=1

The polynomial F is 1 on the set

2p+1
yit+y2— ij=1~
j=1

Replace each x; by |z; . Replace y 7 by I(; |. This set becomes the hyperquadric
0(2,2p+1). The polynomial F has 2p + 1 negative terms, arising from expanding
(y1 + y2)?”. Hence the number of negative terms is preserved. We define g p by
gp = u @ v, where [|u((, 2)||? equals the positive terms in F and —||v(C, 2)||?
equals the negative terms in F. The claimed properties for the polynomial map g,
follow.

7 Embeddings and Positivity Conditions

We conclude by discussing several earlier results that helped set the stage for CR
complexity and create links with the study of positivity conditions. In 1985, Lgw
[23] showed that a strongly pseudoconvex domain D in C" with twice differentiable
boundary can be embedded as a closed submanifold of the unit ball in C" for N suffi-
ciently large. The embedding can be made continuous at the boundary. Furthermore,
a positive function on b D agrees there with the squared-norm of a holomorphic map
f : D — CV; here f is holomorphic on D and continuous on the boundary.

In 1986, Forstneri¢ [15] showed that there exist strongly pseudoconvex domains
D in C" with real-analytic boundary such that no proper mapping f : D — By
extends smoothly to the closure of D. In fact, for most real-analytic hypersurfaces
no formal embedding into a sphere exists. Hence one must consider embeddings into
infinite-dimensional spaces.

Lempert [20] considered the possibility of embedding strongly pseudoconvex
hypersurfaces into Hilbert spaces. He established the following result.

Theorem 7.1 (Lempert) Any compact, real-analytic, strictly pseudoconvex hyper-
surface M C C" admits a real-analytic CR embedding into the unit sphere of the
Hilbert space I>.



CR Complexity and Hyperquadric Maps 33

Furthermore, a real-analytic function positive on M agrees there with a convergent
sum Y j | fj(2) |? (the squared norm of a holomorphic map to /%). Here the functions
are holomorphic on the strongly pseudoconvex domain inside M.

Given a real-analytic real-valued function r, defined near a point p € C", there
is a neighborhood of p and sequences of holomorphic functions f; and g; such that

r@2 =2 1fi@F =D lgi@

These sums converge near p. We can regard this decomposition as determining a local
holomorphic embedding into the unit ball of an indefinite Hilbert space. An indefinite
Hilbert space is a complex vector space with a continuous bilinear form that is not
positive definite. This approach is analogous to regarding the hyperquadric in C”
as the unit sphere in an indefinite finite-dimensional Hilbert space. Lempert showed
however that it is not always possible to find proper holomorphic embeddings from
domains with real-analytic boundary to the unit ball in an indefinite Hilbert space.

Theorem 7.2 (Lempert) There is a bounded domain D C C2 with real-analytic
boundary that does not admit a proper holomorphic embedding f into the unit ball
of any indefinite Hilbert space.

These results are closely connected to the author’s study (see [8] for a survey
and many references) of Hermitian analogues of Hilbert’s 17th problem. Under what
circumstances is a non-negative polynomial (or real-analytic function) a squared
norm of a holomorphic mapping, or more generally, the quotient of squared norms of
holomorphic mappings? For example, a polynomial that is strictly positive on the unit
sphere agrees with a squared norm there. By a result of Putinar-Scheiderer (see [24]
and also [8]), the conclusion fails for general strongly pseudoconvex hypersurfaces,
even when the defining equation is a polynomial. In Lgw’s result, a positive function
r agrees with a squared norm || f||*> of a holomorphic map f to a finite-dimensional
space, but the resulting f cannot be chosen to be a polynomial even when r is a
polynomial. In Lempert’s result, a positive function agrees with a squared norm of a
holomorphic map to a Hilbert space, but the resulting f cannot in general be chosen
to map to a finite-dimensional space.

Theorem 2.1 of this paper also illustrates how results about proper mappings
between balls are linked with squared norms. Recall the key point used in its proof:
a polynomial that is strictly positive on the unit sphere agrees with the squared norm
of a holomorphic polynomial mapping there. The conclusion fails for non-negative
polynomials and can also be interpreted as a statement about CR complexity.
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Abstract This paper is devoted to the construction of a logarithmic Littlewood-
Paley decomposition. The approach we adopted to carry out this construction is
based on the notion introduced in (Bahouri, Trends Math pp 1-15 (2013), [3]) of
being log-oscillating with respect to a scale. The relevance of this theory is illustrated
on several examples related to Orlicz spaces.
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1 Introduction and Statement of the Results

1.1 Setting of the Problem

The aim of this paper is to construct a logarithmic Littlewood-Paley decomposition
taking advantage of the notion introduced in [3] of being log-oscillating with respect
to a scale. Our main motivation to carry out this decomposition is that it provides
a new point of view in the understanding of the Orlicz spaces £(R*"). Recall that
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generally the Orlicz spaces are defined as follows (for a complete presentation and
more details, we refer the reader to [24]):

Definition 1.1 Let ¢ : Rt — R™ be a convex increasing function such that
#(0)=0= lim ¢(s) and lim ¢(s) = oco.
s—>0t 5§00

We say that a measurable function u : RY — C belongs to L? if there exists A > 0

such that
/ ¢)(|u(x)|> dx < 0.
RA A
We denote then

lull o = inf [)\ >0, / qs('”(x)') dx < 1} . (1.1)
Rd A

The space £L(R>") it will be question in this paper is the Orlicz space associated to

the function ¢(s) = e’ — 1. This space intervenes via the following sharp Moser-
Trudinger type inequalities (see [1, 2, 25, 26] for further details):

Proposition 1.2

sup / (eﬂ]"l“(")'2 - 1) dx < 00, (1.2)
lull v gon, <t /RN
2NT2N22N 27N
where By = ——— > with wyy—1 = ——— the measure of the unit sphere
WIN-1 (N —1)!

S2N-1
Indeed, Estimate (1.2) leads obviously to the Sobolev embedding
HYR™N) — LRV, (1.3)

whose lack of compactness has been investigated by several authors (for further
details, we refer to [7, 9, 12, 21, 22, 27]). Since the works of P.-L. Lions ([21, 22]),
it is well understood that the defect of compactness of the Sobolev embedding (1.3)
in 2D is due to two reasons. The first reason is the lack of compactness at infinity
that can be illustrated by the sequence u, (x) = ¢(x + x,), where 0 # ¢ € D and
|xn| — o0, and the second reason is of concentration-type and can be highlighted
by the example by Moser (see [21-23]) defined by:

[ 52 if x| <e O,
Ja,(x) = — Bl e < x| <,
n
0 it x> 1,
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where o := (ay,) is a sequence of positive real numbers going to infinity. Recall that
by straightforward computations (detailed for instance in [7]):

1
fo, =0 in H'(R® and | fu,ll @) — —=— as n— oo- (1.4)

Vi

Contrary to the case of the elementary concentrations involved in the framework
studied by P. Gérard in [18] (see also [5, 15, 19]) concerning the critical Sobolev
embedding

HY(RY) — LP(RY), (1.5)

with 0 <s < d/2 and p = 2d/(d — 2s), the frequencies of the sequence ( fy, )n>0
are spread. More precisely with the vocabulary of [18] (see also Definition 1.5 in
this paper), the sequence (V fy,),>0 is “unrelated” to any scale. As it has been
emphasized in [18] that the characteristic of being unrelated to any scale is measured
using the Besov norm Bzoy o (see for example [6] for a detailed exposition on Besov
spaces), this gives rise to

IV faullzy g2y —> 0, as n—o0. (1.6)

Actually in [11], we have generalized this phenomenon to the 2ND case, which
implies that the classical Besov space BQ’ o (R2N) does not embed into the Orlicz
space L(R?N). We will rather see in Paragraph 3.1 that a more suitable Besov space
built up from the logarithmic Littlewood-Paley decomposition embeds in the Orlicz
space.

Let us end this paragraph by noting that in general it can be inferred from Moser-
Trudinger inequalities (1.2) that

HY®N) — L @), Vp=1, (1.7)
where L% (R*") denotes the Orlicz space associated to the function
Pl ok

—-
= k!

p(s) = e —

1.2 Background Material

The notion of log-oscillating sequences have proved to be very efficient in the char-
acterization of the lack of compactness of the critical Sobolev embedding (1.3) in
the 2ND general case (see [11] for further details). Let us then start by recalling this
notion and some basic related facts:
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Definition 1.3 Let v := (v,),>0 be a bounded sequence in L?>(R?) and o :=
(an)n>0 be a sequence of positive real numbers going to infinity.

e The sequence v is said a log-oscillating if!

lim sup (/E G d§+/€| n©l d&) Foxg 1)

n—o0o |<e R

e The sequence v is said log-unrelated to the scale « if for any real numbers b >
a>0

/ G2 de "= 0. (19)
eaan < |f‘ <eban

Remark 1.4

e Clearly the notion of log-oscillating is only relevant for scales (c;),>0 converging
towards infinity.

e Inspired by the counter-example of P. Gérard in [ 18], one can prove the existence of
sequences log-unrelated to any scale which nevertheless do not converge strongly
to 0 in L2(RY). To be convinced, let us consider in L2(R9) the sequence (Vy)n>3
defined by: .

Un(§) = ! 06 ’ (1.10)
Viog(logn) /(1 +[¢]7[log €]1)

where 1 is a function in S(R%) satisfying / P(x)dx # 0.
Rd

On the one hand by straightforward computations, we get for any sequence ()
tending to infinity and any real numbers b > a > 0

~ 2 Cy dp
[0n(OI7dE = ——— :
edn <|¢|<eban log(logn) Jeaon plog(p)

Performing the change of variables p = e“, we easily deduce that

og(2) -
/ BOF g < 0 o
edon <|¢|< <eban log(log I’l)

which ensures that the sequence (v,) is log-unrelated to any scale tending to
infinity.
In other respects for any fixed M, we have

2 d
||L°°(]R‘1) M n— 00

1
/|gf GOF dE S — e ",

IWhere @ denotes the Fourier transform of u defined by: u(§) = / e ixe u(x)dx.
JR2N
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which implies that the sequence (v;,) is log-unrelated to any bounded scale.
On the other hand by Fourier-Plancherel formula, we have

@2m) 4 1052 de

llon 1% =TI +12,
"R®D T og(logn) Jra (1+ €19 Tog [€]])

with .
L em [b(IPds
" log(logn) Jig<n (1+ 114 1og <11

Performing the change of variables & = n7, we get by applying Lebesgue theorem

,  en™ DPdy oo
—

- 1 - 0. (1.11)
log(logn) Jipi=1 (=7 + Inl¥|log Innll)

Since 1’/;(0) = / Y(x)dx # 0, we obtain making use again of the change of
Rd

variables £ = nn

i e [WopPdn _ @m (@(O)\%O(mmdm
log(logn) Jiyi<1 (7 + Inl¥|log [nnll) ~ log(logn) Jiy<1 (7 + Inl?|log nnll)

N =
nd

which, by straightforward computations, implies that

2 —d |\ 2 d
71 = GOUBOF y f o).
log(logn) e <pyl<1 (nd + 914 log [n n||)
We deduce that
7" 2m) 1‘/ w(x)dx : (1.12)

where wy_; denotes the measure of the unit sphere S¢~!.
Invoking (1.11) and (1.12), we infer that

onl 2 gy — @m)~wa-i / w(x)dx :

which ends the proof of the claim.

These notions of being log-oscillating with respect to a scale and of being log-
unrelated to any scale are a natural adaptation to Orlicz spaces setting of the vocab-
ulary of P. Gérard introduced in [18] as follows:

Definition 1.5 Let v := (v,),>0 be a bounded sequence in L?(RY) and h =
(hy)n>0 be a sequence of positive real numbers.
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e The sequence v is said h-oscillating if

hmsup/ |@(§)|2d5+/ G©Pd ) 2F0. 113
n—00 hpl€l< % hal§l=R

—R
e The sequence v is said unrelated to the scale 4 if for any reals b > a > 0

n—o0

/ (O P de "= 0. (1.14)
afhnlglfb

Since our first aim in this paper is to construct a logarithmic Littlewood-Paley
decomposition, let us recall the definition of the classical dyadic partition of unity
on R (we refer for instance to [6, 13, 14, 28] and the references therein for more
details).

Definition 1.6 Let C be the annulus {¢ € R?/3/4 < |£| < 8/3}. There exist
two radial functions x and ¢ valued in the interval [0, 1], belonging respectively
to D(B(0,4/3)) and to D(C), and such that

VEEeRY, X(O+ D p@77¢) =1and (1.15)
j=0

VEe R\ (0}, D o 7O =1. (1.16)
JjEL

Remark 1.7

e For all u in S’ (R?), we have?

w=> Aju, (1.17)

J
where the nonhomogeneous dyadic blocks A ; are defined by
Aju=0if j <2, A_ju= x(D)u and Aju = o2/ D)uif j >0.
Note that Identity (1.17) also assumes the form

u= lim E Aju= lim Sju in S'(RY),
j—oo ot j—o0
i<

where the nonhomogeneous low frequency cut-off operator S; writes

2We recall that 7 (© (D)u)(€) = O(&)F(u)(&), with F the Fourier transform.
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Sju= > Aju=xQ /Du for j>0.

—l=j'=j-1

e Equality (1.17) is not valid for all u in S’ (R¢) for homogeneous dyadic blocks A j
defined by _
Aju=¢Q2 'Du for jeZ.

It clearly fails for nonzero polynomials. However, it holds true in S{I(Rd) the

subspace of tempered distributions u satisfying || Ul oo (ray gnan 0, where S b
designates the homogeneous low frequency cut-off operator defined by

Sjl/lz Z Aj/u for jEZ.
j'<i-1

e Decomposition (1.17), which supplies an elementary device for splitting a possibly
rough function into a sequence of spectrally localized smooth functions, allows
among other to define a wide class of function spaces like Besov spaces and
to provide elementary and elegant proofs of various inequalities such as refined
Sobolev and Hardy inequalities. We can consult Chapter?2 in [6] for an overview
of this theory in the classical case.

e Recall that for s € Rand 1 < p,r < oo, the nonhomogeneous Besov space
B;, r(Rd ) is the set of all tempered distributions u so that

’

ull gs = 2”A~u)<’ <
lullsg, @ = | @ NAjuljez),

and the homogeneous Besov space B‘I‘”(Rd ) is the set of tempered distributions
belonging to S/ (R?) such that

ull g = Q7 AullLr); < 00
Il oy = | @14 ulen)jea,,

Thus Estimate (1.6) also reads

sup ||Aija”||Lz(Rz) —> 0, as n— 0. (1.18)
Jj€eZ

e Property (1.18) highlights the fact that the example by Moser is spread in frequency.
Note that it was proved in [3] that the sequence ( f,,) can be written under the
form:

Fon (X) = fo (X) + 1 (x)

with [t || g1 g2y —> 0 and
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o 1 log|§|
le
Jon) = @ )2\/an /R €2\, )ac.

where p(1) = 10,17().

e Obviously, we have
—_— 2 1 en
Fan(©) = [ 2X e (D, (1.19)
Qp |£|

which shows that the spectrum of f,,, is spread over the disk of radius e centered
at the origin.

e More generally, it has been emphasized in [11] that the lack of compactness of the
Sobolev embedding (1.3) is displayed by sequences under the form:

el vt rlog¢
9o, (6) = (=) de,
“ Vo Jigi=1 |§|2N ay
ith C ! (an) f positi 1 numb i
w1 = ——— (& a sequence o OS1l1ve real numoers goin
N (QF)NW n)n>0 q p goimg

to infinity and ¢ # 0 in L2(R+). It was also proved that (|D|Ngan Jn=0 1S
log-oscillating and that

i o e = ] [(s)]
nroo Nan L@y = s TR =

(1.20)

where ¥ (s) 1= /S p(t)dt.
0

The basic idea of Littlewood-Paley theory is contained in two fundamental
inequalities known as Bernstein inequalities. The first one says that, for a func-
tion whose Fourier transform is supported in an annulus of size ), differentiate and
then take the L” norm amounts to do a dilation of ratio A on the L” norm. The
second one specifies that, for such functions, the passage from the L? norm to the

11
L7 norm, for g > p > 1, costs )\d(” ‘1), which should be understood as a Sobolev
embedding. More precisely, we have the following lemma the proof of which can be
for instance found in [6]:

Lemma 1.8 Ler C be an annulus and B a ball of R? centered at the origin. A
constant C exists so that, for any nonnegative integer k, any couple (p, q) in [1, 00]>
with ¢ > p > 1 and any function u of L? (R?), we have

~ k4d(L -1
Supp@ C A\B == | D*ull g ray := sup 10%ull g gay < CHNTYD™ D)y ey and
|al=

- —k—1yk k k+1yk
Suppit € AC = C N ull o gay < 1D%ull gy < CHN ull o ey -
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1.3 Main Results

The development of microlocal tools adapted to the framework of problems at hand
is an important issue: we refer for instance to the articles [4, 8, 10, 16, 17] where was
constructed respectively Littlewood-Paley decompositions on the Heisenberg group,
on graded Lie groups and on Lie groups of polynomial growth satisfying properties as
Bony’s decomposition ([13]) in the euclidean case, which enabled to transpose many
classical results to these general settings. One can also mention the work [20] where
the construction of an adapted Littlewood-Paley theory to the geometric situation of
the Einstein equations allows to reach optimal regularity indexes for the initial data.
Our main goal in this paper is to develop a logarithmic Littlewood-Paley theory
taking advantage of the notion introduced in [3] of being log-oscillating with respect
to a scale which has already proved to be efficacious in [11] in the framework of
Orlicz spaces. For that purpose, let us start by introducing the following definition:

Definition 1.9 Under the notations of Definition 1.6, we define for all « in S’ (R?)
the logarithmic dyadic blocks A'*® by

1

A/.Ogu =2/ log|D))(1 — X(D)u for jeZ,

where Y is aradial function belonging to D(B(0, 2)) and satisfying X' (&) = 1 for [£| <

%’ and the low logarithmic frequency cut-off operator S;Og by

$%u = XD+ Y A% = KDy log ID)(I-T(D)u for j € Z.

J'=j-1

Formally, we have .
d=x(D)+ > AR (1.21)
Jj'€ZL

Actually as in the usual case, we have the following result which ensures that the
logarithmic Littlewood-Paley decomposition (1.21) makes sense in S’ (R?):

Proposition 1.10 Let u be in S'(R?). Then

u= lim S in S'RY). (1.22)

J—>0 J

Proof By classical arguments, one can reduce to the proof of (1.22) in S(RY).
Because the Fourier transform is an automorphism of S(R), we can alternatively
prove that for any multi-index « of length n, we have

o0

Noa((1 = x@ 7 tog |- D)1 - D7) =50,

where Ny, o(f) = Suf(l + |§|)n|5af(§)|-
R
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By virtue of Leibnitz formula, we get (making use of the fact that the function
(1 — X) u is supported on the set {¢ € RY /€] = 1})

Nna (1= x@ 7 log |- ) (1 = D7) = sup (1 + [€)"{ (1 = @7 log D) [0°5(©)|

Rd
+ > el (e 1og I¢) @)}
B<a

with U(§) = (1 — X(§)u(&).
Since Y (£) = 1 in the ball centered at the origin and of radius %, we deduce that

Nua((1 = x@ 7 log |- D) (1 = D) 527 up N, ((1 = 30%).
1A1=lal

which ends the proof of the result. O

Remark 1.11

e As emphasized in Remarks 1.4, the notion of log-oscillating with respect to a
scale is only relevant for scales tending to infinity. This justifies the fact that the
definition of the logarithmic dyadic blocks A];)g does not take into account the low
frequencies.

e Clearly there is jy € Z such that for any function u in S’(R), we have Alegu =0

for j < jo. Furthermore for j > jy, the function Al;)gu is spectrally localized in

e? C, where C is the annulus introduced in Definition 1.6. This obviously ensures
that the sequence (Al;gu) i=jo 18 (2) j= j, log-oscillating.

e Since for applications to the Orlicz space, the logarithmic Littlewood-Paley theory
is mostly relevant in 2ND case, we shall limit ourselves in what follows to this
case.

e Finally, let us point out that

| / R de
1<[¢]<e?’s

. 1 .
lim sup ||AI~0gl/l||£(]R2N) = Ky limsup max - ,
j—+oo ’ j——o00 s>0 2/

(1.23)
1

———— - Indeed, by definition?
V2N 2m)2N

with Ky =

3Where obviously £ = [£] - w, withw € S



Logarithmic Littlewood-Paley Decomposition and Applications to Orlicz Spaces 45

APy = / e Slog u(log |€]. ) e
)= W f o ey S Ues

with Zlfgu(log €, w) = 161V A!%2u(9)- Setting

~log ( ) 1 log,b log [¢]
A log €], w _ﬁAj u( % ,w),

we deduce that

"
log 1 el logp (log €]
A Cu(x) = : ; ( . ,w)d{.
/ Qm)2N 27 Jig=1 1E1PN 2J
This ensures in view of Lemma 3.4 in [11] that
i x-§
log 1 e log.t (log €]
Ay = — Al u( )d§+r(x)
j Qm)2N 27 Jigi=1 1€2N T 2i /
with [t [l £r2wy j_)—o>o 0 and
1
AR () = / AP0t w) dw .
J wan—1 Jsv-1
In light of (1.20), this gives rise to
| ‘/ 10gju(l)dt‘
log _
A ull prevy = e max +o(1)-
which by straightforward computations leads to
1 | / AV de |
log 1<|¢]<e?’s
A =ull pgavy = max : 4+ o(1)-
SRR T AN @ 50 Vs

This ends the proof of Claim (1.23).

In order to state the logarithmic Bernstein inequalities in a clear way, let us define
the notion of annulus of exponential size. Given C = {{ eR¥WN /r <€ < R} an

annulus of R2Y | we shall denote by ¢C the annulus defined as follows:

€ = {neR“’/er <] §eR}. (1.24)
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Asin the euclidean case, the first interest of this logarithmic localization procedure
in frequency space is that the “logarithmic derivatives” act almost as homothety on
distributions the Fourier transform of which is supported in an annulus of exponential
size. More precisely, we have the following inequalities which are the counterpart of
the second Bernstein inequality stated in Lemma 1.8:

Lemma 1.12 Let C be an annulus of R*" included in the set {f e R?V /1€ > 1}.

For any nonnegative integer k, there exist positive constants Cy and Cx so that,
for any real number p > 1 and any function u belonging to L? (R*N) satisfying
Supp@ C e*C, with \ > 1, we have

CiX ull Lp vy < I1Qog DD ullpgany < CN 1l Lo govy - (1.25)

The generalization of the first part of classical Bernstein inequalities stated in
Lemma 1.8 is more challenging. The result we obtain in the logarithmic frame reads

differently from that of the classical case, but expresses the same phenomenon,
% — é) derivatives in the passage from the L” norm to
the L9 norm, for ¢ > p > 1. More precisely, our result formulates as follows:

namely that we lose 2N (

Lemma 1.13 Let C be an annulus of R*V included in the set {§ eR™MN /¢ > 1}.

There is a positive real number b so that the following holds. For any nonnegative
integer k, there exists a positive constant Cy, such that, for any real number A > 1, any
couple (p, q) in[1, 00)? with g > p > 1 and any function u belonging to LP (R*V)
whose spectrum is included in e/\c, we have

2NAb(L-1
II(IOgIDI)"ulqu(RzN) < G \e G Nl pp 2wy -

Remark 1.14 Contrary to the classical case, the cost of the passage from the L7
norm to the L4 norm is exponential. This is justified by the fact that the spectrum of
the functions considered is of exponential size.

As mentioned above, among the objectives of the Littlewood-Paley theory is to
construct functional spaces like Besov spaces and to study their properties. As in the
euclidean case, let us define the logarithmic Besov spaces.

Definition 1.15 Let s be a real number, and (p, r) be in [1, co]?. The logarithmic

Besov space B‘;,’,lro € (R2N) is the subset of tempered distributions u of S’ (R2N) such
that

I is log )
W%wWWHMWme+WN%MMwwﬂW®<
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Remark 1.16

o Clearly L*(R?) coincides with By’y *(R>V) which implies that
L2R) < BYE®RM). (1.26)

e Note also that in view of logarithmic Bernstein inequalities, (log | D|)* operate on

logarithmic Besov spaces BS Jlog (R?N), namely that for any real number s and any
(p,q) in [1, 00]?, the map

(log |D))* : ByPE(R2N) — B} FlE(RY)

defines a continuous linear functional. 1 1
e As in the classical case, the logarithmic cut-off operators A l.og and S jog are con-

volution operators on R*" defined for j € Z by:

1 ~
Ajogu =h;x(1—xX(D)u,
and | B
Sj"gu =h;j*(1—X(D)u.
Contrary to the classical case, the functions / ; and h j are not dilated of integrable
functions. However, they belong to L' (R?V) with norms independent of j. This
property is more challenging than the classical case. Its proof will be given in
Sect.2.1. In view of Holder inequalities, it implies that the operators Alfg and S;.Og
map L?(R?V) into L? (R?V) with norms independent of j and p.
e Let us finally note that as in the classical case the definition of the Besov space
B, . lr ¢ is independent of the functions X and ¢ used for defining the logarithmic
dyadic bloks, and changing these functions yields an equivalent norm.

1.4 Layout of the Paper

The paper is organized as follows. In Sect.2, we prove Bernstein inequalities in the
framework of the logarithmic Littlewood-Paley decomposition which are the subject
of Lemmas 1.12 and 1.13. Then in Sect. 3, we state and establish some logarithmic
Sobolev embeddings that occur in Orlicz spaces.

We mention that the letter C will be used to denote an absolute constant which
may vary from line to line. We also use A < B to denote an estimate of the form
A < CB for some absolute constant C.
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2 Proof of Bernstein Inequalities

This section is devoted to the proof of Bernstein inequalities in the framework of the
logarithmic Littlewood-Paley decomposition. Adapting these fundamental inequal-
ities provides various functional inequalities such as Sobolev embeddings and their
refined versions. We will dedicate Sect. 3 to some functional inequalities which does
not arise immediately from an adaptation of the classical framework.

2.1 Proof of Lemmal.12

Assuming that C = {f eRN/1<r<|f|<R< b}, let ¢ be a function in D(R)

such that supp(¢) C]1, b[ and ¢ = 1 near |r, R[. Since the spectrum of u is included
in e*C with A > 1, we have @(£) = ¢\~ log |€]) W(E). Thus

(log D! u = (log |DD* gr*u,
where §3(€) = (A" log |€]). Applying Young’s inequality, we get
Idog [ D)¥ullr < I(log IDD* gallptllullLr .

But
F((og|DD* gn)(€) = A\ og [ oA og €]) -

We are then reduced to estimate the L!-norm of the function
Ga(x) = @m N /R L& T ogleD (A log ] de

On the one hand
gk A ()] 5/ (A" log [€])] d€ s
R2N

with ¢ (p) := pk o®(p). According to the fact that ¢ € D(]1, b[), this gives rise to
|gea ()] S VAP

We deduce that for any positive real number §, we have

/ lgk ()] dx < (5erP)N 2.1)
[x|<0
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On the other hand by straightforward integrations by parts, we get for any x 7~ 0

x]? gi 2 (x) = —2m) 2N /]R L€ AN og€D) dé

2N
where A¢ 1= Z 8521,. Observing that
j=1
1
€12

2N -2

1€1?
(2.2)

Ae(orO\ " og [€D) = A2 (A M og [€]) —5 + A (A log 1€]) ;

we infer that in the 2D case
2 -2 * /7y —1 dp —1 17
P gea] A2 [ 1O oz <5 S A g
1

Through a second integration by parts, we easily find that for any A > 1

o0
[xI? gea(r)| < A2 /l |HO og )| ‘;—5 <A,

where the function H (depending on k) is a function of D(R).
Taking advantage of Formula (2.2) and the fact that AéN_l) (|§|_2) = cy 6o in
R?N when N > 1, we get by repeated integrations by parts for any A > 1

s AL (2.3)

[PV gea ()] S A2 Hyy (A" log [€]) v S

1€1=1
and
_ . d¢ .
[ PYH geao| S A2 /I£|>1H2N+1(A 11<>g|£|>|£|2—N+1 SATPSL @4

where the functions H>y and H>y 41 (also depending on k) are functions belonging
to D(R). This implies that

/ lgkA(0)|dx S 15 (2.5)
[x|>1

and forany 0 < ¢ < 1

1

d
/ |gen ()] dx < A7 / £ < A log(d) . (2.6)
s<lx|<1 5 P
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Choosing § = e and invoking (2.1), (2.5) and (2.6), we infer that

gl (R*Y) <1,

which ends the proof of the right hand side of the assertion.
Once observed that the function u can be recast under the form

u = (log | D)% g\ » (log |DD* u,

we end the proof of the result.

2.2 Proof of Lemma1.13

The proof of this lemma goes the same lines as the proof of Lemma 1.12. Taking
advantage of the fact that the spectrum of the function u is included in e*C with
X > 1, we find that w(€) = ¢\ "!log|&]) u(€), where ¢ is a function of D(R)
chosen as above.
Therefore
(log D))" u = (log |D* gr*u .

where §)(¢) = ¢(A\~ ' log |€]). Thanks to Young inequalities, we obtain

Idog DY gx * ull Lagany < I1Aog [DD* gall - ow lull Lo 2wy -

1
with — = — — — 4+ 1. We are then reduced to prove that
rq p

1 1
IQog IDD* gallr gevy S MV AP Gma) 2.7
Obviously

F((og|DD* g1)(€) = M\ log €N oA Tog [€])

1 1 1
thus in view of the relation — = — — — 4 1> our purpose is to establish that the
r.q p

function

Gr() == w2V / e 7€ g log €]) de
R2N

. ' B
with ¢ (p) = p* ¢(p), satisfies [|ge \llrgovy < 2V APA=7).

To this end, we shall follow the strategy adopted in the proof of Lemma1.12.
Firstly since the function ¢y belongs to D(]1, b[), we infer that
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Ab

(S
lgea )| < / g\ log p)| PN dp (2.8)
1
which gives rise to
Ige Nl ooggony S €N AP (2.9)

This ends the proof of the result in the case when r = oo.

Recall that the case when r = 1 corresponds to the case studied in 1.12. Thus to
achieve our goal, it suffices to consider the case when 1 < r < oo. Taking advantage
of (2.9), we deduce that, for any positive real number ¢, the following estimate holds

/|| Ngea@| dx S (307N (2.10)
x|<o

Moreover according to (2.3) and (2.4), we have

122V g S A7 and [|x PV g S A2

We deduce that
/ lgk A @) dx = / ||x|2N+1 G\ ()] |9k,>\(x)|r_1 Czi—;iﬂ
|1 RES! |x|
S )\—2 62N )\b(r—l)’
and forany 0 < ¢ < 1
-1 dx
/ A dx = / 12 g (o] [geacol ™
s<lxl<l s<lxl<l x|

1
5 )\_1 eZN)\b(r—l)/ @ S_, _)\—1 eZN)\b(r—l) lOg(é) .
5 P

Abr

Selecting 6 = e~ achieves the proof of the lemma.

3 Logarithmic Sobolev Embeddings

3.1 Sobolev Embedding of Logarithmic Besov Spaces into the
Orlicz Spaces

The following result, which is an immediate consequence of Proposition4.1 in [11],
improves the Sobolev embedding (1.3). We sketch its proof here for the reader’s
convenience.
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Proposition 3.1 There is a positive constant C such that

N
lwllzqevy < € NDMwl o o, -

Remark 3.2 As shown by estimates (1.4) and (1.6), the classical Besov space
BY_ (R?N) does not embed in L(R*V).

Proof To go to the proof of Proposition 3.1, let us split the function w into two parts
as follows:
w = wi + w3

where w; := ©(D)w, with © a function of D(R2V) identically equal to 1 near the
unit ball. Since for functions in L2(R*N)NL>® (R2V), £L(R*N) behaves like L (R?V)
(see for instance [7] for further details), we infer that

lwillzgayy < Cllwill L2y, - (3.1)

To handle w», let us for fixed A\ > 0 estimate the integral:

/ (e'sz(”‘2 _ 1) dx .
RZN

Obviously

|“’2(X)|2 ) _ ||w2||L2p )
/Rzzv (e -1 dx-Z A2P p!

p=1

Firstly let us investigate ||w2|| Knowing that for any p > 1

L2r*

2 2
IIwzllep < CP|m|”",, .
L2p 1

we are led to estimate ||w; || 2p . For that purpose, let us write

=
FE) = vs% B(log €], w)
Observing that
2j+1
|||D|Nw2||Bg:£g(R2N) sup/2 /SWI |w(;,w)|2d;dw, (3.2)

and

o0
~ 2
IDINwall 2 ew) ~/O /Sm_l |0(t, w)|" dt dw, (3.3)



Logarithmic Littlewood-Paley Decomposition and Applications to Orlicz Spaces 53

we deduce from Holder inequality that for any p > 2

2p 271 p-l
Zpl < N 2p—1 2p—]
(] DI Y w OIOg(RZN)E /2 .

Ll’*

By straightforward computations, we find that

2.f n—1 L . —
([, e = (B P (e ey i
2j-1 2N

-1
Taking advantage of the fact that the ratio 2p 1 is uniformly bounded with respect
p—

to p > 2, we deduce that

i+1 )
2/ p=1  —aNn2i—]

=1
(/ e‘zfldz)z”*1 <(@p—1)irTe T
2

j—1

1 2.Jo
Choosing jp so that — < < 1, we infer that
2 = 2p—1
27! 2L -1 j
> ([, <) s lr-pFr T e
. 2j-1 .
J=Jo J=Jo
p=l :
S@Ep-1)»T Y 27 ep-1)

Jj=Jjo
—1

S @p-)F2hep -1 S (2p— )T

-1
Making use again of the fact that the ratio 2p is uniformly bounded with respect
p—
to p > 2, we obtain for j < jy

2/ 2Nt £— — I\ onaitl o oanad £
(/ e_ﬁdt) 2T _ (p—)2pfle— N (e"v—' _ 1)21, .
2] 2N

Jj—1

p—1 2/ p—1 1

@) (5 ) " s )

j+1 _
2/+ p—1 _1

-1 . . p—1 P
_ﬁdt) 2p-1 5 221;;71 J § 2(10"'1)21;71 g 2p — 1)20T .
([ e > () r-1)

J=Jo Jj<jo
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We deduce that for any p > 2
2 p—1
WMMMSC”MDIMHmMMM@P—U .
Along the same lines, we obtain
lwall7. S DY

2
w2 y b
l Bé’,!;’f (R2N)

which leads to

/ (e'szm‘z—l)deZ
RZN

2 N p—1
cpm0|wnmww%@p—m

2p p!
p=1 AP
In view of Stirling formula, we infer that
lwall ey < C DN w2l goioe o, (3.4)
which in view of (3.1) achieves the proof of the result. O

3.2 A Refined Radial Estimate

The following result is the counterpart of the well-known radial estimate away from
the origin available for any radial function in H'(R*"):

u(x)] < 101 o, 1 V0 g, - (3.5)

_&
/|x|2N—1

Proposition 3.3 There is a positive constant C such that for any radial function w,
we have

lw(x)] N i
sup ———= = Cllw || D] w||2 oe (3.6)
O<|x|<e”! VT log | x| HY @) 01 (RZN)

Proof To go to the proof of the radial estimate (3.6), let us as in the proof of Propo-
sition 3.1, split the function w into two parts as follows:

w=w; + wy
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where w; = ®(D)w. Obviously
”wl”Loo(RZN) g ”U)]”LZ(RZN) . (37)

Now arguing as in the proof of Proposition 3.1, write

— [
w2 () = W w(log [£]) -

. . 1
Observing that forany 0 < |x| < e~ ! there exists p € Nsuch e 2" < x| < e’2p,

let us decompose wy (x) as follows

wa(x) = W) + wP (),

ix-€

1 e
withW“>x:=—/ — (o de.
(x) @y —iepert PV (log €] d¢

To estimate the part W1, we shall perform the change of variable r = log |¢| and
make use of Cauchy-Schwarz inequality which give rise to

1 |w(log |£])|
M 1S D]
(Wl = (2m)2N /15|5|5e21’+‘ €12V 4

j=p 2j+1
s> [l

This implies in view of (3.2) that

L
W1 <22 1101 wall gosce o,

o+l _
Consequently, we deduce that for e 2 <l|x|<e 2k

4

Wl _ 22
V=loglx[ ~ /= loglx|

N < N
D] w2||Bg:lo‘;g(R2N) S D] w2||Bg:Cl>zg(R2N)’

which achieves the proof of the result for the part W1 according to the Sobolev
embedding
LZ(RZN) N BS:L‘;{%(RZN).



56 H. Bahouri

To address the part W, we shall make advantage of the radial estimate (3.5) which
ensures that

1 1

C 1 1
|w@uN57ﬁﬁaww@ﬁwwmvwmmww,
X
Obviously, we have
~ 2
w2 1 |w(log I€])] 4
L2(R2N) — @2m)2N e ze2P! |E]4Y €
~ 2
< z eszzq/ |w(log2£§|){ dé
q=p+1 Jet <=2t €]
29+
<> e g @(1) [P dr < e DI wal g, oy -
g=p+1 qeZ J24 Bz.oo RN)
Along the same lines
~ 2
1 | (log |€])|
o =
L2(IR2N) (27T)2N |€\Zezp+l |£|4N—2
~ 2
<672(N71)21’+‘/ | @ (log |£])| de
- gzer 1PN

—2(N=1)2P*1 |y ~ 2
S e PNV ),

Taking advantage of (3.3), we infer that

2 —(N-1)2r+!
IVW P 2gavy S e N2 DN wa | 12 gowy -

~

_optl

This leads to the following estimate for e <|x] < e 2"

- (2N712)21’+1 ] :
W) < —— ID|Nwy|? DN ws||?
WO S sz NIl o, D1 02l S o,

1 1
N 2 N 2
S D wallf g, 1D wzllgmog(RzN),
2,00

which ends the proof of the proposition. (I
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1 Introduction and Results

For k any positive integer and b any real number, we consider the Cauchy problem
for the following generalized Camassa-Holm equation (g-kbCH)

ur = (1= O ulFunr + b upuy — (0 + DuFue],  u(0) =uo, (1.1)

and prove that if the initial datum u( is analytic on the line or the torus, then the
solution is analytic in both variables, globally in x and locally in ¢. This should be
contrasted with the KdV equation, whose solution is analytic in x but not in  when
the initial data are analytic (see [14, 43]). Well-posedness in the sense of Hadamard
of the initial value problem for this equation in Sobolev spaces has been proved in
[20]. More precisely,there it was proved that if s > 3/2 and ug € H® then there
exists T > 0 and a unique solution u € C([0, T']; H*) of the initial value problem
for g-kbCH which depends continuously on the initial data u.
Furthermore, we have the estimate

lullgs < 2luollgs, for 0<t=<T < (1.2)

ke llug %,

where ¢; > 0 is a constant depending on s. Also, the data-to-solution map is not uni-
formly continuous from any bounded subset in H* into C ([0, T']; H*). Concerning
global solutions, it was shown in [25] thatif ug € H*,s > 3/2,and mg = (1 —8)%)140
does not change sign on R, then the solution to the Cauchy problem for g-kbCH per-
sists for all time in the case b = k + 1.

Furthermore, in the cases that b = k with k a positive odd number or k = 1 and
b € [0, 3] this equation exhibits unique continuation properties.

The g-kbCH equation, besides having interesting analytic properties, it also con-
tains two integrable equations with quadratic nonlinearities. The first is the well
known Camassa-Holm equation(see [4, 12, 13])

u, = (1— 6%)*1[uuxxx + 2Uytyy — 3uux], (1.3)

which is obtained from (1.1) by letting k = 1 and b = 2, and the second is the
Degasperis-Procesi equation [10]

uy = (1— 8)%)71[uuxxx 4+ 3uyliyy — 4uux)], (1.4)

which is obtained from (1.1) by letting k = 1 and b = 3. Also, fork =2 and b =3
it gives the Novikov equation [34]

uy = (1 — 3)%)71[14214”)‘ + Uttty — 4u2ux], (1.5)

which is an integrable equation with cubic nonlinearities.
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Integrable equations possess many special properties including a Lax pair, a bi-
Hamiltonian formulation, and they can be solved by the Inverse Scattering Method.
Also, they possess infinitely many conserved quantities. The H'-norm of a solution
u is such a quantity for the Camassa-Holm and the Novikov equations, since it can
be shown that

d ) _ d 2 2 _
)12, = dl/RM[u 1)+ 20| dx = 0, (1.6)

In fact, this quantity is conserved for all members of g-kbCH with b = k + 1.
Another interesting property of the g-kbCH equation is that it possesses peakon-type
solitary wave solutions [14]. On the line, these solutions are of the form

u(x, 1) = clke=r—etl
where ¢ > 0 is the wave speed. On the circle, these solutions take the form

1/k
cosh(m)

u(x,t) = cosh([x — ct], — m),

where

x —ct
—ct]ly,=x—ct—2 .
[x —ct]lp=x—c 7T|: o :|

In this work we study the Cauchy problem for the g-kbCH equation for initial
data in spaces of analytic functions. More precisely, the initial data belong in the
following scale of decreasing Banach spaces. For § > 0 and s > 0, in the periodic
case they are defined by

G (T) = {p € L2(D) : llellgs. py=llellz, = D+ kD@ e 200 * < oo},
kel
(1.7)
while in the nonperiodic case they are defined by

G (®R) = {p € L*®) : lloll gy =Nlell5 = /R (1 + 1ED> > 136 Pd¢ < oo}

(1.8)
Here, when a result holds for both the periodic and non-periodic case then we use the
notation || - ||s ¢ for the norm and G for the space in both cases. We observe that a

function ¢ in G%*(T) has an analytic extension to a symmetric strip around the real
axis with width § (see Lemma 1).This delta is called the radius of analyticity of .

Next, we state the main result of this work. For the sake of simplicity we shall
assume that our initial data u( belong in G512,
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Theorem 1 Let s > % If ug € G512 on the circle or the line, then there exists
a positive time T, which depends on the initial data ug and s, such that for every
0 € (0, 1), the Cauchy problem (1.1) has a unique solution u which is a holomorphic
function in D0, T (1 — 8)) valued in G*St2. Furthermore, the analytic lifespan T
satisfies the estimate

1

T~ ————. (1.9)
k

||u0||],s+2

A more precise statement of estimate (1.9) is provided in Sect.4 (see (4.6)). For
the Camassa-Holm equation on the circle, a result similar to Theorem 1 but with-
out an analytic lifespan estimate like (1.9) was proved in [23]. Furthermore, for
the Camassa-Holm, the Degasperis-Procesi and the Novikov equations Theorem 1
was proved in [3]. The present research note generalizes this result to the g-kbCH
equation using very similar techniques. We mention here that all this work was
motivated by the Cauchy-Kovalevsky type result for the Euler equations that was
proved by Baouendi and Goulaouic in [1] as an application of a more general theory
about analytic pseudo-differential operators. For more information about nonlinear
versions of the Cauchy-Kovalevsky theorem, we refer the reader to Ovsyannikov
[35-37], Treves [40, 42], Baouendi and Goulaouic [2], Nirenberg [32], and Nishida
[33]. Finally, we mention that there is an extensive literature about Camassa-Holm
type equations. For results about well-posedness, continuity properties and travel-
ing wave solutions for these and related evolution equations, we refer the reader to
[5-9, 11, 15-24, 26-31, 38, 39, 44], and the references therein.

The paper is organized as follows. In Sect. 2, we state the basic properties of the
G%* spaces and their norms. Then, in Sect.3 we use the power series method to
provide a version of an autonomous Ovsyannikov theorem. Finally, in Sect.4 we
prove Theorem 1 by using the Ovsyannikov theorem.

2 Properties of G%* spaces

Recall that a family of Banach spaces {Xs5}o<s<1 1s said to be a scale of decreasing
Banach spaces if for any 0 < ¢’ < § < 1 we have

X5 C Xy s = {1-1ls. (2.1)

In the following lemmas, whose proof can be found in [3], we summarize the
basic properties of the G%** spaces and their norms. Lemma 1 provides an alternative
description of the G spaces, while Lemmas 2 and 3 show that the G** spaces form
a scale of decreasing Banach spaces and provide the tools for estimating the right
hand-side of the g-kbCH Eq. (1.1).
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Lemma 1 Let ¢ € G%*. Then, ¢ has an analytic extension to a symmetric strip
around the real axis of width 6, for s > 0 in the periodic case and s > % in the
non-periodic case.

Lemma2 [f0< ¢ <d<1,s>0andyp € G%S on the circle or the line, then

—1

10xellys < ﬁn«pu(s,s 2.2)
10x0lls.s < 1ellsct1 (2.3)
(1= ollsepa < 2llellss 2.4)
1 =05 llss < llellss 2.5)
10: (1 = 02 allas < Nl (2.6)

Lemma 3 For ¢ € G*° on the circle or the line the following properties hold true:
(DIf0 <& <dands >0, then |||} <113, ie G* < G

(2)If0 < s’ < sand§ >0, then || - I3 , < |- ,; ie G — G

(3) Fors > 1/2 and ¢, 1) € G** we have

llells,s < csllllssl¥lls,s 2.7)

2s
where ¢, = \/2(1 +22)3°72, W in the periodic case and c; = / % in
the non-periodic case.

Remark For s = 1 we obtain, in the periodic case, c; = \/ 2(14+4) Z;‘;l ZLZ =

2 . . .
5%, and, in the non-periodic case, we have c; = +/10.

Lemma4 If ug € C¥(T), there exists 69 > 0 such that ug € G%-(T) for any
s > 0.

From now on we fix s > 1/2, and without loss of generality we assume that
oo = 1.

3 The Power Series Method for the Autonomous
Ovsyannikov Theorem

Next, following Treves [40—42] we provide a brief description of an autonomous
Ovsyannikov theorem that we will use for the proof of Theorem 1. A more detailed
exposition is contained in [3].
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Given a decreasing scale of Banach spaces {Xs}o<s<1 and initial data ug € X
we consider the Cauchy problem

du _ 0) = 31
i (u), u(0) = ug, 3.1

where F : Xo — X is Ovsyannikov analytic at ug and Xo = (Jy_5- Xs5. We recall
that F'(u) is Ovsyannikov analytic at u if there exist positive constants R, A and C
such that forallk € Z, and 0 < ' < § < 1 we have

. ACkK!
[|1D"F (u)(vi, ..., v)lle < mllmlla---llvklla, (3.2)
forallu € {u € X5 : ||lu —uplls < R} and (v, ..., vg) € X’g, where DX F is the

Frechet derivative of F of order k. Such a function can be represented by its Taylor
series near ug. More precisely, given any pair (§,4), 0 < & < § < 1 and any
u € Bs(up; R) the Taylor series

o0

1
> EDkF(uo) (U —ug, ..., U —ug)
k=0 X

converges absolutely to F(u) in Xg.
The fundamental result, which we shall need for the proof of Theorem 1, reads as
follows.

Theorem 2 Ifug € X1 and F is Ovsyannikov analytic, then there exists T > 0 such
that the Cauchy problem (3.1) has a unique solution which, for every § € (0, 1) is a
holomorphic function in D(0, T (1 — §)) valued in X satisfying

sup  lu(t) —uolls <R, 0<d <1 (3.3)
[t|<T (1-9)

Moreover, the lifespan T is given by

1

T=——, 34
2¢2AC G4

where the constants R, A and Cy come from the definition of Ovsyannikov analytic
function.

The proof of this result uses the power series method and it can be found in [3].
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4 Proof of Theorem 1

Next, we shall use Theorem 2 in order to prove Theorem 1 for the Cauchy problem
of the g-kbCH equation (1.1). In this situation the function F(«) has the following
nonlocal form

Fu) = (1 — 0 [uFusex + b ucusy — (b + DuFuy]. 4.1)
Also, the scale of decreasing Banach spaces is given by
{G*" <1, withnorm || - [|s.s. 42)

In order to prove the existence and uniqueness of a holomorphic solution to
our Cauchy problem (1.1), by using Theorem2, it suffices to estimate ||D¥ F (u()
(v, ..., vp)|lg forall (vy,...,v) € X§. This, in combination with formula (3.4)
in Sect. 3, will also provide the desired estimate (1.9) for the analytic lifespan of the
solution in terms of the norm of the initial data.

Next, we shall provide an estimate for [|DXF (uo) (v1, ..., vi)lls only for the
first term of the right-hand side of F Eq.(4.1), that is

Fi(u) = (1 =)' ukd3u). (4.3)

The estimate for the other two terms is analogous. By using the following formula
for the Frechet derivative of F} of order j, 1 < j < k, at the point uy,

: d d d
DR v = o R+ 3w

b
‘ T1=-=7;=0
i=1 /

we obtain

: I/tk_

k— "
k! k—j+1

RTaETTR

DY Fi(uo)(v1, ..., vj) = (1 —9H7! [ 1 Puoyviv -+ v;

((aﬁvl)vz EEER I SRR R v_i,l(aﬁvj))] ,

where vy € G5's+2, j=1,..., k. We also have that
DM Fy(uo) vy, . ., verD) = (1= D)7 [k (@FvD)va -+ v + -+ + o1 - 0 (Ddves) ]
and D/ Fy(ug) =0 forall j > k + 1.

By using Lemmas?2 and 3, for0 < ¢’ < < 1,1 < j < k and Vi, ..., V) €
G752 and assuming that s > 1/2 we can estimate



66 R.F. Barostichi et al.

J k! —Jj/93
| DY Fi(up)(vi, ..., )l 542 < ﬁlluo (Qup)viva -+~ vjlls s
+2k7|| ST (@ vnva vy 4oy 0 1 (D20)) N
k—j+1)!
k! i
k k—j a3
< 2cj (ki.lluollyﬂs 0zuolls slville sllvallsrs - - - lvjlls s
T L P T3l s 2l - 1)l
Sk—j+ 1) : ’ :
+~-~+2c:$nuon’g7?“nvl||(>~/s~~||v,~71||5f A2 lg s
(k—j+1)! s : : *
ch R k—j+1
- ||M0||15+2 lvills,s+2llv2lls,s+2 - - lvjlls,s+2
2cke! k'j k—i
; Jj+1
+ 2 leeolly 525 vt g2 llvalisssa - 1) ls.552-

0—08 (k—j+ D!

Notice now that

k! n k'j __'( k! n k! )
G—t k=t TGt T G- Dk —j + D!

.'( k! n k! )
PGG= D=t T G =Dk —j + Dk — !

= (G (G r571)
P NG=Dh =t \G T k—j+1

o k! k+1
PGk = pljk—j+1)
. (k+1)!
=l
Jik—j + 1!

o kI
IR VS

< jlvi<j<k

. 1
Hence, if we take Co = W and A; = c e l2k+2||u ||]ft_1|r2 then we have that
uoll,s+2
j A Clj!
| D) Fy(uo)(vi, ..., vj)llgs+2 < 5o v lls s2llvalls sz - 1vjlls,s42-
4.4)

By proceeding analogously with the other two terms in (4.1), we have that

J

. ACyj!
DY F(uo)(vi, ..., v)llyrs+2 < 5—06’ lvills,s+2llv2lls,s4+2 -+ - lvjllss42,  (4.5)

where A = (14 [b))ck2" e ug 1T,
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Therefore, by Theorem 2 we conclude that the problem (1.1) has a unique solution,
which for 0 < § < 1 is a holomorphic function in the disc D(0, 7 (1 — 9)) valued in
G512, Moreover, the lifespan T is given by

1 1
= = , (4.6)
202ACo  clluol} ;5
where ¢ = e(1 + |b|)cls‘ 2k+4 The proof of Theorem 1 is now complete. ([l
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Dirichlet Eigenfunctions

of the Square Membrane: Courant’s
Property, and A. Stern’s and A. Pleijel’s
Analyses

Pierre Bérard and Bernard Helffer

In memory of M. Salah Baouendi

Abstract In this paper, we revisit Courant’s nodal domain theorem for the Dirichlet
eigenfunctions of a square membrane, and the analyses of A. Stern and A. Pleijel.

Keywords Nodal lines + Nodal domains + Courant theorem
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1 Introduction

Courant’s celebrated nodal domain theorem [6] says that the number of nodal domains
of an eigenfunction associated with a kth eigenvalue of the Dirichlet Laplacian is
less than or equal to k. Here, the eigenvalues are chosen to be positive, and listed in
increasing order. It follows from a theorem of Pleijel [17] that equality in Courant’s
theorem only occurs for finitely many values of k. In this case, we speak of the
Courant sharp situation. We refer to [11, 12] for the connection of this property with
the question of minimal spectral partitions.
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Inthe case of the square, it is immediate that the first, second and fourth eigenvalues
are Courant sharp. In the first part of this note, Sects. 2 and 3, we provide some missing
arguments in Pleijel’s paper leading to the conclusion that there are no other cases.

In the second part of this paper, we discuss some results of Antonie Stern. She
was a Ph.D. student of R. Courant, and defended her Ph.D. in 1924, see [19, 20], and
[21, p. 180]. In her thesis, she in particular provides an infinite sequence of Dirichlet
eigenfunctions for the square, as well as an infinite sequence of spherical harmonics
on the 2-sphere, which have exactly two nodal domains. In this paper, we focus on
her results concerning the square, and refer to [3] for an analysis of the spherical case.
In Sect. 4, we analyze Stern’s argument, leading to the conclusion that her proofs are
not quite complete. In Sect. 6, we provide a detailed proof of Stern’s main result for
the square, Theorem 4.1.

The authors would like to thank Virginie Bonnaillie-Noégl for her pictures of nodal
domains [5], and Annette Vogt for her biographical information on A. Stern. The
authors are indebted to D. Jakobson for pointing out the unpublished report [10],
and to M. Persson-Sundqvist for useful remarks. The authors thank the anonymous
referee for his comments and careful reading. The second author would like to thank
T. Hoffmann-Ostenhof for motivating discussions.

2 Pleijel’s Analysis

Consider the rectangle R(a, b) =]0, an[x]0, br[. The Dirichlet eigenvalues for —A
are given by

o m?>  n?

)\m,nz ?"'ﬁ ,m,n > 1,
with a corresponding basis of eigenfunctions given by

mx n
Gm.n(x,y) =sin — sin ny .
a b
It is easy to determine the Courant sharp eigenvalues when b2 /a? is irrational (see
for example [12]). The rational case is more difficult. Let us analyze the zero set of the
Dirichlet eigenfunctions for the square. If we normalize the square as ]0, 7[x]0, 7[,
we have,

Pmn(x, ) = o (X)Pn(y) . With ¢ (1) = sin(mt) .
Due to multiplicities, we have (at least) to consider the family of eigenfunctions,
(x, y) = (Dm,n(x’ Y, 0) = cosﬁ(bm,n(x, y) +sin 6 ¢n,m(xv Y) s

withm,n > 1, and 0 € [0, 7[.
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In [17], Pleijel claims that the Dirichlet eigenvalue )¢ of the square is Courant
sharpifandonlyifk = 1, 2, 4. The key point in his proof is to exclude the eigenvalues
As, A7 and A9 which correspond respectively to the pairs (m, n) = (1, 3), (m, n) =
(2,3) and (m,n) = (1,4).

Let us briefly recall Pleijel’s argument. Let N(\) = #{n |\, < A} be the
counting function. Using a covering of R> N {x > 1,y > 1} by the squares
[k, k + 1] x [£, £ + 1], he first establishes the estimate

for A > 2, N@)>§A—2¢K+1. 2.1)
If )\, is Courant sharp, then \,_; < \,, hence N(\,) =n — 1, and
n>%M—2¢M+z 2.2)

On the other hand, if ), is Courant sharp, the Faber-Krahn inequality [1, 9] gives
the necessary condition

A joi?
n -~ ow
or
n . )
)\— < 7mJjo,1 < 0.54323. (2.3)
n

Recall that jo 1 is the smallest positive zero of the Bessel function of order 0, and
that 7 jo_1 2 is the ground state energy of the disk of area 1.
Combining (2.2) and (2.3), leads to the inequality

A < S1. (2.4)

After re-ordering the values m? + n?, we get the following spectral sequence for
An <52,

A =2, A =A3=35, A =8, As = A¢ = 10,
)\72)\8213, )\QZA]O:17, )\]1218, A]2=>\]3=20,
A =M =34, A=A =37, o5 =N =40, A7 = Aoz =41,
A29 = A30 =45, A31 = Az = A33 =50, A3g = \35 =52

(2.5)

It follows that it remains to analyze, among the eigenvalues which are less than

or equal to 50, those which satisfy (2.3), and hence which can be Courant sharp.
Computing the quotients /\in in the list (2.5), leaves us with the eigenvalues A5, A7
and \g. For these last three cases, Pleijel refers to pictures in Courant-Hilbert [7],
Sect. V.5.3, p. 302, actually reproduced from [18], Sect.IL.B.6, p. 80, see Fig. 1 in
which u,,, (x, y) stands for sin(mx) sin(ny). Although the details are not provided
in these textbooks, the choice of the parameter values in the pictures suggests that
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Fig.1 Nodal sets for the Dirichlet eigenvalues A2, A5, A7 and \g (reproduced with permission from

(8D

some theoretical analysis is involved. It is however not clear whether the displayed
nodal patterns represent all possible shapes, up to deformation or symmetries. The
difficulty being that we have to analyze the nodal sets of eigenfunctions living in two-
dimensional eigenspaces. Clearly, ¢,, , has mn nodal components. This corresponds
to the “product” situation with = 0 or § = 7. The figures illustrate the fact that
the number of nodal domains for a linear combination of two given independent
eigenfunctions can be smaller or larger than the number of nodal domains of the
given eigenfunctions. For these reasons, Pleijel’s argument does not appear fully
convincing. In Sect.3, we give a detailed proof that eigenvalues A5, A7 and A\g are
not Courant sharp.

Remark As pointed out to us by M. Persson-Sundqvist, the last two cases can be
easily dealt with using the following adaptation of an observation due to Leydold
[14]. For any (m, n),

Qpp(m—x,m—y,0) = (=1)""D, 0 (x, ,0).
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When (m + n) is odd, the corresponding eigenfunction function is odd under the
symmetry with respect to the center of the square, and hence must have an even
number of nodal domains. Our results are actually stronger, and describe the variation
of the nodal sets.

3 The Three Remaining Cases of Pleijel

Behind all the computations, we have the property that, for x €]0, «[,

sinmx =v 1 —u?2Up_1(u), 3.1

where U,,_ is the Chebyshev polynomial of second type and u = cos x, see [15].

3.1 First Case: Eigenvalue \s, or (m, n) = (1, 3)

We look at the zeroes of @ 3(x, y, 0), see Fig. 1, 2nd row. Since ®; 3(x, y, 5 —0) =

®; 3(y, x, ), we can reduce the analysis of the nodal patterns to 6 € [%, %]. Let,

COSX =U,COSy =10. (3.2)

This is a C*° change of variables from the square ]0, 7[x]0, 7[ onto ] — 1, +1[x] —
1, +1[. In these coordinates, the zero set of @1 3(x, y, ) inside the square is given by

cosd (4v> — 1) +sinf (4u> — 1) =0. (3.3)

To completely determine the nodal set, we have to take the closure in [—1, 1] x
[—1, 1] of the zero set (3.3). The curve defined by (3.3) is an ellipse, when 6 € [%, % [,
a hyperbola, when 6 €]7, %L the union of two vertical lines, when 6 = 7, the
diagonals {x — y =0} U {x + y = 0}, when 6 = 37”. We only have to analyze how
the ellipses and the hyperbolas are situated within the square.

Boundary points. At the boundary, for example on u = =£1, (3.3) gives:
cos 6 (4v* — 1) +3sinf = 0.

Depending on the value of 8, we have no boundary point, the zero set (3.3) is an
ellipse contained in the open square; one double boundary point, the zero set (3.3) is
an ellipse, contained in the closed square, which touches the boundary at two points;
or two boundary points, the zero set (3.3) is an ellipse or a hyperbola meeting the
boundary of the square at four points.
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Interior critical points. We now look at the critical points of the zero set of the
function
Wi 3(u, v, 0) == cosf (4v> — 1) +sin 0 4u’ — 1).

We get two equations:
vecost =0, usinf =0.

Except for the two easy cases when cosf = 0 or sinf = 0, which can be
analyzed directly (product situation), we immediately get that the only possible
critical point is (u, v) = (0,0), i.e., (x,y) = (5, 7), and that this can only occur
for cos @ +sinf = 0, i.e., forf = 3T'

The possible nodal patterns for an eigenfunction associated with As all appear in
Fig. 1, second row.

This analysis shows rigorously that the number of nodal domains is 2, 3 or 4 as
claimed in [17], and numerically observed in Fig. 1. Observe that we have a rather
complete description of the situation by analyzing the points at the boundary, and the
critical points of the zero set inside the square. When no critical point or no change
of multiplicity is observed at the boundary, the number of nodal domains remains
constant. Hence, the complete computation could be done by analyzing the “critical”
values of 6, i.e., those for which there is a critical point on the zero set of W1 3 in the
interior, or a change of multiplicity at the boundary, and one “regular” value of 6 in
each non critical interval. To explore all possible nodal patterns, and number of nodal
domains, of the eigenfunctions dJ‘fJ, 0 e [%, %], associated with the eigenvalue

As, it is consequently sufficient to consider the values § = 7, § = arctan3, § = 7,
g =3
=3,

3.2 Second Case: Eigenvalue \7, or (m,n) = (2, 3)
We look at the zeros of ®; 3(x, y, 8). We first observe that

®;3(x,y,6) = sinxsiny (2 cosf cosx(cos2y + 2 cos® y)
+ 2sinf cos y(cos2x + 2 cos? x)) .
In the coordinates (3.2), this reads:
®r3(x, v, 0) = 2v/1 — u2y/1 -2 (u cos 0(4v% — 1) + v sin O(4u® — 1)) . (3.4)
We have to look at the solutions of
Wy 3(u, v, 0) == u(4v> — 1) cosf + v(4u*> — 1) sinf =0, (3.5)

inside [—1, +1] x [—1, +1].



Dirichlet Eigenfunctions of the Square Membrane ... 75

Analysis at the boundary. The function W, 3 is anti-invariant under the change
(u, v) = (—u, —v).Changing u into —u amounts to changing € in m—6. Exchanging
(x,y) into (y, x) amounts to changing 6 into % — 6. This implies that it suffices to
consider the values 6 € [0, Z], and the boundaries # = —1 and v = —1. At the
boundary u = —1, we get:

—cosf (4v> — 1) 4+ 3vsinf =0, (3.6)

with the condition that v € [—1, +1].

We note that the product of the roots is —4—1‘, and that there are always two distinct
solutions in R. For # = 0, we have two solutions given by v = :i:%. When 6 increases
we still have two solutions in [—1, 1] till the largest one is equal to 1 (the other one
being equal to — %). This is obtained for § = 7. For @ > 7, there is only one negative
solution in [—1, 1], tending to zero as § — %

At the boundary v = —1, we have for § = 0, u = 0 as unique solution. When ¢
increases, there is only one solution in [—1, 1], till %, where we get two solutions
u= —711 and u = 1. For this value of 6, the zero set is given by (u +v)(4uv—1) = 0.
For 0 €]7%, 51, we have two solutions.

We conclude that the zero set of W5 3 always hits the boundary at six points.

Critical points. We now look at the critical points of W5 3. We get two equations:
(4v> — 1) cos§ + 8uvsind =0, (3.7)

and
8uv cosf + (4u> — 1) sinf =0. (3.8)

The critical points on the zero set of W5 3 are the common solutions of (3.5), (3.7),
and (3.8).

If cosfsin 6 # 0, we immediately obtain that u = v = 0, and these equations
have no common solution. It follows that the eigenfunctions associated with A7 have
no interior critical point on their nodal sets.

One can give the following expressions for the partial derivatives of W5 3,

BuWa 3(u, v, 0) = - (4u® + 1) sin 6 and 9y W 3(u, v, 0) = — (@4v* + 1) cos b,
u v

for u, resp. v, different from 0. Since a regular closed curve contains points with
vertical or horizontal tangents, it follows that the zero set of W5 3 cannot contain
any closed component (necessarily without self-intersections, otherwise the nodal
set of ®, 3 would have a critical point). The components of this zero set are lines
joining two boundary points which are decreasing from the left to the right. These
lines cannot intersect each other (for the same reason as before).

The possible nodal patterns for an eigenfunction associated with A7 all appear in
Fig. 1, third row.
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The number of nodal domains is four (delimited by three non intersecting lines)
or six in the product case. Hence the maximal number of nodal domains is six.

3.3 Third Case: Eigenvalue \o, or (m,n) = (1, 4)

We look at the zeros of ®1 4(-, -, §). Here we can write
D a(x,y,0) =4sinxsiny ¥y 4(u, v, 0)

with
Wy 4(u, v, 0) == cosOv(2v> — 1) + sin G uu> — 1) .

Hence, we have to analyze the equation
cos O v(2v? — 1) +sinfuCu?* — 1) = 0. (3.9)

Notice that the functions W; 4(u, v, f) are anti-invariant under the symmetry
(u,v) — (—u, —v), and that one can reduce from 6 € [0, 7[ to the case 6 € [0, %]
by making use of the symmetries with respect to the lines {u = 0}, {v = 0} and
{u = v}. One can even reduce the analysis to 6 € [0, 7] by changing ¢ into 5 — 0,
and (x, y) into (y, x).

Boundary points. Due to the symmetries, the zero set of W 4 hits parallel boundaries
at symmetrical points. For # = %1 these points are given by:

v(2v? — 1)+ tanf =0.

If we start from 6 = 0, we first have three zeroes, corresponding to points at which
the zero set of W 4 arrives at the boundary: 0, :t«/LE' Looking at the derivative, we

i = +-L whi = N2
have a double point when v = + N which corresponds to tan § = EWek For larger

values of 6, we have only one point till tan § = 1.
Hence, there are 3, 2, 1 or 0 solutions satisfying v € [—1, 4+1]. The analogous
equation for v = +£1 appears with cot # instead of tan 6, so that the boundary analysis

depends on the comparison of | tan 6| with %, I and %5 When the points disappear
NG

on u = %1, they appear on v = =£1. Notice that the value 373 appears in Fig. 1 and

in Courant-Hilbert’s book [7], Sect. V.5.3, p. 302. Finally, the maximal number of
points along the boundary is six, counting multiplicities.

Critical points. The critical points of W 4 satisfy:

cosf (6v>2 —1) =0, (3.10)
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and
sinf (6u> —1)=0. (3.11)

If we exclude the “product” case, the only critical points are determined by u? = é

and v? = %. Plugging these values in (3.9), we obtain that interior critical points on
the zero set of Wy 4 can only appear when:

cosf £sinf =0. (3.12)

Hence, we only have tolook at ) = 7 and 6 = 37”. Because of symmetries, it suffices
to consider the case ) = 7:

W4 (u, v, %) = \%(U(ZUZ—I)—HA(ZMZ—I)) = %(u—f—v) (2 (u — g)z + ;vz — 1) .

The zero set is the union of an ellipse contained in the square, and the anti-diagonal,
with two intersection points. It follows that the function @1 4(x, y, Z—r) has four nodal
domains. Figure 2 shows the deformation of the nodal set of ®1 4(x, y, ) for § < %
close to %, as well as the grid {sin(4x) sin(4y) = 0}. Figure 3 shows the deformation

for @1 6(x, y, 0).

Fig. 2 Eigenvalue \g, deformation of the nodal set near § = 7

Fig. 3 Eigenvalue \y3, deformation of the nodal set near § = %
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Let us summarize what we have so far obtained for the eigenfunctions associated
with Ag.

e We have determined the shape of the nodal set of ®; 4 when 6 = Z{ or %T’T, and we

can easily see that these are the only cases in which the interior part of the nodal
set hits the boundary at the vertices.

e When 6 # % or 3%, we have proved that the nodal set of ®; 4 has no interior
critical point, hence no self-intersection, and that it hits the boundary at 2 or 6
points, counting multiplicities.

e We can also observe that all nodal sets must contain the lattice points (i 7, j 7) for
1 <i, j < 3, and that these points are always regular points of the nodal sets. This
implies, by energy considerations, that the nodal sets cannot contain any closed
component avoiding these lattice points. The lattice points are indicated in Fig. .
They appear in Figs.2 and 3 as the vertices of the grids.

We still need to prove that all the possible nodal patterns for an eigenfunction
associated with the eigenvalue \g appear in Fig. 1, fourth row, and hence that the
maximal number of nodal domains is 4, so that A9 is not Courant sharp. When
¢ € [0, 71, this can be done by looking at the intersections of the nodal sets with the

horizontal lines {y = arccos(:l:\/g )}. We leave the details to the reader, and refer to
Sect. 6 for general arguments.

Remark Figures 1 and 2 indicate that for some values of 6, the function ®; 4(x, y, 6)
has exactly two nodal domains. This phenomenon has been studied by Antonie Stern
[19] who claims that for any k > 2, there exists an eigenfunction associated with
the Dirichlet eigenvalue (1 4 4k?) of the square [0, 7]?, with exactly two nodal
domains. In Sects.4—6, we look at Stern’s thesis more carefully.

4 The Observations of A. Stern

The general topic of A. Stern’s thesis [19] is the asymptotic behaviour of eigen-
values and eigenfunctions. In Part I, she studies the nodal sets of eigenfunctions of
the Laplacian in the square with Dirichlet boundary condition, and on the 2-sphere.
The eigenvalues are chosen to be positive, and listed in increasing order, with mul-
tiplicities. In [20], we propose extracts from Stern’s thesis, with annotations and
highlighting to point out the main results and ideas.

As we have seen in the previous sections, Pleijel’s theorem [17] states that for a
plane domain, there are only finitely many Courant sharp Dirichlet eigenvalues. For
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the Dirichlet Laplacian in the square, Stern claims [20, tags E1, Q1] that there are
actually infinitely many eigenfunctions having exactly two nodal domains.!

[E1] ... Im eindimensionalen Fall wird nach den Sitzen von Sturm? das Intervall durch die
Knoten der nten Eigenfunktion in n Teilgebiete zerlegt. Dies Gesetz verliert seine Giiltigkeit
bei mehrdimensionalen Eigenwertproblemen, ...es 146t sich beispielweise leicht zeigen,
dal auf der Kugel bei jedem Eigenwert die Gebietszahlen 2 oder 3 auftreten, und daf bei
Ordnung nach wachsenden Eigenwerten auch beim Quadrat die Gebietszahl 2 immer wieder
vorkommt.

[Q1] ... Wir wollen nun zeigen, dal beim Quadrat die Gebietszahl zwei immer wieder
auftritt.

The second statement is mentioned in the book of Courant-Hilbert [7], Sect. V1.6,
p. 455.

Pleijel’s theorem has been generalized to surfaces by Peetre [16], see also [4]. As
a consequence, only finitely many eigenvalues of the sphere are Courant sharp. Stern
claims [20, tags E1, K1, K2] that, for any £ > 2, there exists a spherical harmonic
of degree ¢ with exactly three nodal domains when ¢ is odd, resp. with exactly two
nodal domains when ¢ is even,

[K1] ... Zunéchst wollen wir zeigen, dafi es zu jedem Eigenwert Eigenfunktionen gibt, deren
Nullinien die Kugelfliche nur in zwei oder drei Gebiete teilen.

[K2] ... Die Gebietszahl zwei tritt somit bei allen Eigenwerten A\, = 2r+1)2r+2) r =
1,2, ... auf; ebenso wollen wir jetzt zeigen, dafl die Gebietszahl drei bei allen Eigenwerten

M =2r@2r+1) r=12...
immer wieder vorkommt.

These two statements are usually attributed to Lewy [13].

!English translation from German citation:

[E1] ... In dimension one, according to Sturm’s theorem (see footnote 2), the interval is
divided into n subsets by the nodes of the nth eigenfunction. This rule no longer holds for
multidimensional problems, ... It can be easily shown that on the sphere, for each eigenvalue,
two or three appear as numbers of nodal domains, and that when ordering the eigenvalues
in nondecreasing order the number of nodal domains 2 always reappears.

[Q1] ... We now want to show that for the square the number of nodal domains two always
reappears.

[K1] ... We next want to show that for each eigenvalue there exists an eigenfunction whose
nodal lines divide the sphere into two or three domains.

[K2] ... the number of nodal domains two appears for all eigenvalues \, = (2r + 1)
2r+2) r =,1,2,...and we now want to show that the number of nodal domains three
always reappears for all eigenvalues

M=2r2r+1) r=12,...

2Journal de Mathématiques, T.1, 1836, pp. 106-186, 269-277, 375-444.
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In this paper, we shall only deal with the case of the square, leaving the case of the
sphere for [3]. First, we quote the main statements made by Stern [20, tags Q1-Q3],
and summarize them in Theorem 4.1.3

[Q2] ... Wir betrachten die Eigenwerte
M= =4+1,r=12,...
und die Knotenlinie der zugehorige Eigenfunktion
ugr 1 +ur2 =0,
fiir die sich, wie leicht mittels graphischer Bilder nachgewiesen werden kann, die Figur 7

ergibt.

[Q3] ... LaBen wir nur ¢ von ;x = 1 aus abnehmen, so 16sen sich die Doppelpunkte der
Knotenlinie alle gleichzeitig und im gleichem Sinne auf, und es ergibt sich die Figur 8. Da die
Knotenlinie aus einem Doppelpunktlosen Zuge besteht, teilt sich das Quadrat in zwei Gebiete
und zwar geschieht dies fiir alle Werte r = 1, 2, ..., also Eigenwerte A\, = \y,.1 = 4r2 41.

Theorem 4.1 Foranyr € N, consider the family ®1 2, (x, v, 0) of eigenfunctions of
the Laplacian in the square [0, 7r]2, associated with the Dirichlet eigenvalue 1+ 4r2,

@‘1)’2,(x, y) = ®12,(x,y,0) :=cosfsinx sin(2ry) + sinsin(2rx) siny .

Then:

(i) For6 = Z‘—r, the nodal pattern of ® is as shown in Fig. 4, left, [19, Fig.7].

(ii) For 0 < %, and 0 sufficiently close to 7, the double points all disappear at the
same time and in a similar manner ( ‘im gleichem Sinne’) as in Fig. 4, right, [19,
Fig.8]. The nodal set consists of a connected line (‘aus einem Zuge’) with no
double point. It divides the square into two domains.

Remark Although this is not stated explicitly, one can infer from Stern’s thesis, (i) that
the eigenfunction ® 2, (x, y, %) has 2r nodal domains and (2r — 2) double points,

3English translation from German citation:
[Q2] ... We consider the eigenvalues
M= =42+1,r=12,...
and the nodal lines of the associated eigenfunction
uy1 +uy =0,

which, as can be easily proved by using graphic images, gives Fig. 7.

[Q3] ... If starting from ;¢ = 1 we decrease (i, then the double points of the nodal lines
disappear simultaneously and in the same way as shown in Fig. 8. As the nodal set consists of
one line without double point, the square becomes divided into two domains and this occurs
for all eigenvalues \, = Ay = 4241 (r=1,2,...).



Dirichlet Eigenfunctions of the Square Membrane ... 81

Fig. 4
8D

Case r = 6, nodal sets for @ = 7 and ¢ close to § (reproduced from with permission from

and (ii) that for 6 close to and different from %, the nodal set of @1 2, (x, v, 0) consists
of the boundary of the square and a connected simple curve from one point of the
boundary to a symmetric point. This curve divides the domain into two connected
components (Fig. 5).

A. Stern states two simple properties which play a key role in the proofs [20, tags
I1, 12]. These statements are formalized in Property 4.2 below.*

[I1] ... Umden typischen Verlauf der Knotenlinie zu bestimmen, haben wir dhnliche Anhalt-
spunkte wie auf der Kugelfliche. Legen wir die Knotenliniensysteme von ug ,, (¢ — 1 Par-
allelen zur y-Achse, m — 1 zur x-Achse) und u,, ¢ (m — 1 Parallelen zur y-Achse, £ — 1
zur x-Achse) iibereinander, so kann fiir 4 > 0 (< 0) die Knotenlinie nur in den Gebieten
verlaufen, in denen beide Funktionen verschiedenes (gleiches) Vorzeichen haben.

[12] ... Weiter miissen alle zum Eigenwert A, ,,, gehorigen Knotenlinien durch Schnittpunkte
der Liniensysteme u¢ ,, = 0 und u,, ¢ = 0, also durch (¢ — 1)2 + (m — 1)2 feste Punkte
hindurchgehen ...

Property 4.2 Let ¢ and ) be two linearly independent eigenfunctions associated
with the same eigenvalue for the square S. Let | be a real parameter, and consider
the family of eigenfunctions ¢, = ) + p¢. Let N(¢) denote the nodal set of the
eigenfunction ¢.

4English translation from German citation:

[I1 ... In order to determine the typical course of the nodal lines, we have similar key points
as for the sphere. If we superimpose the systems of nodal lines of u, , and u,, ¢, then for
u > 0 (< 0) the nodal lines can only visit the domains for which the two functions have
opposite (same) signs.

[12] ... Moreover all the nodal lines associated with the eigenvalue )¢ ,, should meet all
the crossing points between the nodal sets u¢,, = 0 and u,, ¢ = 0, hence going through
€ =12+ (m — 1)? fixed points ...
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Fig. 5 Nodal domains [5]
(reproduced with permission
of Virginie Bonnaillie-Noél)

(i) Consider the domains in S\ N(¢) U N (1) in which pu 1) > 0 and hatch them.?
Then the nodal set N(¢,,) avoids the hatched domains.
(ii) The points in N(¢) N N () belong to the nodal set N (¢,,) for all .

Property 4.3 The nodal set N(¢,,) depends continuously on p.

Remark As a matter of fact, A. Stern uses Property 4.2 in both cases (square and
sphere), and only mentions Property 4.3 in the case of the sphere. She says nothing
on the proof of this second property which is more or less clear near regular points,
but not so clear near multiple points. H. Lewy provides a full proof in the case of the
sphere [13, Lemmas 2-4].

Finally, A. Stern mentions that she uses a graphical method (‘mittels graphischer
Bilder’ and ‘unter Zuhilfenahme graphischer Bilder’ [20, tags Q2, Q4]) which may
have been classical at her time, and could explain the amazing quality of her pictures.
On this occasion, she mentions a useful idea in her Sect. 1.3, namely looking at the
intersections of the nodal set N (¢,,) with horizontal or vertical lines.

All in all, the arguments given by A. Stern seem rather sketchy to us, and we do
not think that they are quite sufficient to conclude the proof of Theorem 4.1.

In our opinion, taking care of the following items is missing in Stern’s thesis.

(i) Complete determination of the multiple points of N (CD%).
(i) Absence of multiple points in N (%), when 6 is different from 7» and close
to 7.
(iii) Connectedness of the nodal set N (&), or why there are no other components,
e.g.closed inner components, in the nodal set.

The aim of this paper is to complete the proofs of A. Stern in the case of the
square.

5<Schraffieren’, see [20, tag I1], in the spherical case.
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Remark In [13], H. Lewy gives a complete proof of Stern’s results® in the case of the
sphere. In the unpublished preprint [10], the authors provide partial answers to the
above items in the case of the square.

The key steps to better understand the possible nodal patterns for the eigenvalues
1 + 4r2 (and other eigenvalues as well), and to answer the above items, are the
following.

e Section 6.3, in which we study the points which are both zeroes and critical points
of the functions CD? R
e Section6.4, in which we study the possible local nodal patterns of the functions
0
ik
e Section 6.5, in which we determine the nodal sets of the functions Cb?’ g for 0 = %

3
or vt

In the subsequent subsections we study the deformation of the nodal set of CD‘I) R
when ¢ varies close to or 3T and conclude the proof of Theorem 4.1. As a matter of

fact, our approach glves the max1ma1 interval in which the nodal set of <I>1 g Temains
connected, without critical points, see Lemma 6.10(i).

Sketch of the proof of Theorem 4.1. Consider the eigenvalue 3\1,R =1+ R?
for the square S :=]0, 7r[2 with Dirichlet boundary conditions, and consider the
eigenfunction

<I>0(x, y) = ®(x,y, ) :=cosf sinx sin(Ry) + sinf sin(Rx) siny, 6 € [0, n[.
Let us introduce the Q-squares,

0 _]E (l+1)7r[ ]ﬂ %[ forO0<i,j<R-1,

c::[(”T ”) |l<l]<R—l]
R’ R

The basic idea is to start from the analysis of a given nodal set, e.g. from the nodal
set N(®4), and then to use some kind of perturbation argument.

and the lattice,

A. Stern and H. Lewy were both students of R. Courant at about the same time, 1925. H. Lewy
does however not refer to A. Stern’s Thesis in his paper. We refer to [3] for a further discussion.
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Here are the key points.

(i) Use Property 4.2: Assertion(i) defines checkerboards by Q-squares (depending
on the sign of cos f), whose grey squares do not contain any nodal point of
7. Assertion(ii) says that the lattice £ is contained in the nodal set N (%) for
all .

(ii) Determine the possible critical zeroes of the eigenfunction <I>0, i.e., the zeroes
which are also critical points, both in the interior of the square or on the boundary.
They indeed correspond to multiple points in the nodal set. Note that the points
in £ are not critical zeroes, see Sect. 6.3.

(iii) Determine whether critical zeroes are degenerate or not and their order when
they are degenerate.

(iv) Determine how critical zeroes appear or disappear when 6 varies, and how the
nodal set N (@) evolves. For this purpose, make a local analysis in the square
0, j» depending on whether it is contained in S or touches the boundary, see
Sect. 6.4.

(v) Determine the nodal sets of the eigenfunctions Z4 associated with the eigen-
value 5\1, . For this purpose, determine precisely the critical zeroes of @ for
¢ = 7 and ST’T, and prove a separation lemma in the Q; ; to determine whether
the medians of this Q-square meet the nodal set of ®’ when 6 = g or %T, see
Sect.6.4.

(vi) Prove that the nodal set N (®?) does not contain any closed component.

Take R = 2r and 0 < 7 — 6 < 1. Using the above analysis one can actually
give a complete proof of Theorem 4.1. The analysis of the local possible nodal
patterns shows that the nodal set N (dﬁ) is indeed as stated. For 0 < % -0« 1,
the eigenfunction Y has no critical zero in S, and exactly two critical zeroes on the
boundary, symmetric with respect to the center of the square. This proves in particular
that the critical zeroes of @7 all disappear at once when 6 changes, 6 < 7. Starting
from one of the critical zeroes on the boundary, and using the above analysis, one
can actually follow a connected nodal simple curve passing through all the points
in £ and going from on of the critical zeroes on the boundary to the second one. To
finish the proof it suffices to show that there are no other component of N (®?) in S.

5 Notation and Definitions. General Properties
of the Nodal Sets

5.1 Notation and Definitions, I

Let S be the open square ]0, 7[? in the plane. We denote by 0S boundary, by D
the diagonal, by D_ the anti-diagonal, and by O := (7, 7) the center of S.
Let @ be an eigenfunction for the Dirichlet Laplacian in S. We let
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N(@®) = {(x,y) €S| ®(x,y) =0} (5.1)

denote the nodal set of &, and
Ni(®):=N@)NS 5.2)

denote the interior part of N (P).
Given two integers m, n > 1, we consider the one-parameter family of eigenfunc-
tions,

CD,i’n(x, y) = Dy n(x, y, 0) 1= cos @ sin(mx) sin(ny) + sin @ sin(nx) sin(my) ,
(5.3)
with x, y € [0, 7] and 6 € [0, «[.
Unless necessary, we skip the index (m, n). These eigenfunctions are associated
with the eigenvalue

j\m,n = m? +n?. 5.4)

The following eigenfunctions are of particular interest.
3 (5.5)

Denote by
L= Ni(X)ﬂNi(Y), (56)

the set of zeroes which are common to all eigenfunctions <I>9, 0 < [0, 7[.

Definition 5.1 A critical zero of ® is a point (x, y) € S such that both ® and V&
vanish at (x, y).

5.2 General Properties of Nodal Sets

Although stated in the case of the square, the following properties are quite general
(see [2] and references therein) for eigenfunctions of the Dirichlet realization of the
Laplacian in a regular domain of R2.

Property 5.2 Let (x, y) be a point in S (an interior point).

(i) A non-zero eigenfunction ® cannot vanish to infinite order at (x, y).
(ii) If the non-zero eigenfunction ® vanishes at (x, y), then the leading part of its
Taylor expansion at (x, y) is a harmonic homogeneous polynomial.
(iii) If the point (x,y) is a critical zero of the eigenfunction ®, then the nodal set
N(®) at the point (x, y) consists of finitely many regular arcs which form an
equi-angular system.
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(iv) The nodal set can only have self-intersections at critical zeroes, and the number
of arcs which meet at a self-intersection is determined by the order of vanishing
of the eigenfunction. Nodal curves cannot meet tangentially.

(v) The nodal set cannot have an end point in the interior of S, and consists of
finitely many analytic arcs.

(vi) Let the eigenfunction ® be associated with the eigenvalue \. If w is a nodal
domain, ie., a connected component of S \ N(®), then the first Dirichlet
eigenvalue of w is equal to \.

(vii) Similar properties hold at boundary points, in particular property (iii).

Remark Since the eigenfunctions of S are defined over the whole plane, the analysis
of the critical zeroes at interior points easily extends to the boundary.

Property 5.3 Let ® be an eigenfunction CDfn’n of the square S =10, w[%, with 6 €
[0, 7[.

(i) For @ # 3, the nodal set N (®) satisfies

LUIS CN(@) C LUISU{(x,y) €[0,7]* | cosf X (x,y) Y(x,y) <O0}.
(5.7)
(ii) If ged(m, n) = 1, then all the points in L are regular points of the nodal set.
(iii) The nodal set N (®) can only hit the boundary of the square at critical zeroes
(either in the interior of the edges or at the vertices).
(iv) The nodal set N (®) can only pass from one connected component of the set

WO = {(x,y) € [0, 71* | cos X (x,y) Y(x,y) <0}

to another through one of the points in L.

(v) No closed connected component of N (®) can be contained in the closure of one
of the connected components of WZ’ » Equivalently, any connected component
of N;(®) must contain at least one point in L.

Proof (i) We have sinf > 0, so that for cosf X (x, y) Y(x, y) > 0 the function
® is either positive or negative, it cannot vanish unless (x, y) € L. (ii) Follows
by direct analysis. (iii) Follows from Property 5.2. (iv) Clear. (v) Any connected
component of N(®) which does not meet £ would be strictly strictly contained
in one of the nodal domains of the eigenfunctions X or Y, a contradiction with
Property 5.2(vi). |

Figure 6 illustrates property (i) when (m,n) = (1,3), (1,4) or (2,3). When
cos > 0, the nodal set is contained in the white sub-squares; when cos § < 0 it is
contained in the grey sub-squares. The points in £ are the points labelled a, b, . .. in
the figures.



Dirichlet Eigenfunctions of the Square Membrane ... 87

h g
al d & d
a
b i
f &
b c b c
c| d C

Fig. 6 Checkerboards for eigenvalues 5\1,3 N 5\1,4 and 5\2,3

5.3 Notation and Definitions, I1

‘We now consider the case of the eigenvalue 5\1, rR=1+ RZ, for some integer R > 1.
‘We introduce:

e The numbers

p,-::i%,forOgifR, (5.8)
(i N T fro<i<r-1 (5.9)
m; = (i 5) % ro<i< . .

e The collection of squares
Qi,j = 1pi, pi+1lx1pj, pj1l, for0 <i, j < R -1, (5.10)

whose centers are the points (m;, m ).
e The lattice
L:={(pi.pp)I1<i,j<R—1}. (5.11)

Coloring the squares. Assume that ¢ # 0 and 7. If (— )it/ cos# < 0, we color the
square Q; ; in white, otherwise we color it in grey. The collection of squares {Q; ;}
becomes a grey/white checkerboard (which depends on R and on the sign of cos 6).
Depending on the sign of cos 6, the white part of the checkerboard is given by,

W(+) = U 1y+i=_1 Qi,j, When cos6 > 0,

= 5.12
W(=) := U 1y+i=1 Qi,j, when cosf <0. (5.12)

For the eigenfunction <I>9, we have,
LUBS c N(@)) c W)U LUDS, (5.13)

if (£ cosf > 0).
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Fig. 7 Checkerboards W (+) for the eigenvalue 5\1,8, and W(—) for the eigenvalue by 1.9

Remark Observe that the squares Q; ; are open, the sets V(%) do not contain the
segments {x = p;} NS and {y = p;} NS.
Figure 7 shows the checkerboards for the eigenvalue 5\1’3, when cos 6 > 0, resp.

for 3\1,9, when cos 8 < 0.

To describe the global aspect of the nodal sets, we will also use the following
squares.

Denote by

R
ro= |:Ei| , (5.14)
the integer part of R/2. For 0 <i < r, define the square
Si = 1pi, pr—ilX1pi, pr-il - (5.15)
With this notation, we have
S cS_1C---CS5=8.
Furthermore, when R = 2r, S, =|pr—1, Pr+1 [2 consists of four Q-squares, while

S, is empty; when R = 2r + 1, S, is a single Q-square. All these squares have the
same center O = (7/2, 7/2).

6 Eigenfunctions Associated with the Eigenvalue 5\1, R

In this section, we consider the eigenfunctions associated with the eigenvalue 5\1’ R»
for an integer R > 1. More precisely, we consider the 1-parameter family of eigen-
functions,
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<1>0(x, y) = ®(x,y, ) :=cosf sinx sin(Ry) + sinfsin(Rx) siny, (6.1)

where x, y € [0, 7]? and 6 € [0, 7[.
This eigenfunction can be written as

with

D(x,y,0) =sinx siny ¢(x, y, 0), (6.2)

d(x,y,60) :=cosOUgr_1(cosy) +sinf Up_;(cosx), (6.3)

where U, (t) is the nth Chebyshev polynomial of second type defined by the relation,

sint U,(cost) := sin ((n + l)t) . (6.4)

6.1 Chebyshev Polynomials and Special Values of 0

In this section, we list some properties of the Chebyshev polynomials to be used later

on.

Property 6.1 For R € N\ {0}, the Chebyshev polynomial Ug_1(t) has the follow-
ing properties.

(i)

(ii)

(iii)

(iv)

v)

The polynomial Ug_1 has degree R — 1 and the same parity as R — 1. Its zeroes
are the points cos pj, 1 < j < R — 1, see (5.8). Furthermore, Ur_1(1) = R,
Ugp_1(=1) = (=DR"'R, and —R < Ugr_1(t) < R forall t € [—1,1].

The polynomial Uy, has exactly R — 2 simple zeroes cosqj,1 < j < R —2,
withq; €1pj, pj+1l.

When R is even, R = 2r, the values q; satisfy,
O<qr <@ <q1<5<¢ <--<qr2<T, 6.5)
Gor—1-j=m—qj, 1 <j<r—1. '
When R is odd, R = 2r + 1, the values q satisfy,
O<qr=q <g1<¢r=3<dq1 < <@Q1<T. oo

qQu-j=m—qj, 1 <j<r-—1.

Let Mj := Ug_1(cosq;), for 1 < j < R — 2, denote the local extrema of
UR—l- Then,

(=1)/M; > 0and (—1)’Ug_1(cost) > 0inlp;j, pj+1l,

(=17 (Up—1(cos 1) — M;) = 0in1pj. pjil (€
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o b bhohioanwbhooyo
B 4 O = M @ & @ N O O

Fig. 8 Functions U7(cos(7t)) and Ug(cos(mt))

Proof The above properties are easy to prove, and illustrated by the graph of the
function t — Ug_1(cos?) in the interval [0, 7], see Fig. 8, for the cases R = 8 and
R=09. (]

Special values of the parameter 6. We shall now associate some special values of
the parameter 6 with the zeroes

Q:={qj11<j<R-2} (6.8)

of the function — Uj_, (cos ) . As we shall see later on, they are related to changes

in the nodal patterns of the eigenfunctions ®? when 6 varies from 0 to 7.

The values of 6 to be introduced below are well defined because the polynomial
Ug—1 does not vanish at the points cosgg, 1 < k < R — 2. These values of 6 will
clearly depend on R, although we do not indicate the dependence in the notations.

eForl <i,j < R — 2, define 0(g;, q;), alias 0; ;, to be the unique angle in the
interval [0, 7r[ such that

cosB; j Ur_1(cosqj) +sinb; j Ur_i(cosg;) =0. (6.9)
Let 7, denote the corresponding set,
T,:={6;j11<i,j<R-2}. (6.10)

e For x € {0, 7},and 1 < j < R — 2, define 0(x, g;), alias 0, ;, to be the unique
angle in the interval [0, 7[ such that

cos Oy, j Ur—1(cosq;) +sinfy j Ur_1(cos*) =0. (6.11)
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Let 7, denote the corresponding set,
7}::{9*“/|*€{0,ﬂ'},1§j§R—2}. (6.12)

eForl <i < R —2,and *x € {0, 7}, define 0(g;, %), alias 6; ., to be the unique
angle in the interval [0, 7[ such that

cos B « Ur—1(cos ) +sinf; ,Ur_1(cosg;) =0. (6.13)
Let 7, denote the corresponding set,
Ty :={0ix | x€{0,7}, 1 <i <R—2}. (6.14)

Observe the following relations between the above values of 6,

0. qi) = g —0(gi.q)). (6.15)

When R = 2r + 1 is odd, we have

0(qi.qj) =0(r —qi, 7 —q;) =0(r —qi,q;) =0(q;, 7™ —qj),
0(0.4;) = 0(r. q;). (6.16)
0(q;,0) = 0(q;, 7).

When R = 2r is even, we have

0(gi,q;) = 0(r — qi, ™ —qj),

O0(r —qi,q;) =7 —0(qi,q;),

0(qi,m™—q;) =7—0(qi,q;), (6.17)
O(r,qj) =7—00,q;),
0(gi, ™) =m— 0(q;,0).

Finally, define the number 6_ to be,
f tan (2| inf Up | (6.18)
_:=arctan | —| in _ . .
R [-1.1] k=1
We have 0 < 0_ < 7 /4, with 6_ = 7/4 when R is even, and §_ < 7/4 when R is

odd.

Remark The pictures and numerical computations seem to indicate that the infimum
is achieved at cos g .

Example Numerical computations give the following approximate data when R = 8
or R = 9. The indication 7 after the set means that the values in the set should be
multiplied by 7.
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e Special values of § when R = 8.

Q ={0.179749, 0.309108, 0.436495, 0.563505, 0.690892, 0.820251} 7,
7, = {0.161605, 0.185335, 0.223323, 0.25, 0.276677, 0.314665, 0.338395,
0.661605, 0.685335, 0.723323, 0.75, 0.776677, 0.814665, 0.838395} 7,
7, = {0.040363, 0.047665, 0.071705, 0.928295, 0.952335, 0.959636} =,
= {0.428295, 0.452335, 0.459636, 0.540363, 0.547665, 0.571705} 7 .
(6.19)
e Special values of § when R = 9.

={0.159593, 0.274419, 0.387439, 0.500000, 0.612561, 0.725581, 0.840407} 7 ,
7, = {0.145132,0.181901, 0.217145, 0.239975, 0.260025 , 0.282855,
0.318099, 0.354868, 0.653215, 0.707395, 0.75, 0.792605, 0.846785} 7,
T, = {0.037494, 0.070922, 0.953949, 0.964777} 7 ,
’T) = {0.429078, 0.462505, 0.535223, 0.546050} 7 .
(6.20)

Up to symmetries, one can actually reduce the range of the parameter 6 to [0, 7 /4]
when R is even, and to [ /4, 37 /4] when R is odd, see Sect. 6.2. Up to this reduction,
the above values correspond to the values which appear in the figures showing the
nodal patterns for the eigenvalues A 1,8 and )\1 9, see Figs. 16, 17, and 18 at the end
of the paper).

6.2 Symmetries of the Eigenfunctions Associated with :\1, R

When studying the family of eigenfunctions {®’} associated with the eigenvalue
A1.R, it is useful to take symmetries into account.

Property 6.2 The following relations hold for any (x,y) € [0, 7] x [0, 7] and
0 e [0, .

(i) Forany R € N\ {0},
O(r—x,m—y,0) = (=D d(x, y,0). (6.21)

This relation implies that the nodal set N(®?) is symmetrical with respect to
the center O of the square S. Furthermore,

O (x, y, —0)=d(y,x,0). (6.22)

(ii) When R is odd, the function ® has more symmetries, namely,

P(mr—x,y,0) =d(x,m—y,0) =D(x,y,0). (6.23)
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This means that the nodal set N(®%) is symmetrical with respect to the lines
{x =7m/2}and {y = m/2}.
(iii) When R is even, we have

q)(-xsﬂ—_yse)Zq)(xsva_e):_q)(ﬂ_-xvy»e)' (624)

(iv) Up to symmetries with respect to the first diagonal, or to the lines {x = w/2} and
{y = 7/2}, the nodal patterns of the family of eigenfunctions {®°}, are those
displayed by the sub-families 0 € [0, w/4] when R is even, and 0 € [ /4, 37 /4]
when R is odd.

6.3 Critical Zeroes of the Eigenfunctions Associated With 5\1, R

Recall that a critical zero of the eigenfunction ®? is a point (x, y) € S such that
O(x,y,0) = (x,y,0) =Dy(x,y,0)=0. (6.25)

At a critical zero, the nodal set N (@9) consists of several arcs (or semi-arcs when
the point is on OS) which form an equi-angular system, see Property 5.2. Away from
the critical zeroes, the nodal set consists of smooth embedded arcs. To determine the
possible critical zeroes of ®” is the key to describing the global aspect of the nodal
set N (®%).

We classify the critical zeroes into three (possibly empty) categories: (i) the ver-
tices of the square S; (ii) the edge critical zeroes located in the interior of the edges,
typically a point of the form (0, y), with y €]0, «[; (iii) the interior critical zeroes
of the form (x, y) € S.

6.3.1 Behaviour at the Vertices

Using the symmetry of N (®) with respect to the point O, see (6.21), it suffices to
consider the vertices (0, 0) and (0, 7). Recalling (6.1) and (6.2), the Taylor expansion
at (0, 0) of ¢(x, y, 0) is given by,

d(x,y,0) = R (cos B + sin 0)
+%R2) (cos 0 y? + sin 6 x?) (6.26)
+0G*+yh).

When R is odd, the behaviour is the same at the four vertices and given by (6.26),
due to the symmetries (6.23).

When R is even, the Taylor expansion of ¢(x, y, 8) at (0, 7), follows from the
previous one and relation (6.24). In the variables x and z such that y = 7 — z,
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we have,
¢(x, m—2z,0) = R(—cosf + sinf)
—RUZRD (_cos 622 + sin 6.x2) (6.27)
+0(x*+7Y.

With the link between ® and ¢ in mind, we obtain:

Property 6.3 The vertices of the square S are critical zeroes for the eigenfunction
&7 for all 6.

(i) Case R even. The vertices (0, w) and (7, 0) are non degenerate critical zeroes
of ® if and only if 0 # 7 /4. When 0 = 7 /4, they are degenerate critical zeroes
of order 4. The vertices (0, 0) and (7, 7) are non-degenerate critical zeroes of
@ ifand only if 0 # 37w /4. When 0 = 31 /4, they are degenerate critical zeroes
of order 4. The nodal patterns at the vertices are shown in Fig. 9.

(ii) Case R odd. The four vertices are non-degenerate critical zeroes of ®° if and
only if 0 # 37 /4. When 0 = 37 /4, they are degenerate critical zeroes of order
4. The nodal patterns at the vertices are shown in Fig. 10.

Fig. 9 R even, nodal patterns at the vertices. From left to right: 0 # n/4 and 37/4 ;0 = w/4 ;
0 =3m/4

Fig. 10 R odd, nodal
patterns at the vertices. From
left to right: 0 # 37w/4

0 =37m/4
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6.3.2 Critical Zeroes, Formulas

To determine the critical zeroes of the eigenfunction ®, we recall our notation at
the beginning of the section. The first partial derivatives with respect to x and y are
given by,
D, (x,y,0) =cosx siny ¢(x, y, 0)
—sinfsin? x siny Ug_(cosx), 6.5
@, (x, y,0) = sinx cosy ¢(x, y, 0) (6.28)
—cos @ sinx sin’y Ug_,(cosy).

The second partial derivatives are given by,

D, (x,y,0) = —sinx siny ¢(x, y, 0)
—3sinf cosx sinx siny Up_,(cos x)
+ sin #sin’ x sin y Ug_,(cosx),
by (x,y,8) =cosx cosy ¢(x, y, 0)
—cos @ cosx sin®y Uy_,(cosy) (6.29)
—sin 6 sin® x cosy Ug_,(cosx),
®yy(x,y,0) = —sinx siny ¢(x, y, 0)
—3cosf sinx cosy siny Uy_,(cosy)
+cos 6 sinx sin’ y Ug_,(cosy).

6.3.3 Behaviour Along the Edges

Recall the notation of Sect.6.1. Due (6.21), the symmetry with respect to the center
O of the square S, it suffices to consider the open edges {0} x]0, 7[ and ]0, 7[x{0}.

e Critical zeroes on the edge {0} x]0, 7[. Using formulas (6.28) and (6.29), as well
as Property 6.1, we infer that the point (0, y) is a critical zero for ® if and only if,

cosOUg—_1(cosy) + Rsinf =0, (6.30)

with second derivatives at (0, y), &y, = ®,, = 0, and ®,, = —cosf sin? y
Ug_,(cosy).

The point (0, y) is a non degenerate critical zero, unless y = g; € Q for some
J»1 < j < R — 2. This can only occur when 6 = 6(0, g;). In this case, the third
derivative ®,» at the degenerate critical zero (0, g;) is equal to

cos (6(0, g)) sin® ¢; Up_;(cosqj) #0,

and the critical zero has order 3.
e Critical zeroes on the edge |0, 7[ x {0}. Similarly, the point (x, 0) is a critical zero
for 7 if and only if,
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R cos@ +sin@ Ugr_q(cosx) =0, (6.31)
with second derivatives at (x, 0), &, = ®,, =0, and
@,y = —sin@ sin*x Ug_;(cosx).

The point (x, 0) is a non degenerate critical zero unless x = ¢g; € Q for some
i,1 <i < R — 2. This can only occur when 6 = 6(g;, 0). In this case, the third
derivative ®,2, at the degenerate critical zero (g;, 0) is equal to

sin (A(g;, 0)) sin® g; Up_;(cosqi) # 0,

and the critical zero has order 3.
Remark At an edge critical zero which is non degenerate, an arc from the nodal set
hits the edge orthogonally. At a degenerate edge critical zero, two arcs from the nodal
set hit the edge with equal angle /3. See Figs. 12 and 13.

The following properties summarize the analysis of the above equations.

Property 6.4 The critical zeroes on the open edges, if any, appear in pairs of points
which are symmetrical with respect to the center O of the square S.

Case R even.

(i) For 0 € [0, n/4[U)37/4, ww[, there are critical zeroes on the vertical edges

{0, m}x10, [, and no critical zero on the horizontal edges 10, w[x {0, 7}.

(ii) For0 €lr/4, 37 /4], there are critical zeroes on the horizontal edges 10, w[ x {0,
m}, and no critical zero on the vertical edges {0, 7} x]0, 7[.

(iii) The number of critical zeroes depends on 6, more precisely on the number of
solutions of (6.30) or (6.31).

(iv) When 0 = 7 /4 or 3w/4, the only boundary critical zeroes are vertices, see
Property 6.3.

Case R odd.

(i) Recallthe value 0 < 0_ < 7/4 definedin Sect.6.1. For 6 € [0, 0_1U]37w /4, 7],
there are critical zeroes on the vertical edges {0, 7} x 10, 7[, and no critical zero
on the horizontal edges 10, w[ x{0, 7}.
(ii) For 0 € [w/2 — 0_, 37 /4], there are critical zeroes on the horizontal edges
10, w[x{0, 7}, and no critical zero on the vertical edges {0, 7} x]0, 7[.
(iii) For 6 €]0_, /2 — O_], there is no critical zero on the open edges.
(iv) The number of critical zeroes depends on 6, more precisely on the number of
solutions of (6.30) or (6.31).
(v) The critical zeroes have order at most 3. Degenerate critical zeroes can only
occur for finitely many values of 0 and x or y.
(vi) When 0 = 31 /4, the only boundary critical zeroes are the vertices, see Prop-
erty 6.3.
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In both cases, the edge critical zeroes are non degenerate unless they occur on a
horizontal edge for some x = q; € Q, resp. on a vertical edge for some y = q; € Q,
in which case 0 must be equal to 6(q;, 0), resp. to 0(0, q ). Degenerate critical zeroes
have order 3. If 0 # 0 or 7/2, the points (%, p;) and (pj,*) with1 < j < R —1
and % = 0 or T are not critical zeroes of the eigenfunction ®°.

Remark A more detailed description of the localization of the edge critical zeroes is
given in Sect. 6.4.

6.3.4 Interior Critical Zeroes

Recall the notations of Sect.6.1. The following properties follow from (6.28) and
(6.29).

Property 6.5 Let (x,y) € S be an interior point.
(i) The functions ® and ®, vanish at (x, y) if and only if

cos@ Ur—_1(cosy) +sinf Ugr_i(cosx) =0, and
/ (6.32)
Ug_(cosx) =0.
This happens in particular at regular points of the nodal set with a horizontal
tangent.
(ii) The functions ® and ® vanish at (x, y) if and only if

cosO Ur_1(cosy) +sinf Ug_1(cosx) =0, and
, (6.33)
Ug_ (cosy) =0.
This happens in particular at regular points of the nodal set with a vertical
tangent.
(iii) The point (x, y) is an interior critical zero of ®, if and only if

cos Ur_1(cosy) +sinf Ug_1(cosx) =0, and (634)

Ug_ (cosx) =0and Up_,(cosy) =0. ’
The only possible interior critical zeroes for the family of eigenfunctions {®"}
are the points (qi, q;), 1 < i, j < R — 2. The point (q;, q;) can only occur as
a critical zero of the eigenfunction ®°9i-17). When 0 is not one of the values
0(gi,q;), 1 <1i,j < R — 2, the eigenfunction &Y does not have any interior
critical zero.

(iv) When (x, y) is an interior critical zero of ®, the Hessian of ® at (x,y) is
given by,

sinx sin sin 0 sin? x Ug_,(cos x) 0
Y 0 cos 6 sin? y Ug_,(cosy) ]’

so that the interior critical zeroes, if any, are always non degenerate.
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(v) The lattice points L = {(%, %), 1 <i,j < R—1}(seeSect.5.3)are common
zeroes to all the eigenfunctions ®° when 6 € [0, 7[. They are not interior critical

zeroes.

6.4 Q-Nodal Patterns of Eigenfunctions Associated with 5\1, R

The purpose of this section is to list all the possible patterns of the nodal set N (&%)
inside the Q-squares Q; ;,0 <i, j < R — 1, see Sect.5.3.

The following properties are derived from the previous sections and from Prop-
erty 5.3.

(i) The nodal set N (®?) is contained in W(+) U £ U S.

(ii) If a white square Q; ; does not touch the boundary JS, the nodal set N (<I>0)
cannot cross nor hit the boundary of Q; ;, except at the vertices which belong
to L.

(iii) If a white square Q; ; touches the boundary JS, the nodal set N (%) cannot
intersect the boundary of Q; ;, except at the vertices which belong to £, or at
an edge contained in 0S.

(iv) Since the points in £ are not critical zeroes, the nodal set consists of a single
regular arc at such a point.

(v) Inside a white square Q; ;, the nodal set N (®%) can have at most one self
intersection at (g;, g;) if this point is a critical zero for @Y. In this case, the
critical zero is non degenerate, and the nodal set at (g;, g ;) consists locally of
two regular arcs meeting orthogonally.

(vi) Inside a square Q; ;, the nodal set cannot stop at a point, and consists of at most
finitely many arcs.

(vii) The nodal set N (®?) cannot contain a closed curve contained in the closure of
Qi,; (energy reasons).

e Inner Q-square. Figure 11 shows all the possible nodal patterns inside a square
Q;,j which does not touch the boundary. The patterns A and B occur when the eigen-
function ®” does not have any interior critical zero inside the Q-square. Pattern C
occurs when @ admits (gi, g;) as interior critical zero (necessarily unique and non
degenerate), in which case # must be equal to §(g;, ¢ ;). The properties recalled above
show that there are no other possible nodal patterns.

e Boundary Q-square, R even. As stated in Property 6.2(iv), it suffices to consider
the case 6 € [0, w/4]. The only boundary critical zeroes of @Y are the vertices 0, m)
and (7, 0), this case occurs if and only if # = 7 /4, and points on the vertical edges
{0, w}x]0, 7[ if and only if 0 < 6 < 7 /4. These points come in pairs of symmetric
points with respect to the center O of the square S. It suffices to describe the points
located on the edge {0} x]0, «[, i.e., the points (0, y) satisfying Eq. (6.30),

Ugr—_i(cosy) + Rtanf =0, forsome d, 0 <6 < 7/4.
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(a)

Fig. 11 Nodal pattern in an inner Q-square

When 6 = 0, this equation provides exactly (R — 1) non degenerate critical zeroes, the
points pj, 1 < j < R—1. When 0 < 6 < /4 the equation has at least one solution
located in the interval ]pg_1, w[. This is the sole solution when 6 is close enough
to 7m/4, and it corresponds to a non degenerate critical zero. The other solutions, if
any, are located in the intervals |p;, p;y1[, with j odd. Each such interval contains
at most two solutions, which correspond to non degenerate critical zeroes. When an
interval contains only one point, this is a double solution, and it corresponds to a
degenerate critical zero g ;. This can only occur for the special value 6(0, g;).

Figure 12 gives all the possible nodal patterns of the eigenfunction ® in a square
Qo,; which touches the edge {0} x]0, 7[. The base point of the square (0, p;) is the
black dot in the figures. The other dot is the vertex (0, 7).

Figure (Ae) shows the nodal pattern in the square Q¢ g—1 which touches the vertex
(0, ), and contains the persistent edge non degenerate critical zero. Figure (Be)
shows the nodal pattern when there is a degenerate edge critical zero (0, g;); it
is always of order three, with two arcs hitting the boundary with equal angles 7/3.
Figure (Ce) shows the nodal pattern when there are two non degenerate critical zeroes
in the interval {0} x]p;, pj+1[. There are two arcs hitting the boundary orthogonally.
Figure (De) shows the nodal pattern when the interval {0} x]p;, p;j+1[ contains no
critical zero. The properties recalled above show that there are no other possible
nodal patterns.

e Boundary Q-square, R odd. The description of the critical zeroes of ®’ on the
boundary JS in the case R odd is similar to the case R even, with some changes.
As stated in Property 6.2(iv), up to symmetries, we can restrict ourselves to 6 €
[w/4, 37w /4]. Recall the value 0 < 8_ < 7 /4 defined in Sect.6.1. The vertices are
critical zeroes, and they are non degenerate unless § = 37 /4. For 0 € [n/4, /2 —
0_[, there is no critical zero on the edges. For 6 €]n/2 — 0_, 37 /4], there are critical
zeroes on the horizontal edges, and none on the vertical edges. Since the nodal sets
are symmetrical with respect to {y = 7/2}, it suffices to describe the critical zeroes
on the horizontal edge ]0, 7[x{0}. For @ = 7/2 — 6_, there are at least two order 3
critical zeroes (except when R = 3 in which case there is only one). As a matter of
fact, it seems that there are exactly two critical zeroes for R > 5 because the local
extrema of Ug_| decrease in absolute value on [—1, 0]. For 0 €]n/2 —60_, /2], the
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Fig. 12 Local nodal patterns
at the boundary, R even
e
[
Ty
(Ae)
(Be)
L N
(Ce) (De)

number of critical zeroes depends on the number of solutions of Eq. (6.31),
R cotd + Ugr_1(cosx) =0,

with 0 or 2 solutions in each interval ]p;, p;+1[x {0}, or a degenerate critical zero at
some (g;, 0), when 8 = 6(q;, 0). For 6 €]xw/2, 3w /4[, there are two non degenerate
critical zeroes, one in each interval ]0, pi[x{0} and | pg—1, w[ x {0}, near the vertices.
For 6 = 37 /4, there is no critical zero on the open edge, and only critical zeroes of
order 4 at the vertices. Using the properties listed at the beginning of Sect. 6.4, one
can show that Fig. 13 contains all the possible nodal patterns in a Q-square touching
the edge 10, w[x{0}.
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(Ao) (Ao)

[
O

(Bo) (Co)

Fig. 13 Local nodal patterns at the boundary, R odd

6.5 Nodal Sets of the Functions Zy Associated with 5\1, R

Recall the notation in Sect.5.3, (5.15), Z; = ®Fand Z_ = ®F . The purpose of
this section is to prove the following proposition.

Proposition 6.6 Nodal sets of the eigenfunctions Z. associated with the eigenvalue
ALR-

(i)

(ii)

Case R even, R = 2r. The symmetries with respect to the lines {x = m/2}
and {y = m/2} send the nodal set N(Z4) to the nodal set N(Z_). Both nodal
sets N(Zy) and N(Z_) are invariant under the symmetry with respect to the
center O of the square. The nodal set N(Z..) consists of the boundary 0S, the
anti-diagonal, and a collection of (r — 1) simple closed curves ;. The curve
~; winds around 0S;, passing through the points in L N 0S;, and crosses the
anti-diagonal D_ orthogonally. The curves ; do not intersect each other.

Case R odd, R = 2r + 1. The nodal sets N (Z+) are invariant under the symme-
tries with respect to the lines {x = 7 /2} and {y = m/2}. The nodal set N(Z.)
consists of the boundary S, and a collection of r simple closed curves «;. The
curve o winds around 0S;, passing through the points in LNOS;. The curves o
do not intersect each other. The nodal set N(Z_) consists of the boundary 0S,
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the two diagonals D4, and a collection of (r — 1) simple closed curves 3;. The
curve (; winds around 0S;, passing through the points in £ N 0S;, and crosses
the diagonals Dy orthogonally. The curves (3; do not intersect each other.

The proof of this proposition relies on three lemmas which we prove below.
Lemma 6.7 determines precisely the interior critical zeroes of the nodal sets N (Z4.).
Lemmas 6.8 and 6.9 are “separation” lemmas.

Lemma 6.7 When R is even, the diagonal, resp. the anti-diagonal, is contained in
the nodal set N(Z_), resp. in the nodal set N(Zy). When R is odd, the diagonal
and anti-diagonal meet the nodal set N(Z.) at finitely many points. They are both
contained in the nodal set N(Z_). The critical zeroes of the functions Z4 are as
follows.

(i) Case R even, R = 2r. The interior critical zeroes of the function Z are exactly
the (R —2) points, (qi, m—q;), for | <i < R—2, located on the anti-diagonal.
The interior critical zeroes of the function Z_ are precisely the (R — 2) points,
(qi, gi), for 1 <i < R — 2, located on the diagonal.

(ii) Case R odd, R = 2r + 1. The function Z has no interior critical zero. The
interior critical zeroes of the function Z_ are precisely the (2R — 5) points,
(qi, qi), (gi,™— qi), for 1| <i < R — 2, located on the diagonal and anti-
diagonal.

Remark Note that Lemma 6.7, Properties 6.4 and 6.3 provide a complete description
of the critical zeroes of the functions Z .

Proof The first assertions are clear. We concentrate on the determination of the
interior critical zeroes. Let ¢ = +1. The point (x,y) € S is a critical zero of
the function Z4 if and only if (x, y) is a common solution to the following three
equations.

sinx sin(Ry) + € sin(Rx) siny = 0. (6.35)
cosx sin(Ry) 4+ €R cos(Rx) siny =0. (6.36)
R sinx cos(Ry) + € sin(Rx) cosy = 0. (6.37)

Since (x, y) is an interior critical zero, (6.35) and (6.36) imply Eq.(6.38) below;
(6.35) and (6.37) imply Eq. (6.39) below.

cosx sin(Rx) — R sinx cos(Rx) =0. (6.38)
cosy sin(Ry) — R siny cos(Ry) =0. (6.39)
Substituting sin(Rx) and sin(Ry) in (6.35) using (6.38) and (6.39), we obtain the

equation
cosx cos(Ry) + € cos(Rx) cosy =0. (6.40)
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Adding and substracting (6.35) to/from (6.40), we obtain that an interior critical
zero (x, y) of Z4 satisfies the system,

cos(x — Ry)+ e cos(Rx —y) =0, 6.41)
cos(x + Ry) +ecos(Rx +y) =0. ’

e Case ¢ = 1. Modulo 27, the system (6.41) is equivalent to

(al)x —Ry=m—Rx+y[2r]or (bl) x — Ry =7+ Rx — y [2n],
and (6.42)
(a@2)x+ Ry=m—Rx —y[2n]or (b2) x + Ry =7+ Rx + y [2~7].

‘We have to consider four cases.

v’ (al) and (a2) These conditions imply that Rx = —x + k7 for some integer k.
Using (6.38), we find that

(=D**'(1 + R) sinx cosx =0.

This implies that x = 7 /2. Similarly, using (6.39), we find that y = m/2. Since
(x,y) is a critical zero, using Sect. 6.1, this can only occur when R is odd. On the
other hand, using (6.35), we find that sin(R7/2) = 0 which implies that R is even.
The conditions (al) and (a2) cannot occur simultaneously.

v’ (al) and (b2) These conditions imply that x = y. Using (6.35), we find that
sin(Rx) = 0 and hence, by (6.38), cos(Rx) = 0. The conditions (al) and (b2)
cannot occur simultaneously.

v' (bl) and (a2) These conditions imply that y = m — x. Using (6.35), we see that

((=DFF 4 1) sinx sin(Rx) = 0.

If R were odd, we would have a contradiction with (6.38). This case can only occur
when R is even.
v (bl) and (b2) These conditions imply that Rx = x + kn for some integer k.
By (6.38), this implies that x = 7/2. Similarly, we find that y = 7 /2. As above,
this implies that R is odd. On the other-hand, (6.35), implies that sin(R7/2) which
implies that R is even. The conditions (b1) and (b2) cannot occur simultaneously.
We conclude that the function Z has no interior critical zero when R is odd, and
that its only critical zeroes are the points (¢;, 7 — ¢;), for | <i < R —2 when R is
even.

e Case ¢ = —1. The system (6.41) is equivalent to

(al)x — Ry = Rx —y[2m]or (bl) x — Ry = —Rx + y [27],
and (6.43)
(@2)x + Ry =Rx+y[2r]or (b2) x + Ry = —Rx — y [2n7].
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We have to consider four cases.

v’ (al) and (a2) These conditions imply that Rx = x + k7 for some integer k. Using
(6.38), we find that
(=D (1 = R) sinx cosx =0.

This implies that x = 7 /2. Similarly, using (6.39), we find that y = 7 /2. Since
(x, y) is a critical zero, using Sect. 6.1, this case can only occur when R is odd.
v’ (al) and (b2) These conditions imply that 7 — x = y. Using (6.35), we find that

(=D — 1) sin(Rx) = 0.

Since (x, y) is a critical zero, sin(Rx) # 0 and this case can only occur when R is
odd.

v (bl) and (a2) These conditions imply that y = x. This case occurs for both R
even and R odd.

v (bl) & (b2) These conditions imply that Rx = —x + kx for some integer k. By
(6.38), this implies that x = 7/2. Similarly, we find that y = 7/2. This case can
only occur when R is odd.

We conclude that the only critical zeroes of the function Z_ are the points (g;, g;),
for 1 <i < R — 2 when R is even, and are the points, (g;, gi), (gi, ™ — q;), for
1 <i <R —2when R is odd. ]

Recall that the function Z (x, y) satisfies the relations
Zi(y.x)=Zy(x,y)and Zy(r —x, 7 —y) = (=D Z, (x, y)

which imply that the nodal set N (Z. ) is invariant under the symmetry with respect
to the diagonal D, , and under the symmetry with respect to the centre O of the
square S. Consider the subsets

Fr={SN{x>y}lNn{x+y<mn},
Fr={SN{x>y}ln{x+y>n},
Fy={SN{x <y}n{x+y>n},
Fo={SN{x<y}n{x+y<mn}.

(6.44)

Due to the symmetries mentioned above, it suffices to understand the nodal set into
one of theses domains. Since Z corresponds to the value § = /4, the diagonal D
is covered by grey Q-squares. When R is even, the anti-diagonal D_ is covered by
white squares which either contain a unique critical zero of Z ., or have as vertex one
of the vertices (0, 7) or (7, 0). In either situations, the structure of N (Z_.) inside these
diagonal white Q-squares is known, see Sect. 6.4. When R is odd, both diagonals D
and D_ are covered by grey squares, and the white Q-squares meeting a given F;
are actually contained in F;. In summary, it suffices to understand the nodal pattern
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of Z, inside the white squares contained into the F;, and it suffices to look at the
case i = 1, and use the symmetries.

Claim In each white square Q; ; C W(+) N Fi, the horizontal segment |p;, pi+1
[x{m} does not meet the nodal set N(Zy). More precisely, for R = 2r and j <
r—1,

(=) Zy(x,m;) > 0on theinterval 1p; 41, ™ — pj4il.

Proof Since Q; ; € W(+), we must have i + j odd i.e., (—1)it/ = —1. Since
Qi,j C F1, we must have the inequalities j <i —1andi + j < R — 2. Up to the
positive factor 1/+/2, we have, for any x €]p;, pi+1l,

Zy(x,mj) =sinx sin(Rm;) + sin(Rx) sinm;
= (—1)/(sinx + (—1)/ sinm; sin(Rx)) (6.45)
= (—1)/(sinx — sinm; | sin(Rx)|),

where the last equality follows from the equalities sin(Rx) = (—1)’| sin(Rx)| on the
interval 1 p;, pi+1[, and (—1)i*J = —1.On the other-hand, the inequalities j <i—1
andi + j < R—2imply that m; < p; < pjy1 < 7™ —mj, so that sinx > sinm;
on |p;, pit+1[. This proves that Z (x, m;) # 0 on |p;, p;i+1[, hence the claim. [

Taking into account the preceding discussion, we have obtained the following
lemma.

Lemma 6.8 The horizontal segments (medians) through the points (m;, m ;) which
are contained in the white squares Q; j C W(+) N F1 or W(+) N F3 do not meet
the nodal set N(Z). The vertical segments (medians) through (m;, m ;) which are
contained in the white squares Q; ; C W(+) N JF2 or W(+) N Fy4 do not meet the
nodal set N(Z4.).

We have a similar lemma for the eigenfunction Z_.

Lemma 6.9 The horizontal segments (medians) through (m;, m ;) which are con-
tained in the white squares Q; ; C W(+) N Fy or W(—) N F3 do not meet the nodal
set N(Z_). The vertical segments (medians) through (m;, m ;) which are contained
in the white squares Q; ; C W(+) N F2 or W(+) N Fy do not meet the nodal set
N(Z_).

Proof We sketch the proof of the lemma. Since N(Z,) and N(Z_) are symmetrical
to each other with respect to {x = 7/2} when R is even, it suffices to study N(Z_)
for R odd. The nodal set is contained in VW (—). The diagonal and the anti-diagonal
are covered by white Q-squares, and in these squares the nodal pattern is known
since they either contain a critical zero or touch a vertex of the square S. As above,
we look at the white squares inside F1. The indices of these squares satisfy

(~)* =1, j<i—1, i+j<R-2.
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As in the previous proof, we can write,

Z_(x,mj) = sinx sin(Rm ;) — sin(Rx) sinm
= (—1)/(sinx + (—1)/ sinm; sin(Rx)) (6.46)
= (=1)/(sinx — sinm;| sin(Rx)|)

because sin(Rx) = (—1)’|sin(Rx)| in the interval ]p;, pi+1[, and (—1)t/ = 1.
The same argument as above gives that the horizontal median [ p;, p;+1[x{m;} does
not meet N(Z_). O

Remark Similar lemmas hold with the horizontal and vertical segments ]p;, pi+1
[x{g;} and {gi}x1pj, pj+1l.

Proof of Proposition 6.6 The idea of the proof is to follow the nodal set along the
boundary of each square 9S;, withi = 1,2, ..., r (say from the point (p;, p;) anti-
clockwise, through (pr—i, pi), (PR—i» PR—i), (Pi» PR—i),and back to (p;, p;)), and
to use the properties of the functions Z 4 (no critical zeroes on the open edges, known
nodal patterns at the vertices, known interior critical zeroes, and their localization
together with Lemmas 6.8 and 6.9).

When R = 2r is even, it suffices to prove the result for Z, . We already know
that the nodal set of Z, contains the anti-diagonal and 0S. Start from (p1, p1)
horizontally. The absence of critical zero on the edge ]0, 7[x {0} and Lemma 6.8 tell
us that the nodal line can only intertwine the edge of S; untill it enters the square
Q1.2r—2 at the point (p1, pa—2). Due to the nodal pattern in this square which
contains the critical zero (g1, ™ — ¢1), the nodal line exits the square at the point
(pr=1, p2). By Lemma 6.8, and the absence of critical zero on the edge {7} x]0, 7[,
the nodal line has to follow upwards along x = pgr_1, till the point (pr_1, pr—1)
where there is no choice but to get along the horizontal edge at this point, backwards
until the nodal line enters Q1 g—2 at the point (p2, pr—1). In this square, the nodal
pattern in known, and the nodal line has to leave throught the point (p1, pr—2)
downwards along the last edge of S back to the starting point. This is the first closed
curve y;. We can now iterate the procedure along Sz, using Lemma 6.8 to constrain
the nodal set from both sides. After (r — 1) iterations, we end up with (r — 1) closed
curves, and we have visited every point in £ (if we take the diagonal into account).
The curves 7; cannot meet because an intersection point would be a critical zero, and
we know that the only critical zeroes of Z are on the anti-diagonal. The nodal set
cannot contain any other connected component, otherwise such a component would
be entirely contained in a white Q-square, and we know that this is not possible for
energy reasons. This proves Assertion(i).

‘We obtain the other assertions by similar arguments. (I
Remark We have just proved that the nodal patterns of Z4 are as suggested by the
pictures (see Figs. 16, 17 and 18).
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6.6 Deformation of Nodal Patterns

In this subsection, we investigate how nodal patterns of the family of eigenfunctions
{®} evolve when the parameter 6 varies.

Lemma 6.10 Assume 0 is not a critical value of the parameter, i.e., does not belong
to the set T :="1,U T, UT,.

(i) The patterns (A) and (B) in Fig. 11, and the patterns (A), (C) and (D) in Figs. 12
or 13, are stable in any interval 10 — €, 0 + e[C T.

(ii) Let 0 € 1, be some critical value of 0. When 0 is close to 0 and 6 > 0y, (resp.
0 < 0Or), the pattern (C) in Fig. 11 changes to one of the patterns (A) or (B)
(resp. (B) or (A)).

(iii) Let 0y € T, U T, be some critical value of 0. When 0 is close to 0 and 0 > 0y
(resp. 8 < 6y), the patterns (B) in Figs. 12 or 13 change to one of the patterns
(C) or (D) (resp. (D) or (C)).

Remark The proof provides more information than the above statement.
Proof The proofs are similar for R even and R odd. We only sketch the proofs for
R even.

Assertion (i) Assume we are in a square Q; ; which does not touch the boundary of the
square. In order to prove the first assertion, we consider the segment [0, m[x{g;} N
Q;,;j for the patterns Fig. 11a, and the segment {g;}x]0, 7[NQ; ; for the pattern
Fig. 11b. The argument is the same in the two cases. Let us consider the last one. The
function y — ®(q;, y, 0) has precisely two simple zeroes in the interval |p;, p;11l.
The function y — ®(g;, y, ') will still have two simple zeroes for 6’ close to 6. As
a matter of fact, when #’ varies, the two arcs of nodal set become closer and closer,
and eventually touch, which occurs precisely when ¢’ reaches a critical value in 7.

Assertion (ii) We consider some critical value 6, and use the same segments as in
the proof of the first assertion. There are two cases for ® (x, y, ) in the square Q; ;:
it is non negative on the vertical segment and non positive on the horizontal one, or
vice and versa. Both cases are dealt with in the same manner. For symmetry reasons,
we can also assume that 0 < § < 7 /4, so that the nodal set meets Q; ; if and only
if (—=1)"*/ = —1. For 0 close to and different from 6y, we write,

@(qi,y,0) = D(qi, y, Ok)
+(=1)/ ((cosH — cos By) sing; (—1)7 sin(Ry) (6.47)
—(sin @ — sin ) (— 1)’ sin(Rq;) sin y) .

Assuming that ®(g;, y, 6x) > 0 inside the square Q; ; and looking at signs, we
then see that ®(g;, y, §) > 0 inside Q; ; if either j is even and 6 < 0, or j is odd
and 0 > 6. This means that the nodal pattern Fig. 11c evolves to the nodal pattern
Fig. 11a in these cases. Similarly, we write
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@(x,qj,0) = P(x,q;, )
+(—1)/ ((cos 0 — cos By) sin x (—1)7 sin(Rq;) (6.48)
—(sin§ — sin 6;)(—1)! sin(Rx) sin qj) .

Assuming that ®(x, g;, 0x) < 0 inside the square Q; ;, and looking at signs, we
see that ®(x, g;,0) < 0 inside Q, ; if either j is even and 6 > 0y, or j is odd
and 6 < 6. This means that the nodal pattern Fig. 11c evolves to the nodal pattern
Fig. 11b in these cases.

Assertion (iii) The proof is similar to the proof of Assertion(ii). ([l

6.7 Desingularization of Z +

In this subsection, we study how the nodal set of the eigenfunction {®?} changes when
0 varies in a small neighborhood of 7 /4, while (x, y) lies in the neighborhood of a
critical zero of the eigenfunction Z . Since Z has no critical zero when R = 2r +1,
we only consider the case R = 2r.

Recall the results and notations of Sect.6.1. By Lemma 6.7, the critical zeros of
Z 4 are the points (¢;, 7 — g;), | <i < R — 2. Take into account the fact that R is
even, and hence that Ug_1 is odd. For (x, y) in the square Q (i) := Q; 2,—1—; which
contains the point (¢;, ™ — gq;), write

V2Zi(gi, y) = sing; siny (=1)'|Ug_1(cos y) + M|, (6.49)
V2Z (x,m —gi) =sing; sinx(—1)t |Ur_1(cosx) — M;|, :
where M; is defined in Property 6.1(v). These equations give the local nodal pattern
for the eigenfunction Z in the square Q(i). When i is odd, resp. even, the nodal
pattern is given by Fig. 14(i), resp. by Fig. 14(ii).

On the other hand, we can write,

®(g;,y,0) =sing; siny {cosOﬁZJr(qi, y) + (sinf — cos 6) Mi}
= (=1) {cos9ﬁ|Z+(qi, y)| —sing; siny (sin9 - 0059) |Ml-|}.
(6.50)

The last factor in the second line of (6.50) is positive when 0 < 7/4 — 0 < 1.t
follows that the local pattern of the nodal set N () inside Q (i), is given by Fig. 15(1I).
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Fig. 14 Local nodal patterns
at an interior critical zero

Fig. 15 Local nodal patterns
in the absence of critical zero

1y

Similarly, we can write

®(x, 7 —g;,0) =sing; sinx {sinf)ﬁZJr(x, T —gi) + (sin6 — cos §) M,-}
= (=1)it! {sin&«/i\L,(x,ﬂ —gi)| +sing; siny (sing — cos6) |M,-|}.
(6.51)

The last factor in the second line of (6.51) is positive when 0 < 6 — 7/4 < 1.1t

follows that the local nodal pattern of the nodal set N (%) inside Q(i), is given by
Fig. 15 (D).
Remark Notice that the pattern is independent of i. When 6 leaves the value 7 /4,
all the critical zeroes of the eigenfunction Z disappear at once, and the local nodal
patterns of ®’ in the Q-squares containing the critical zeroes of Z look alike,
opening “horizontally” as in Fig. 15(I1), when 6 < 7/4; resp. opening “vertically”
as in Fig. 15(I), when 6 > 7/4, as stated in Theorem 4.1(ii).

6.8 Desingularization of Z _

Since Z4 and Z_ are symmetrical with respect to {x = 7/2} when R = 2r, we only
have to consider the case R = 2r+1. When R = 2r + 1, the interior critical zeroes of
Z_ are the point (7/2, 7/2) and the points (g;, g;), (i, 7 —q;),for 1 <i < R—2.
Due to the symmetries with respect to {x = 7/2} and {y = w/2}, it suffices to
consider the points (g;, ¢;), | <i <r, and the square Q; ;.
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We can write

V2Z_(gi.y) =sing; siny (=)™ [Ug-1(cos y) = M;],

. . ; (6.52)

V2 7Z_(x,q;) = sing; sinx (—1)" [Ug_1(cosx) — M;| .

These equations give the local nodal pattern for the eigenfunction Z_ in the square

Q;.i- Wheni is even, resp. odd, the pattern is given by Fig. 14(i), resp. by Fig. 14(i1).
On the other hand, we can write,

®(gi, y,0) = cosO~/2Z_(qi,y) +sing; siny (sin6 + cos0) M;
=(=1) {|cos0«/§Z+(qi, y)| +sing; siny (sin9 +cos0) |M,~|} .
(6.53)

The last factor in the second line of (6.53) is positive when 0 < 37/4 — 0 < 1.
It follows that the local pattern of the nodal set N (®?), is given by Fig. 15(I).
Similarly, we can write

®(x,qi,0) = —sin@~2Z_(x,q;) + sing; sinx (sin& —I—COSG) M;
= (=1)if! {sin9ﬁ|Z_(qi, y)| —sing; siny (sin 6 + cos 6) |Mi|} )
(6.54)

The last factor in the second line of (6.54) is positive when 0 < 6 — 37/4 < 1.
It follows that the local pattern of the nodal set N (®?), is given by Fig. 15(II).

We point out that the pattern is independent of the sign of i. When 6 leaves the
value 37 /4, all the critical zeroes of the eigenfunction Z_ disappear at once, and
the local nodal patterns of ®7 in the squares containing the critical zeroes of Z_
look alike, opening “vertically” as in Fig.15(I), when 6 < 37 /4; resp. opening
“horizontally” as in Fig. 15(II), when 6 > 37 /4.

6.9 The Nodal Pattern of ®° for 6 Close to /4 and R Even

By Property 6.2(iv), we can assume that 6 € [0, 7/4]. We know from Properties 6.3—
6.5 that for R = 2r and 0 < w/4 — 0 < 1, the eigenfunction @Y has no interior
critical zero, two non degenerate edge critical zeroes, respectively in the intervals
{0}x]1pgr—1,7[ and {m}x]0, p1[, and that the vertices are non degenerate critical
Zeroes.

Using Lemma 6.10, the nodal pattern of N (d)e) for @ close to /4, is the same
as the nodal pattern of Z in the Q-squares without critical zero, namely the white
Q-squares which do not meet the anti-diagonal. To determine the nodal set of N (),
it suffices to know the local nodal patterns in the white Q-squares covering the anti-
diagonal. This is given by Sect. 6.7, the crosses at an interior critical zero open up
horizontally, and by the description of the critical zeroes on the vertical edges near
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8=00n 8=002xn 0 =0.040363 1 0=0043 7

\J

YAY
A
1\)U

6=0.047665 T B=005n 8=0.071705 1 6=0.127

I
i

—~—
—

8=0.161605 & 6=0.17w 8=0185335n 6=020m

]
]

8=0.223323n 8=024=w 8=025=n 8=026m

B
e

Fig. 16 Typical nodal patterns for the eigenvalue (1, 8)

the vertices (0, ) and (7, 0). It is now clear that the nodal set of ®? for 6 close
enough to 7/4 is connected, and divides the square into two connected components.

Remark As the diaporama of subfigures in Fig. 16 shows, there is another way to
obtain examples of eigenfunctions with exactly two domains, using a deformation
of one of the simplest product eigenfunctions. The following figures display the
nodal sets for the eigenfunctions @?‘8 and <I>(f’9. The values of 6 appear in the title.
The values with more than two digits correspond to the critical values of the para-
meter, i.e., the values of 6 for which critical zeroes or equivalently multiple points
appear/disappear in the nodal set, see (6.19) and (6.20). The values with two digits
are intermediate values between two consecutive critical values. The topology of the
nodal set does not change in such intervals.
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0=025= 0 =0.260025 0=027Txw
0=0282855n 0=030m 0=0318099
0=0337 0=0.354868 & 0=03%xw
0=0429078 0=045n 0=0462506T7
B @ H | B | | B U \
\ / \ / | / |

Fig. 17 Typical nodal patterns for the eigenvalue (1, 9)
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0 = 0.462506 7 0=0507% 0=0535223n
[ \ W B &Y
\ / I [\ \/ |

0=054x 0 = 0.546050 7 0=0.60%
WA H \ { \ f g
[ \/ /\ | \
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0=073% 0=075n 0=077x
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Fig. 18 Typical nodal patterns for the eigenvalue (1, 9), continued
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Abstract We study the microlocal analyticity and smoothness for the solutions of
a class of first order complex nonlinear partial differential equations of the form

Uy = f(-xv ts u, Mx)-
Keywords Microlocal analyticity + Microlocal smoothness + FBI transform

2010 Mathematics Subject Classification Primary 35F20; Secondary 35A18

1 Introduction

Consider the first order fully nonlinear partial differential equation

up = fx, 1, u,uy)

where f = f(x,t, (o, {) is areal analytic function on an open subset 2 x (—7', T') x
Vix Vo of RV xRxCxCN, holomorphic in the variables ((p, ¢). In our recent paper
[1], we proved microlocal analyticity hypoellipticity results for the trace u(x, 0) of
a solution of the Cauchy problem

ur= f(x,t,u,uy), 0<t<T,xe
u(x,0) = w(x), xeQ
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under some assumptions on the repeated brackets of the linearized operator and its
conjugate. When f (x, t, (o, ¢) is C* in all the variables and holomorphic in ({p, (),
we proved a C* microlocal regularity result for the trace u(x, 0).

In this paper, we study the regularity of the solution u(x, t) itself instead of the
trace u(x, 0). Under the same bracket assumptions as in [1], we prove analytic and
C®° regularity results for the solution # = u(x, t). The bracket assumptions are
expressed in terms of the vector field £V and its complex conjugate £V where £V is
the linearization of the equation u;, = f(x, t, u(x,t), ux(x, t)) at u given by

N
-2 1w -
j=1

where fC (x,1t) = fgj (x,t,u(x,t),uy(x,t)) for 1 < j < N. Section 5 contains
some examples that apply our results. The approach to the fully nonlinear case by
using the Holomorphic Hamiltonian is motivated by [3].

2 Statement of the Results

The work [1] generalized to the fully nonlinear case the main result in [12] where
the authors studied the microlocal analyticity and strong instability (with respect to
a C® perturbation) of the Cauchy problem for quasi-linear equations of the type

QSN a0t = b, tw), 0<r<T,xeQ o
u(x,0) = w(x), xeQ '
where € € RY isan open subset, I > 0. The functions a;, b, j =1, ..., N are the

restrictions to €2 x [0, T'] x V3 of some holomorphic functions defined on a domain
V =V x Vo x V3 CCN*2 Let

0

M= 8t+

Za](x,t, v)— +b(x, 1, v)—

We recall from [12] the vectors v for k € N defined by
vy = (ai,..., ay), vi = M(ay), ..., May)) = M), ..., v = M@i—1) = M ).

The main result in [12] is as follows:

Theorem 2.1 Let k € N. If the Cauchy Problem for (2.1) has a C*T' solu-
tion for t > 0 on a neighborhood of (xo,0), and Vx € Q,Vj with 0 <
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J < k Svj(x,0,w(x) =0, Svk(xg, 0, w(xg)) # 0, then ¥&° € RN such that
Sk (x0, 0, w(xg)) - €0 > 0, the point (xq, £0) ¢ W F,(w).

Here W F,(w) denotes the analytic wave front set of w(x). The reader is referred
to [14] for the definition of the analytic wave front set.

In the paper [1], Theorem 2.1 was extended to the fully nonlinear equation
uy = f(x,t,u,uy,) by first generalizing the vectors v (x, 0, w(x)).

Let u be a sufficiently smooth solution of the nonlinear pde

up = f(x,t,u,uy)

where f(x, 1, (o, ¢) is a smooth function, holomorphic in ((p, (). Let
0 < 0
L=_—— c(x,t, G0, Q) =—.
o JZ_; foy (01,00 O 5

Setv = (u, uy). If v = (x, ¢, (o, ) is a smooth function, holomorphic in ({p, {),
we will use the notation

YU (x, 1) = (x, 1, u, uy) .

With this notation, the linearized operator of u; = f(x, ¢, u, uy) can be written as
P N
v __ 2 v
L= > fE e 0) Oy
j=1
Setg = (g90,...,9N),

N
g0 (xvt’CO’C) = f(xJaCO’O - ZC]fC/ (x7t’<07c)’ and

j=1
gi (X, 1,60, Q) = fr; (x, 1,60, Q) — Gifeo (X, 1,60, 0 (1 <i<N).
Consider now the principal part of the holomorphic Hamiltonian:

N

H=L+g00,+ D90 2.2
j=1

We can now state the generalizations of Theorem 2.1 proved in [1]:

Theorem 2.2 Let f(x,t, (o, () be a real analytic function that is holomorphic in
(€o, €). Let k € N. If the nonlinear first order equation

Ou=f(x,t,u(x,t),uy(x,t)) (2.3)
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has a C**1 solution for t > 0 on a neighborhood of (xq, 0), and
. v k v
VieQ, VO<j<k 3 (H]fg) (x,0)=0, 3 (H fg) (x0,0) £0, (2.4)
then for all €° € RN such that
v
3 (H" fg) (x0,0) - €% < 0, 2.5)

the point (xo, EO) does not belong to the analytic wave front set of the trace u (x, 0).
When f(x, t, (o, ¢) is C*, we also proved

Theorem 2.3 Let f(x, t, {y, ¢) be a C* function that is holomorphic in ({y, C). Let
k € N. If the nonlinear first order equation

O = f (x,t,u(x, 1), ux (x,1)) (2.6)
has a C*+1 solution for t > 0 on a neighborhood of (xg, 0), and
. v k v
VieQ, VO<j<k 3 (H’fg) (x,0)=0, 3 (H fg) (x0,0) £0, (2.7)
then for all € € RN such that

5 (Hk fc)v (x0,0) - €0 < 0, 2.8)

the point (xo, 50) does not belong to the C* wave front set of the trace u (x, 0).
The main results of this paper are as follows:

Theorem 2.4 Let f(x,t, (o, () be a real analytic function that is holomorphic in
(o, €). Let k € N. If the nonlinear first order equation

O = f (x,t,u(x, 1), uy (x,1)) (2.9)
has a CK solution on a neighborhood of (xo, 0), and
. v k v
VxeQ, VO< <k, S(Hffg) (x,0) = 0, %(H fg) (x0,0) £0, (2.10)

then

(1) Ifk is even, for all €° € RN such that

S (M) (0,00 €0 £0, @.11)
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the point (xo, 0,0, 0) does not belong to the analytic wave front set of the

solution u(x, t).
(2) Ifkis odd, for all € € RV such that

5 (kac)v (x0,0) - €% < 0, 2.12)

the point (xo, 0,0, 0) does not belong to the analytic wave front set of the
solution u(x, t).

Theorem 2.5 Let f(x,t, (o, () be a smooth function that is holomorphic in ((p, ().
Let k € N. If the nonlinear first order equation

O = f (x,t,u(x, 1), uyx (x,1)) (2.13)
has a C*¥ solution on a neighborhood of (xo, 0), and
. v k v
VieQ, YO<j<k 3 (’Hffg) (x,0) = 0, S(H fc) (x0,0) £0, (2.14)

then
(1) Ifk is even, for all €° € RN such that

S (1) (0,00 €0 £0, (2.15)

the point (xo, 0,9, O) does not belong to the C*° wave front set of the solution
u(x,t).
(2) Ifk is odd, for all €° € RN such that

3 (H"fc)v (x0,0) - €2 < 0, (2.16)

the point (xo, 0, &9, O) does not belong to the C* wave front set of the solution
u(x,t).

3 A Bracket Characterization

We next indicate how the assumptions in the quasi-linear case (Theorem 2.1) involv-
ing the vectors v; (0 < j < k) get generalized in terms of the vectors H’ f¢,

Je= e fen)-

Write the quasi-linear equation as

ou i(t)aqub(t)f(t )
- = — aj\x,r,u)— X, ,u) = X, I, U, Uyx),
ot O J 8)6]‘
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where f(x,1,{p, () = — Z?’:] aj(x,t,o)¢j + bx,t, (p). In this case, we have

N
go(x. 1,60, Q) = f(x. 1,60, Q) = D Cife; (x. 1. G0, ) = b(x. 1, o)

J=1

and N N
0 0 0 0
a0 /Z:;fé/(x’ t, Co, O% = + Zaj(x, L, CO)%-

The holomorphic Hamiltonian in the quasi-linear case thus becomes
8( j

= —+Za,(x f, Co) S b, <o)—+ZgjaC
J

N
= o
It follows that since fr = —(ai(x,t, o), ..., an(x,t, () = —vo(x, 1, (o),

HI(fo) = —MI () =v;, Vj

and hence the assumptions in Theorems 2.4 and 2.5 on H/ ( f¢) become the conditions
on v; in the quasi-linear case.
We recall from Proposition 11 in [1] that the conditions

S(HY f)P(x0,0) = 0 for0 < j < k — 1 and S(H* ££)"(x0, 0) # O

hold if and only if all the brackets of £V and £ of order < k vanish at (xg, 0) and
the k— bracket

1 -
Sy Lt L ey || [N R ) 3.1)

Here if Xq, X1, ..., X} are vector fields, the bracket [ Xy, [Xz—1, ..., [X1, Xol]] is
considered a bracket of order k.
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4 Proofs of Theorems 2.4 and 2.5

Proof of Theorem 2.4 Let f = f (x,t, (o, ) be areal analytic function holomorphic

in the variables ((p, ¢). Recall the notation f* (x,t) = f (x,t,u (x, 1), uy (x,1)).
Consider then the function u = u(x, t) whichis a solution of u; = f(x, t, u, uy).

We introduce a new real variable s and note that w(x, ¢, s) = u(x, t) is a solution of

wy = fx,t,w, wy) —w, =h(x, 1,5, w, wy, w)

where h(x,t,s, (p,(,7) = f(x,t,(, () — 7. The vector field £ (the analogue
of L) associated to this equation is

0

0 & 0
El — a-i—a _j;fgj(-x’tv C()’C)a_x]

and the corresponding Hamiltonian is given by

Yooy d
Hy 1 +j§_og/ 7 + gN+1 o7

where for 0 < j < N, the g; are the same as before and gy 11 = fr + 7 f¢,.
Ify = (x,t,s, o, (, 7), we will use the notation

YU(x,t,8) = P(x, 1,5, wx, t,s), wy(x,1,5), ws(x, £, 5))

where we recall that w(x, ¢, s) = u(x, t).

Consider the Hamiltonian 7| on a neighborhood V = V| x V, x V3 x V4 C
CN x C x C x CN of the point (xg, 0, u (xg, 0) , uy (x9, 0)) , and we assume, with
ro, To, po, p > 0, that

V1={x€(CN:|x—xo|<r0},
Vo={teC:|t| < Ty},

V3 ={¢ € C: ¢ —u(x0,0)| < po}, and
Va={CeC:IC - ux (0, 0)] < p}.

Let 8o (x,t,5,C0, ¢, 7),andfor1 < j < N+ 1,let Z; (x,t,s, o, ¢, 7) be real
analytic functions in V (after shrinking V'), holomorphic in (o, ¢, 7), such that

H]Zj =0 and Z; (x,1,0,¢0,¢, 1) =Xxj (1<j<N), ZNy+1(x,t,0,(p,(,T) =t
Hi1Eo =0and Eg (x,1,0, (p, (, 7) = (o-
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Note that Zy41 =1t — s. Let
N
LY =05 +0 = D f (x.0) 0y,
j=1

Recall from Lemma 2 in [3] that for any smooth & = h(x, ¢, s, (o, (, 7), holomorphic
in (¢o, ¢, 7), LYhY = (H1h)". This implies that the Z;’s and Ep (when we restrict
themto (x,#,s,u (x,t),uy (x,1), u,(x, t))) are solutions of L7, that is,
’Ll’(Z;?) =0, and L{(Ej) =0.
By (25) and (26) in [1], we have:
. v . .
0=3 (M) (r,0) = (L) £, 0 = /3 fLx,0)

where H is as in (2.2) and
N
LV =0 = D" fL0x 00y
j=1
Thus by (2.10),

O3 fUx,0)=0for0<j<k—1 4.1)

and

0£3 ('kag)” (x0.0) = (£°) 3 f8 (x0.0) = 3 [ (x0.0).  (4.2)

We can write the solutions Z! for 1 <i < N as

Z7(x,t,5) =x; +5svi(x,t,5)
Since C’i’Z;’ (x,t,s) =0, we have:

N
Vi 4 50y + 5O — fUx, D —s D fEE DO =0, (43)

j=1

Setting s = O the latter leads to

Yi(x,1,0) = fl(x,1), 1 <i <N. (4.4)

Observe that
O (sOstpi) = s by + m' i,
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-1
O (s0uiy) = s (0 0i) +m (90 D)

and
N N N
o' Szfg;aﬁ/d’i =9 ngja’vnax./% +m2f5;a§’1_18x_,.¢,~,
j=l j=1 j=1
Apply 9i" to Eq. (4.3) and use the preceding equations to get:

N
On + DO+ sy + 5 (0 00) +m (907 o) — s | D £L 000 v
j=l1

4.5)
N
+m Y O O = 0.
=1
We will show that for0 <[ <k,
[ ~ _ (_1)l+l [~ U k—I1+1
B3 (6,1, 0) = === O3 [, 1) + O, (4.6)

This equation holds for / = 0 by (4.4). Assume it holds for some / > 1. Using (4.5)
with m = [ + 1 and plugging s = 0 we get:

N
A+ 20 i + U+ DOO —m D [ 0,054 = 0.

j=1

Using the inductive assumption for /, it follows that the equation holds for / 4 1.
Thus (4.6) holds for all /.

Using the assumptions in Theorem 2.4, (4.1) and (4.2), for some functions b;, we
can write

SfGn = bi(x, ", 1 <i < N, b(xp,0) = (b1(x0,0), ..., by(xo,0)) 0.
Taylor expanding in s and using (4.6) we therefore get:
k

i (x,1,8) = —bi(x, 1) [ D

j=0

(=1)J+! (k
J

. )i sT ) ot o . @)
j+1
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We may assume that xo = 0. We will use the FBI transform in (x, ) space. For
h = h(x,t,s) atlevel s’, we have:

fh(x,t,g,T,s/):/‘ oo zzeQ<x”’x””:5’T’S’> 0 ORG t SYAZy A dZy g
x4t F <2r

where 1 € C(‘)’O(RNH),T](x,t) = 1 when |x]?2 + 2 < r2, and n(x,t) = 0 for
lx|2 4 2 > 2r2 for some r > 0 to be fixed. Here

Q@ t,x' 1, & 7,8 = V=& 1), (x = Z'( 1 5)) 1 = Zya (&1, 5T))
— 1NN (= Z/ N+ (= Zi (61 50)?)

where Z' = (Z;,...,Zy) and (x — Z'(x', ¢, s"))? = Z?’Z](x,- - Z;(x' 1, s")>.
Let

N N
. 8 _a
M; = Z lbl-j(x,z,s) L l=i=Nand Myy = oo+ ‘§lcj-<x,f7s>axj
Jj= =

0
Ox;j
be vector fields that satisfy M; Z;’ = ¢;; for 1 <i,l < N+ 1nearx =0,7 =0, and
s = 0. For any C! function h = h(x, 1, 5),

N+1
dh =" M;j(h)dZ} + LY (h)ds
i=1

as can be seen by applying both sides of the equation to the basis of vector fields
{LY, My, ..., My+1}. The latter implies that

dhdZy A NAZY, ) = LY(h)yds NAZY A -~ ANdZY,,.  (4.8)

Let
Qx,t.x"1",€,7,5")

qx,t,x", 1, 67,5y =n) B, 1, s e
Denoting dZ} A --- AdZ} | by dZ and using (4.8), we get:
d(gdZ) = LY()EY eCds ndZ. (4.9)
By Stokes theorem we have, for small sp:

/ q(x,t,x' 1", &, 7,0)dx'dt’
RN+1

50
= / qx,t,x', ¢, 6 71,50)dZ(x', 1, 50) +/ / d(gdZ). (4.10)
RN+1 0 JRN+I
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We will estimate the two integrals on the right in (4.10). Note that

RO, t,x, 1, 6,7, 5") = =5 p(t', S E B, 1)) — 1€, D (1x —x' — 'R (x', ', 57
4.11)

+lt =@ =) = 1530, 1, )P 4+ O 2 4 |5+,

where

k
—1 m—+1 k
p(t,s) = Z L(m)tk—ms’", and b = (by, ..., by).

rs m+ 1

Case (i): Assume £ is even. Consider the expression for RQ(x, ¢, x", ', &, 7, 5)
in (4.11). Leta € R, a # 0. Then for any ¢ # 0,

k m k 0 0
- () S e[
= — a xMdx = — (ax + 1) dx
— m+1 m = \m -1 1
_(l—a)ft -1
T atk+ 1
<0 (4.12)
since k is even. We also have
-1
pO,8) =7 1sk <0and p(r,0) = —F <0. (4.13)

It follows from (4.12) and (4.13) that for some C > 0,
pt,s) < =Ctl* +1s%) V@, 9). (4.14)
Note that for (x, ¢, s) near (0, 0, 0),
lsS(x, £, 5)|% < Cls>(Is|%* + |11?*)  for some C > 0. (4.15)

Suppose now (b(0, 0), 50) > 0. Then in the region s’ < 0, for some C > 0, (4.14)
and (4.15) lead to

RO, t,x', 1, &, 7,5) < —C> I + 15/ e = 1x — ¥ — s'Rp(x, 1/, s PIE]
(4.16)

for (&, 7) in a conic neighborhood I' of (50, 0), and (x, 7) in a neighborhood W of
(0,0) in RN*!. We choose r > 0 so that (4.16) holds for |x'|> + |¢'|? < 2r2. If
(b(0, 0), 50) < 0, we work in the region s > 0 and arrive at (4.16). For (x,t) € W
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and (&, 7) € I, inequality (4.16) leads to the estimate for the first integral on the
right in (4.10):

/ g, t,x' 1,6 7,50)dZ(x 1 s0)| <e €Kl € >0 4.17)
RN+1

where sg is a small nonzero number whose sign depends on that of (b(0, 0), €0y,
To estimate the second integral on the right in (4.10), by (4.9), we may assume that
Ix'|% 4 |¢'|2 > r2. We first assume that x = 0, 7 = 0. If |¢/| > %, then (4.16) implies
that RQ < —C|¢] for some C > 0. If |¢'| < 5, then |x'| > 5. Let [Ny)| < M ina

neighborhood of x’ = 0,1 = 0, s’ = 0. Then if |s'| < 737> We have

-
X' + 5" Rp(x, 1, s = X = MIs'| > 3~ Mls'| =

El

=

which by (4.16) yields RQ(0,0,x',¢',&,7,5") < —C|&|, C > 0 for (£, 7) ina
conic neighborhood of (50, 0), while if |s'| > ﬁ, we get a similar bound using
(4.16) again. Hence there exists C > 0, such that when (£, »(0,0)) > Oand s’ <0
or (£, 5(0,0)) < 0and s’ > 0, in the region |x'|> + |t'|> > r2,

§ﬁQ(Ov 0’ x/7 t/a ga T, S/) S _C|€|
for (£, 7) in a conic neighborhood of (€9, 0). Therefore, for x near 0 € RN and ¢
near 0 in R,
RO(x,t,x',t', &, 71,5) < —C'|§], C' > 0.
This leads to an exponential decay for the second integral. Observe that since

SfEn = t*b(x, 1), by (4.2), the signs of 3 (H* f¢)" (x,0) - £ and b(x, 0) - £
are the same. Since Eg(x, t, 0) = u(x, t), from (4.10), we get, for some C1, C2 > 0:

eV THED =X =)=l EDI =2 PH=P) /Yy (x/ ')y dx'de’| < Cre=C2K]

RN+1

for x and 7 near zero and (&, 7) in a conic neighborhood of (€9, 0). Hence, (0, 0, £°, 0)
is not in the analytic wave front set of u(x, 7).

Case (ii): Assume k is odd. We will now work in the region where s’ > 0. If
t' <0, then

1
Is" =12 = (s + 1)
and so in this case, if k > 1, for some C > 0,

RQO0,0,x", 1/, &,7,5) < —C(s' + 1/P)E] — ¥ + s'Rp(x', 1, 52 I€].
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Since p(1, 1) < 0by (4.12) and (b(0, 0), %) < 0, there exists 0 < § < I and C > 0
such thatif ¢’ € (1 -4, 14+)s/, for (x’, t') near (0, 0) and £ in a conic neighborhood
of ¢°,

—s'p(t’, )& bW 1) < =CLENA T + 15/,

(Recall that we are assuming now thats’” > 0).If0 < ¢’ < (1 —4)s"ort’ > (1+0)s/,
then for some C > 0, |s' — /| > C(|s'|* + |t'|?). Hence, once again, when k > 1,
we have

RQ©,0,x",1',&,7,5) < —C('F 4+ |s' [ — &/ + 'R, 1, sHIPIE

We can therefore argue as before to get exponential decays for both integrals on the
right in (4.10) for (x, ¢) near (0, 0) and (£, 7) in a conic neighborhood of (50, 0)
provided that k > 1.

Suppose now k = 1. We will use an FBI transform with a parameter & in its phase,
that is, we assume that

Q(-xa t, -x/a t/a §7 T, S/) = _1<(€7 T)v (-x - Z/(-x/a t/7 S/), r— ZN+1(-X,’ t/7 S/))>

= RIE D (= 2N+ = Zna (1 5)?)
for some x > 0 which will be determined. We may assume that |¢°| = 1. Then when
x=0,t=0,

12
N00,0,x",1,£°,0,5) = (b0, 0), ) (r’s’ - %) — k(X" + R, 1, )2

+ 11 =P = ISP )+ O+ 1.

We will work in the region where s > 0. Suppose first / < 0. Then if k >
max{1, —(b(0, 0), %)}, since s’ > O and t’' < 0,
S/Z
RO,0,x,1,°,0,5) < (b0,0), % (s/t/ -5+ Is’ — z/|2) — x4 SR 1 s
+ 03P +15'P)
(b(0,0).£%

< +572).

Thus when ¢’ < 0, for some C > 0,
ROO0,0,x,1,69,0,5) < —CUt*+5) — |x' +sRp(x', 1, )%

Suppose now 1 > 0. Let 0 < § < 1 be as before so that when ¢’ € (1 — §, 1 + d)s/,
for (x, t) near (0, 0) and ¢ in a conic neighborhood of 50,

—s'p(t', s)(b(0,0), &) < —CIE|(|f' 1> + |s>) for some C > 0.
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IfO <t < (1—=90)s"or (140)s’ <{,thereisaconstant C5 > 0 depending only on
d such that |t/ — s'|? > Cs(|t'|> 4 |s’|?) and hence if £ > max{1, —C%Su)(o, 0), €%},

” 1 12
g /o4 0 / 0 //_S__ Is" =]
NOO,0,x,1,£°,0,5) < (b(0,0),¢& )(st > K—(b(O, 0)’§0>)

— X+ RSP+ O+ 157

2
< (b(0,0), %) (s’r’ -
— X RO P+ 0P+ 151
< (b(0,0), (% +5).

+217 + 2s’2)

It follows that if
0 2 0
k> max {1, —(b(0,0), &), _C_<b(0’ 0,8},
1)

then there exists C > 0 such that
NO0,0,x,1,6°,0,5) < =CU')? + Is'1>) — |x' + sRp(x', 7, s"))?

which is the analogue of (4.16). We can therefore argue as before to arrive at expo-
nential decays for both integrals on the right in (4.10) for (x, ¢) near (0, 0) and (&, 7)
in a conic neighborhood of (50, 0).

Proof of Theorem 2.5 Let the V;, 1 < j < 4 be the open sets as in the proof of
Theorem 2.4. Let 8¢ (x, ¢, 5, (o, ¢, 7) and Z; (x,t,5,(p, ¢, 7) (1 < j <N+ 1) be
smooth functions, holomorphic in ((p, ¢), such that (see [A])

HZj=0(s”), n=12,...,and Z; (x,1,0,(p,(, ) =x; (1 <j<N),
HE():0(S"), n=12,..., and Eg (x,1,0, (o, (, 7) = (p.

Asbefore, Zy 1 =1t —s.Since L] f = (H1 )", the Z’/.s and E¢ (when we restrict
them to (x, t, s, u(x, 1), ux(x,t), u,(x, t)) are approximate solutions of LY, that is,

E?Z;’(x, t,s)=0(@G", n=1,2,...

and this implies the analogue of (4.3):
N
Ui+ sOyb; + 50 — L0 D) =5 DO 00 = 0™, neN. (4.18)
j=1

Setting s = 0 the latter leads to (4.4). We next apply 07" to Eq. (4.18) to get:
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N
(m + 1)82’11/)1 +S8;n+lwi +s (al;nat,wl) +m (a;n—latwi) — ngb;agzaxﬂ/)z
=1
(4.19)
N
+mef;5§"718x,1/Ji =0("), neN.
j=1

Asbefore, when s = 0, for0 </ < k, we get (4.6). Therefore, using the assumptions
in Theorem 2.5 and (4.3), for some functions b; (x, t),

SfY ) =bix, 0, 1<i<N

and (4.7) holds. Assume xo = 0. Let M;, 1 <i < N + 1 be the vector fields as
before. For any C! function h = h(x,t,s),

N+1 N+1
dh =" Mi(h)dZ} + [ L°h = > MWL (ZY) | ds
i=1 j=1
and hence,
N+1
dhdZ{ A+ NdZy ) = | L% = D Mj(WLYZY | ds AdZY A+~ AdZyy .
j=1
(4.20)
If we set

g, 1, X', 1, 6,7, 5") = () B (x, 1, $)e L AT,
using (4.20), we get

N+1
d(qdZ) = (L“(naz;)+ MEGHL(Q) — D (M;(nE) + nEG(M; Q)L ZY | e ds ndZ.
j=1

(4.21)
By Stokes theorem we have:

50
/ g, t,x', ¢, €, 1,0)dx = / g, t,x' V', &, 7,50)dZ(x,t, 50) +/ / d(qdZ).
RN RV 0o JRV
(4.22)
We will estimate the two integrals on the right in (4.22).

Case (i): Assume £ is even.
Consider the expression for MQ(x,t,x',t',&,7,5") in (4.11). Suppose
(b(0, 0), €% > 0. Then in the region s’ < 0, recall estimate (4.16):

RO(x, 1, x' 1,6, 7,8) < —C(' [+ s/ FFD1E = |x = x =R, 1, s PIE),
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for (£, 7) in a conic neighborhood I" of (50, 0), and (x, 7) in a neighborhood W of
(0,0) in RN If (b(0, 0), £%) < 0, we work in the region s’ > 0 and arrive at
(4.16). For (x,t) € W and (¢, 7) € I, inequality (4.16) leads to an estimate

'/ g, t,x', 1,6 7,50)dZ(x 1 s0)| <e €Kl € >0 (4.23)
RN+1

where s is a small nonzero number whose sign depends on that of (b(0, 0), £°).

To estimate the second integral on the right in (4.22), we will use Eq.(4.21)
which consists of two kinds of terms. The first type consists of terms involving
LY (h) where h is an approximate solution and so such terms can be bounded by
constant multiples of

n ;o ’
sneMQUEXLLETS) forpy — 1,2, ...

and so using (4.16) which in particular implies that RQ(x,r, x', ¢/, &, 7,5") <
—CI€]]s’ |k‘"1 , the integrals of these terms decay rapidly in (¢, 7) in I for (x, ) € W.
The second type of terms involve derivatives of 77(x) and hence since |x’ 2471 > r?
in the domains of integration, we get an exponential decay for the integrals. Since
Eo(x,1,0) = u(x,t), it follows from (4.22) that for each k € N, there is Cy > 0
such that

\Fulx,t,€,7)| = '/eﬁ((é,n,<x—x’,t—t’>>—|<£,r>(x—x’|2+t—t’|2> dx'dt'| < C_kk
9 b b — |€| 9

(4.24)

for (x, t) near (0, 0) and (&, 7) in a conic neighborhood of (€9, 0). By aresult in [6]
(see the last part of the proof of Theorem 2.1 in [6]), we conclude that (0, O, fo, 0)
is not in the C* wave front set of u(x, t).

Case (ii): Assume & is odd. We will use two regions of integration 2| and 2,
defined as follows:

Q= {1t s X <2k 1P <2217+ 57>, 0<s <1}
Ul s X P <2rt PP <2r f <5 < 0)
Ul s X PP <2kt % +5% <é, s/ <t s <0}
where 0 < e < r.
_ oI L 2 1,2 2 / /
Qo ={(x",t,s) x| <2r7, |7 <2r7, 0 < 5" < 1}
Ul s P =2t 0P <2t <5/ <0, 17 + 57 > &)

Ul s X PP <2, % +5% <é, i <5, s > 0.
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We will estimate the FBI transform of nu,
Fou)x, 1, €,7) = / oV THED = d= V=€ PHI— P 01 10 ) d
RN+
=/ qlx,t,x', ', & 7,0)dx'dt’
RN+
by using the region 21 when ¢ < 0 and the region 2> when ¢ > 0. Recall that
gx,t,x", 1, & 7,5 =&, HEG(, 1, 5@ tx & TS
Suppose now ¢ < 0. Let
C={(,s,s): iz <l <2 X <2 u {1, sy 1 457
=, s <t |X]?<2r’} =C UG

By Stoke’s theorem,

Fu)(x,t,&,7) =/q(x,t,x’,t’,€, T, s/)dZJr/ dg(x,t,x',t', &, 7,5)dZ)
C Q
(4.25)

where we have used the vanishing of 7 on part of the boundary of €2;. We will first
show that the first integral on the right in (4.25) decays exponentially for x and ¢
small, < 0, and (&, 7) in a conic neighborhood of (§O, 0). We begin by estimating
RO (x,t,x", 1", &, 7,5 )onCat (&, 7) = (£2, 0). Without loss of generality, we may
assume that (50, b(0,0)) = —1. Note that from its expression in (4.11), modulo a
term of order O (|(x', t/)|(t/*+1 4 s/F+1) 4 |1/ |F+2 4 |5/ |k +2),

RO, 1,x',1,€°,0) =5 p(t', ")~ 101 (|x —x' —s'Rp(x ', s P+t — (' =) [?).
(4.26)
On the set C;, we have

rk+1 k+1

s'p(s sy = Kl 1) = — - ‘

— . 4.27
KH1T (D2 27

To estimate on the set Cp, we define the subregions:
Dy ={(x'.1,s)eQ:5 >0}, Dy={(x.t',s)eQ:1>0,5 <0}, and
Dy ={(x,t,s)eQ:s <t <0}

Consider now apoint (x', /, s") € CoND{. We canwrites’ = at’,forsome0 <a < 1
and we know that 72 + 52 = €2, 0 < s/ < ¢’. From (4.12), we have
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(1 — k+l_l 1 — k—H_l
S/p(t/, at/) — N (( a) )t/k — L [/k+l. (428)
atk+1) k+1
Since t <0, and ¢ — s’ > 0, we also have:
=@ =N =1 -5 =1 —a)*”? (4.29)

Since ¢’ is bounded away from zero in Dy, from (4.28) and (4.29) we conclude that
for some C > 0,
RO(x,t, &7, x',t',s') < —C|€] (4.30)

for (x',t',s") € CoN Dy, (x, t) near (0, 0), r < 0, and (£, 7) in a conic neighborhood
of (€°,0). Consider next a point (x’,7’,s") € C, N D,. We have s’ < 0 < ¢’ and
sincet <0,
t/2 2 2
(=0 =Nz —sPz = @31

while for some M > 0,
Is'p(s’, 1) < M1 4 15/ < M (4.32)

When £ > 1 (then k > 3), from (4.31) and (4.32) it follows that there exists a
constant C; > 0 such that

SRQ(x’tvgs Tv-x/stlvs/) S _C1|§| (4'33)
for (x’, ¢, s") € CoN Ds, (x, f) near (0, 0),7 < 0, and (&, 7) in a conic neighborhood

of (€9, 0). Nextlet (x’, ¢/, s') € N D3. Thens’ <t <0and¢ =as’, 0 <a < 1.
From (4.12),

¢ 1- a)k+l -1 a- a)kJrl — gk+t
’ I/, n— ¢ t/,f — ¢ t/k= /k+1.
s'p(t',s") sp( a) as( 1 1 s
(4.34)

Since r < 0, we also have
t— (=5 >U—a)s” (4.35)

Since |s’| is bounded away from zero in D3, (4.34) and (4.35) imply that when k > 1,
there exists a constant C > 0 such that

RO (x,t,&, 1, X't s < —Cl¢] (4.36)
for (x', t', s") € CoN D3, (x, f) near (0, 0), 7 < 0, and (£, 7) in a conic neighborhood

of (fo, 0). From (4.27), (4.30), (4.33), and (4.36) we conclude that there exists a
constant C > 0 such that
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MRO(x,t,&7,x', 1, 8") < —Cl¢] (4.37)

for (x',t',s") € C, (x,t) near (0,0), r < 0, and (£, 7) in a conic neighborhood of
(50, 0). The latter implies that for some constants C, C’ > 0,

‘/ g t,x' ¢, & 7,5)dZ| < Ce €l (4.38)
C

for (x, t) near (0, 0), ¢ <0, and (&, 7) in a conic neighborhood of (fo, 0).
We next estimate the second integral on the right in (4.25). Consider first a point
(x',1',5") € Dy. Using (4.28), setting s’ = at’, 0 < a < 1, we get

S(A—a) =1  A—a)f—1

'p(t',at’) = = 4.39
S ar) atk + 1) (k + Dak+T (439)
and hence since
i (1- a)k+l -1 B
oy g
there is a constant C > 0, such that on Dy,
s'p(', s < —C|s'|F 1. (4.40)

This means that there is a constant C > 0 such that for (x, ) near (0, 0), t <0, and
(&, 7) in a conic neighborhood of (€°,0),

RO(x,1,x', 1, &, 7,5) < —Cl|s'|Ft¢), for (x',7,s") € Dy. (4.41)

Let (x/, ¢, s") € Dy. We recall from (4.31) and (4.32) that

t/2 r 72
t—(t'—s) > ('—s)? > er * andforsome M > 0 |s'p(s’, )| < M(|'|* s/ [F+1)
(4.42)
and hence when k > 1, there exists a constant C > 0 such that
RO(x, 1,6 7,x, 1", s") < —Cls' ¢ (4.43)

for (x',1',s") € Da, (x, ) near (0, 0), r <0, and (£, 7) in a conic neighborhood of
(€9, 0). Consider now a point (x’, ', s") € D3. We use (4.34) and (4.35) where we
had

a- a)k+l _ ak+1
k+1

s'p(',s) = ( )s’k“ and (t — (' —s))? = (1—a)s”?. (4.44)
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These inequalities imply that when k& > 1, for some C > 0,

RO(x, 1, &7, x' 1,5 < —C|s/|k+l|§| (4.45)

for (x',1',s") € D3, (x,t) near (0,0), 7 < 0, and (&, 7) in a conic neighborhood

of (€9, 0). Finally, we consider a point (x',¢',s") € Dy = {(x',t/,s') € Q) : ' <

s’ < 0}. Setting s’ = at’, 0 < a < 1 asin (4.39), we have

(1—a)h—1
(k + 1)ak+!

S/p(l‘/, at’) — k41

and as in (4.40), we get
s'p(,s") < —C|s'|**! for some C > 0.

This implies that there is a constant C > 0 such that for (x, 7) near (0, 0),# < 0, and
(&, 7) in a conic neighborhood of (50, 0),

RO (x, t,x', 1, &, 7,5y < =CIs'*Thig|, for (¥, 1, ") € Da. (4.46)
From (4.41), (4.43), (4.45), and (4.46), it follows that for some constant C > 0,

RO, 1, %, 1, €, 7,5") < —C|s'FTel, for (x/,7,s") € Qi, (4.47)
(x, 1) near (0,0), ¢ <0, and (&, 7) in a conic neighborhood of (§0, 0). This implies

that the second integral on the right in (4.25), namely, le d(g dZ) decays rapidly.
That is, when k > 1, for each n € N, there is a constant C,, > 0 such that:

(4.48)

/ dgCe,t,x', v, ¢ 1,s)dZ)| <
Q1 |§|n

for (¢, 7) in a conic neighborhood of (€9,0), and (x, 1) varying near (0, 0) with
t <0.

To treat the case when k = 1, observe that the assumption that k > 1 was used
in arriving at (4.33) (from (4.31) and (4.32)), (4.36) (from (4.34) and (4.35)), (4.43)
(from (4.42)), and (4.45) (from (4.44)). By using an FBI transform with a sufficiently
large constant « as in the proof of Theorem 2.4, we can deduce (4.33), (4.36), (4.43),
and (4.45). Thus (4.38) and (4.48) also hold when k = 1.

Suppose now ¢ > 0. Let

C ={(x',s, s <|s'| <2r% X < 2r%)

7
2

Ui, t,s): sP=e 5 =1 WP <2ty =Cludh.
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By Stoke’s theorem,

Flnu)(x, t, €, T)=/ q(x,t,x', 1€, T,s’)dZ—l—/ dgx,t,x',t', &, 7,5)dZ).
C/

Q)
(4.49)
As before, we will first show that the first integral on the right in (4.49) decays
exponentially for x and ¢ small, > 0, and (£, 7) in a conic neighborhood of (50, 0).
We begin by estimating R Q(x, 1, x', ¢/, £, 7,s") on C’ at (€, 7) = (£2, 0). Recall that

we have the estimate (4.27) on the set C; = Cj. To estimate 2t Q on the set C}, we
define the subregions:

Dy ={,t',sh)eQ:t'>0,1 <5}, Dy ={(',1',s") € 2 :1 <0,5 >0}, and
Dy ={(x'",t',s") € Q2 :5 <0}

Consider now apoint (x, ¢/, s") € C;ND). Wecanwritet’ = as’, forsome0 < a < |
and we know that 72 + 5’2 = €2. As we saw in (4.34), we have

k+1 k+1
s'p', s = ((1 -yt —at )s/kH

k+1
and since t > 0, and ' — s’ < 0, we also have
(t— (" =5 >0-a)s"

Since |s’| is bounded away from zero in D), it follows that when k > 1, there exists
a constant C > 0 such that

RO(x,t,&,7,x',t',s") < —C|¢] (4.50)

for (x', 1", s") € C5N D}, (x, 1) near (0, 0),7 > 0, and (£, 7) in a conic neighborhood
of (69,0). If (x', ¢, 5) € C, N D}, since t > 0 now, we have:

1 2
(l‘ _ (l‘/ _ s/))2 > (l‘/ _ s/)2 > 5(1‘12 ~|—S/2) — %

while |/ p(¢', s")| < Me*t! for some M > 0. Hence if k > 1, for some C > 0,

RO(x, 1, & 1, x', 1, s') < —C|€] 4.51)

for (x', 7', s") € C,N D}, (x, 1) near (0, 0),7 > 0,and (£, 7) in a conic neighborhood
of (€9, 0). Suppose next (x’, ¢/, s') € C, N D}. Then by (4.39),
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(I—a) =1

/ t/, / —
sp( s) (k—i—l)akH

which we can use for s” away from zero, and when s’ is near zero, we can use

2 2
re+s 2

(t— @ =N > —s) > —=¢

Thus for some C > 0,
RO(x, 1, & 1, x', 1, ') < —C|€] (4.52)

for (x', ', s") € C5N D}, (x, 1) near (0, 0),7 > 0, and (£, 7) in a conic neighborhood
of (€9, 0) whenever k > 1.
From (4.27), (4.50)—(4.52) we conclude that there exists a constant C > 0 such
that
RO(x,t, &1, x', 1, s') < —C|€] (4.53)

for (x',1',s") € C', (x,1) near (0,0), r > 0, and (£, 7) a conic neighborhood of
({0, 0). The latter implies that when k > 1, for some constants Cy, C; > 0,

‘/ qx,t,x' 1,6, 7,5)dZ| < Cre” 2l (4.54)
C/

for (x, t) near (0,0), ¢ > 0, and (&, 7) in a conic neighborhood of (fo, 0).

We next estimate the second integral on the right in (4.49). Consider first a point
(.1, s") e Dy ={(x',1',s") € Q2 : 0 <5’ < 1'}. This case was treated in (4.40)
and so there is a constant C > 0 such that for (x, 7) near (0, 0), t > 0, and (£, 7) in
a conic neighborhood of (£ 0, 0),

RO(x,t,x', 1, €, 7,5") < =C|s'|*T¢|, for («',7,s") € D). (4.55)
Let (x",7',s") € D). Then0 <t' < s"andif /' = as’,

(1 _ a)k-H _ ak+1
k+1

tk+1

s'p(',s") =

and since r > 0, ¢ — (' — 5"))? > (1 — a)%s’2. Therefore, when k > 1, for some
C >0,

RO(x, 1, x', 1/, &, 7,5") < =Cl|s'[FT1e|, for (x',1,s") € D, (4.56)

for (x,t) near (0,0), r > 0, and (£, 7) in a conic neighborhood of (§0, 0). If
(x',1',s") € D5,
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1 N2 / "2 1 2 2
(=@ —=s)" =@ —s) ZE(I +5")
while |/ p(¢', s")| < Mt for some M > 0. Hence if k > 1, for some C > 0,

NRO(x,t,&,7,x',t',s") < —C|¢] (4.57)

for (x',t',s") € D5, (x,t) near (0,0), r > 0, and (£, 7) a conic neighborhood of
(€°,0). Finally, if (x’, ¢, s’) € D}, then

1 — k+1 _ 1
s'p,s) = (—( @) )s’k+1 s’ = at’

(k + 1)ak+!
while I
(0= =s)" 2z —
and so fork > 1,
RO(x,t, & 7,x', 1, 8") < —Cl¢] (4.58)

for (x',t',s") € D), (x,t) near (0,0), ¢t > 0, and (£, 7) a conic neighborhood of
(€9, 0). From (4.55)—(4.58), it follows that for some constant C > 0,

NQ(x,t,x', 1,6, 7,5") < =C|s'FYe], for (&', 1, ") € Q. (4.59)
(x, t) near (0,0), ¢ > 0, and (&, 7) in a conic neighborhood of (50, 0). This implies

that the second integral on the right in (4.49), namely, sz d(q dZ) decays rapidly.
That is, for each n € N, there is a constant C,, > O such that:

C
‘/ dgx,t,x', 1, &, 7,5)dZ)| < — (4.60)
szz 11"

for (¢, 7) in a conic neighborhood of (€9,0), and (x, 1) varying near (0, 0) with
t > 0. The case k = 1 is treated as in the situation when r < 0.
‘We conclude that ({0, 0) is not in the C*° wave front set of u(x, 7).

5 Examples

Example 5.1 Consider the linear equation

Ou Ou
A .
ot + ! Ox 0
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el 2k+3
+ 2

1

1:2—

where k is an odd integer. Let u(x, 1) = (x — V=1

a branch of the square root. By Theorem 2.4, at the origin, the direction (0, 0, 1, 0) is
not in the analytic wave front set of u(x, ¢). Using ellipticity, we therefore know that
the C° wave front set of u(x, #) at the origin is contained in {(0, 0, £, 0) : £ < 0}.
On the other hand, since u(x, t) is not smooth, it follows that at the origin, the C*°
and hence the analytic wave front set equals {(0, 0, £, 0) : £ < 0}. This shows that in
general, in Theorems 2.4 and 2.5, conditions (2.12) and (2.16) can not be removed.

where we have chosen

Example 5.2 Let u(x, t) be a solution of the semilinear equation
ou k Ou
o + v —1t"a(x, t)a— =g(x,t,u), Ra(0,0)#0, —T <t <T, x € (a,b)
X

where a(x, t) and g(x, t, {p) are C* functions and g is holomorphic in y. Then if
£ -MNa(0,0) > 0, the point (0, 0, &, 0) is not in the C* wave front set of u(x, 7).

When £ is an even integer, then u is C°°. These assertions follow from Theorem
2.5 and [7] (see also [2]). If g(x, ¢, (o) is real analytic, we have a similar conclusion
with “real analytic” replacing “C°°”.

We remark that, in general, as was shown in the works [8, 11, 13], the vector
field L = % + =1ra(x, t)a% with Ra (0, 0) # 0 can not be transformed by a
diffeomorphism to a multiple of the generalized Mizohata operator & + /= 1r% -
In particular, for £ odd, L may not be locally integrable.

Example 5.3 Let u(x, t) be a solution of

15) 15]
au +\/—ltku—u =gx,t,u), —T <t<T, x€(a,b)
ot Ox

where g(x, 1, {p) is a C* function that is holomorphic in (y. For any xo € (a, b) and
&, if € Ru(xg, 0) > 0, then the point (xg, 0, &, 0) is not in the C*° wave front set of
u(x, t). If k is even, at any point (xg, 0) where Ru(xg, 0) # 0, u(x, t) is C*°. Again
when g(x, , (o) is a real analytic function, we get the corresponding analyticity
results for u(x, t).

Example 5.4 Let u(x, t) be a solution of

2
@4_4/_]; 6_"{ =gx,t,u), —T <t<T, xe€(a,b)
ot Ox

where g(x, t, (p) is a C* function that is holomorphic in {y. For any xg € (a, b)
and &, if € Su, (xg, 0) > 0, then the point (xg, 0, &, 0) is not in the C* wave front
set of u(x, t). Again when g(x, ¢, (p) is a real analytic function, the corresponding
analyticity result holds.
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Towards the Green-Griffiths-Lang
Conjecture

Jean-Pierre Demailly

In memory of M. Salah Baouendi

Abstract The Green-Griffiths-Lang conjecture stipulates that for every projective
variety X of general type over C, there exists a proper algebraic subvariety of X
containing all non constant entire curves f : C — X. Using the formalism of
directed varieties, we prove here that this assertion holds true in case X satisfies a
strong general type condition that is related to a certain jet semistability property
of the tangent bundle Ty. We then give a sufficient criterion for the Kobayashi
hyperbolicity of an arbitrary directed variety (X, V).

Keywords Projective algebraic variety + Variety of general type - Entire curve -
Jet bundle - Semple tower * Green-griffiths-lang conjecture + Holomorphic morse
inequality - Semistable vector bundle - Kobayashi hyperbolic
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1 Introduction

The goal of this paper is to study the Green-Griffiths-Lang conjecture, as stated in
[7, 10]. It is useful to work in a more general context and consider the category of
directed projective manifolds (or varieties). Since the basic problems we deal with
are birationally invariant, the varieties under consideration can always be replaced
by nonsingular models. A directed projective manifold is a pair (X, V) where X is a
projective manifold equipped with an analytic linear subspace V C Ty, i.e. a closed
irreducible complex analytic subset V of the total space of Ty, such that each fiber

J.-P. Demailly

Institut Fourier, Université Grenoble-Alpes, BP74, 100 Rue des Maths,
38402 Saint-Martin d’Heres, France

e-mail: jean-pierre.demailly @ujf-grenoble.fr

© Springer International Publishing Switzerland 2015 141
A. Baklouti et al. (eds.), Analysis and Geometry, Springer Proceedings
in Mathematics & Statistics 127, DOI 10.1007/978-3-319-17443-3_8



142 J.-P. Demailly

Vy = VN Ty is acomplex vector space [If X is not irreducible, V should rather be
assumed to be irreducible merely over each component of X, but we will hereafter
assume that our varieties are irreducible]. A morphism @ : (X,V) — (¥, W)
in the category of directed manifolds is an analytic map @ : X — Y such that
®,.V C W. We refer to the case V = Tx as being the absolute case, and to the case
V = Tx;s = Kerdr for a fibration 7 : X — S, as being the relative case; V may
also be taken to be the tangent space to the leaves of a singular analytic foliation
on X, or maybe even a non integrable linear subspace of Ty.

We are especially interested in entire curves that are tangent to V, namely non
constant holomorphic morphisms f : (C, T¢) — (X, V) of directed manifolds. In
the absolute case, these are just arbitrary entire curves f : C — X. The Green-
Griffiths-Lang conjecture, in its strong form, stipulates

1.1 GGL conjecture Let X be a projective variety of general type. Then there exists
a proper algebraic variety Y C X such that every entire curve f : C — X satisfies
f(C) cyY.

[The weaker form would state that entire curves are algebraically degenerate, so that
f(©C) C Yy € X where Yy might depend on f ]. The smallest admissible algebraic
set Y C X is by definition the entire curve locus of X, defined as the Zariski closure

r

—— 7
ECL(X) =] f(©) . (1.1)
-

IfX C ]P’g is defined over a number field Ky (i.e. by polynomial equations with
equations with coefficients in Kg) and ¥ = ECL(X), it is expected that for every
number field K D Ky the set of K-points in X (K)\Y is finite, and that this property
characterizes ECL(X) as the smallest algebraic subset ¥ of X that has the above
property for all K [10]. This conjectural arithmetical statement would be a vast
generalization of the Mordell-Faltings theorem, and is one of the strong motivations
to study the geometric GGL conjecture as a first step.

1.2 Problem (generalized GGL conjecture) Let (X, V) be a projective directed
manifold. Find geometric conditions on V ensuring that all entire curves f :
(C, Tc) — (X, V) are contained in a proper algebraic subvariety ¥ C X. Does
this hold when (X, V') is of general type, in the sense that the canonical sheaf Ky is
big ?

As above, we define the entire curve locus set of a pair (X, V) to be the smallest
admissible algebraic set Y C X in the above problem, i.e.

Zar
ECL(X, V) = U f(©C) . (1.2)
f1(C.Te)—>(X.V)

We say that (X, V) is Brody hyperbolic if ECL(X, V) = @; as is well-known, this
is equivalent to Kobayashi hyperbolicity whenever X is compact.
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In case V has no singularities, the canonical sheaf K y is defined to be (det O(V))*
where O(V) is the sheaf of holomorphic sections of V, but in general this naive
definition would not work. Take for instance a generic pencil of elliptic curves
AP(z) + 1Q(z) = 0 of degree 3 in IF’%:, and the linear space V consisting of the
tangents to the fibers of the rational map Pé - ]P’(lc defined by z — Q(2)/P(2).
Then V is given by

PdQ—QdP
0 — O(V) — O(Tpz) ———— Op2(6) ® Js — 0

where S = Sing(V) consists of the 9 points {P(z) = 0} N {Q(z) = 0}, and
Js is the corresponding ideal sheaf of S. Since det O(Tp2) = O(3), we see that
(det(O(V))* = O(3) is ample, thus Problem 1.2 would not have a positive answer
(all leaves are elliptic or singular rational curves and thus covered by entire curves).
An even more “degenerate” example is obtained with a generic pencil of conics, in
which case (det(O(V))* = O(1) and #S = 4.

If we want to get a positive answer to Problem 1.2, it is therefore indispensable
to give a definition of Ky that incorporates in a suitable way the singularities of V' ;
this will be done in Definition 2.1 (see also Proposition2.2). The goal is then to give
a positive answer to Problem 1.2 under some possibly more restrictive conditions for
the pair (X, V). These conditions will be expressed in terms of the tower of Semple
jet bundles

Xk, Vi) = Xi—1, Vi—1) = - = (X1, V1) — (X0, Vo) :=(X, V) (1.3)

which we define more precisely in Sect. 2, following [1]. It is constructed inductively
by setting Xy = P(Vi_1) (projective bundle of lines of Vi_1), and all Vi have the
same rank r = rankV, so that dim X; = n 4+ k(r — 1) where n = dim X. Entire
curve loci have their counterparts for all stages of the Semple tower, namely, one can
define

Zar
ECLy(X.V) = | fir(©) (1.4)
F(CT)—~(X,V)

where fii : (C, Tc) — (Xk, Vi) is the k-jet of f. These are by definition algebraic
subvarieties of Xy, and if we denote by 7 ¢ : Xy — X, the natural projection from
Xk to X¢, 0 < £ <k, we get immediately

T (ECLi(X, V)) = ECLy(X, V), ECLo(X,V)=ECL(X,V). (L5)

Let Ox, (1) be the tautological line bundle over X associated with the projective
structure. We define the k-stage Green-Griffiths locus of (X, V) to be

GGr(X, V) = (X~ a0 N () (base locus of Ox, (m) @ 77 4A~1)  (1.6)

meN
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where A is any ample line bundle on X and Ay = (J,_p-; 77,2} (Dy) is the union
of “vertical divisors” (see Sect.2; the vertical divisors play no role and have to be
removed in this context). Clearly, GG, (X, V) does not depend on the choice of A.
The basic vanishing theorem for entire curves (cf. [1, 7, 16]) asserts that every entire
curve f : (C, Tp) — (X, V) satisfies all differential equations P(f) = 0 arising
from sections P € HO(Xy, Ox,(m) ® 7'(';:’014_1), hence

ECLi (X, V) C GGi(X, V). (1.7)

(For this, one uses the fact that f{;7(C) is not contained in any component of Ag,
cf. [1]). Itis therefore natural to define the global Green-Griffiths locus of (X, V') tobe

GG(X, V) = ()70 (GGk(X, V). (1.8)
keN
By (1.5) and (1.7) we infer that

ECL(X, V) C GG(X, V). (1.9)

The main result of [4] (Theorem 2.37 and Corollary 4.4) implies the following useful
information:

1.3 Theorem Assume that (X, V) is of “general type”, i.e. that the canonical sheaf
Ky is big on X. Then there exists an integer ko such that GG (X, V) is a proper
algebraic subset of Xy for k > ko [ though 7 o(GGy (X, V)) might still be equal to
X forall k1.

In fact, if F is an invertible sheaf on X such that Ky ® F is big, the probabilistic
estimates of [4, Corollarys 2.38 and 4.4] produce sections of

Oxk(m)®7r,f’0(9(zi—r(l +%+-.-+%)F) (1.10)
for m > k > 1. The (long and involved) proof uses a curvature computation and
singular holomorphic Morse inequalities to show that the line bundles involved in
(0.11) are big on X for k > 1. One applies this to F = A~! with A ample on X to
produce sections and conclude that GG (X, V) C Xi.

Thanks to (1.9), the GGL conjecture is satisfied whenever GG(X, V) C X. By
[5], this happens ifor instance in the absolute case when X is a generic hypersurface
of degree d > 2" in P"*! (see also [13] for better bounds in low dimensions, and
[14, 15]). However, as already mentioned in [10], very simple examples show that
one can have GG(X, V) = X even when (X, V) is of general type, and this already
occurs in the absolute case as soon as dim X > 2. A typical example is a product of
directed manifolds

X, V) =X, V)x X", V", V=p'*Vep"*V". (1.11)
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The absolute case V = Ty, V' = Ty, V' = Tx» on a product of curves is the
simplest instance. It is then easy to check that GG(X, V) = X, cf. (3.2). Diverio
and Rousseau [6] have given many more such examples, including the case of in-
decomposable varieties (X, Tx), e.g. Hilbert modular surfaces, or more generally
compact quotients of bounded symmetric domains of rank > 2. The problem here is
the failure of some sort of stability condition that is introduced in Sect. 4. This leads
to a somewhat technical concept of more manageable directed pairs (X, V) that we
call strongly of general type, see Definition4.1. Our main result can be stated

1.4 Theorem (partial solution to the generalized GGL conjecture) Let (X, V) be
a directed pair that is strongly of general type. Then the Green-Griffiths-Lang con-
Jecture holds true for (X, V), namely ECL(X, V) is a proper algebraic subvariety
of X.

The proof proceeds through a complicated induction on n = dim X and k =
rank V', which is the main reason why we have to introduce directed varieties, even
in the absolute case. An interesting feature of this result is that the conclusion on
ECL(X, V) is reached without having to know anything about the Green-Griffiths
locus GG(X, V), even a posteriori. Nevetheless, this is not yet enough to confirm
the GGL conjecture. Our hope is that pairs (X, V) that are of general type without
being strongly of general type—and thus exhibit some sort of “jet-instability”—
can be investigated by different methods, e.g. by the diophantine approximation
techniques of McQuillan [11]. However, Theorem 1.4 provides a sufficient criterion
for Kobayashi hyperbolicity [8, 9], thanks to the following concept of algebraic
jet-hyperbolicity.

1.5 Definition A directed variety (X, V) will be said to be algebraically jet-
hyperbolic if the induced directed variety structure (Z, W) on every irreducible
algebraic variety Z of X such that rankW > 1 has a desingularization that is strongly
of general type [see Sects.3 and 5 for the definition of induced directed structures
and further details]. We also say that a projective manifold X is algebraically jet-
hyperbolic if (X, Ty) is.

In this context, Theorem 1.4 yields the following connection between algebraic
jet-hyperbolicity and the analytic concept of Kobayashi hyperbolicity.

1.6 Theorem Let (X, V) be a directed variety structure on a projective manifold X.
Assume that (X, V) is algebraically jet-hyperbolic. Then (X, V) is Kobayashi hy-
perbolic.

I would like to thank Simone Diverio and Erwan Rousseau for very stimulating
discussions on these questions. I am grateful to Mihai Paun for an invitation at KIAS
(Seoul) in August 2014, during which further very fruitful exchanges took place, and
for his extremely careful reading of earlier drafts of the manuscript.
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2 Semple Jet Bundles and Associated Canonical Sheaves

Let (X, V) be adirected projective manifold and » = rankV, that s, the dimension of
generic fibers. Then V is actually a holomorphic subbundle of Ty on the complement
X~Sing(V) of a certain minimal analytic set Sing(V) C X of codimension > 2,
called hereafter the singular set of V. If pu : X > Xisa proper modification
(a composition of blow-ups with smooth centers, say), we get a directed manifold
X, V) by taking V to be the closure of pyN(V'), where V/ = V|x’ is the restriction
of V over a Zariski open set X’ € X~Sing(V) such that y : = '(X’) - X'isa
biholomorphism. We will be interested in taking modifications realized by iterated
blow-ups of certain nonsingular subvarieties of the singular set Sing(V'), so as to
eventually “improve” the singularities of V' ; outside of Sing(V') the effect of blowing-
up will be irrelevant, as one can see easily. Following [4], the canonical sheaf K is
defined as follows.

2.1 Definition For any directed pair (X, V) with X nonsingular, we define Ky to
be the rank 1 analytic sheaf such that

Ky (U) = sheaf of locally bounded sections of Ox(A"V™*)(U N X")

where r = rank(V), X’ = X~\Sing(V), V' = V|x/, and “bounded” means bounded
with respect to a smooth hermitian metric 4 on Ty.

For r = 0, one can set Ky = Oy, but this case is trivial: clearly ECL(X, V) = @.
The above definition of Ky may look like an analytic one, but it can easily be turned
into an equivalent algebraic definition:

2.2 Proposition Consider the natural morphism O(A"Tg§) — O(A"V*) where
r =rankV [O(A"V*) being defined here as the quotient of O(A" Ty) by r-forms that
have zero restrictions to O(A"V*) on X~\Sing(V) 1. The bidual Ly = Ox (A" V*)**
is an invertible sheaf, and our natural morphism can be written

ON'TY) > O\ VH =Ly Ty C Ly 2.1)

where [Jy is a certain ideal sheaf of Ox whose zero set is contained in Sing(V') and
the arrow on the left is surjective by definition. Then

Ky =Ly ®Jv (2.2)

where Ty is the integral closure of Jy in Ox. In particular, Ky is always a coherent
sheaf.

Proof Let (uy) be a set of generators of O(A”V*) obtained (say) as the images of
a basis (dzj)|7j=r of A"T§ in some local coordinates near a point x € X. Write
up = grf where ¢ is a local generator of Ly at x. Then Jy = (gx) by definition.
The boundedness condition expressed in Definition 2.1 means that we take sections
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of the form f¢ where f is a holomorphic function on U N X’ (and U a neighborhood
of x), such that

F1<CD 1l (2.3)

for some constant C > 0. But then f extends holomorphically to U into a function
that lies in the integral closure 7 v, and the latter is actually characterized analytically
by condition (2.3). This proves Proposition?2.2. (I

By blowing-up Jy and taking a desingularization X, one can always find a log-
resolution of Jy (or Ky), i.e. a modification p : X — X such that w*Jy C Oy is
an invertible ideal sheaf (hence integrally closed); it follows that p* 7y = p* Jy and
w*Ky = p*Ly @ u* Jy are invertible sheaves on X. Notice that for any modification
W (X', V') — (X, V), there is always a well defined natural morphism

,u/*KV g KV/ (24)

(though it need not be an isomorphism, and Ky~ is possibly non invertible even
when 1/ is taken to be a log-resolution of Ky ). Indeed (i), = dp’ : V' — p*V is
continuous with respect to ambient hermitian metrics on X and X', and going to the
duals reverses the arrows while preserving boundedness with respect to the metrics.
If ¢/ : X” — X’ provides a simultaneous log-resolution of Ky and i/ * Ky, we get
a non trivial morphism of invertible sheaves

(‘u/ o ,U”)*KV — ‘u// *N/*KV N ,UH*KV’a (25)
hence the bigness of 1/ * Ky with imply that of 1/ * Ky. This is a general principle
that we would like to refer to as the “monotonicity principle” for canonical sheaves:
one always get more sections by going to a higher level through a (holomorphic)
modification.

2.3 Definition We say that the rank 1 sheaf Ky is “big” if the invertible sheaf ©* Ky
is big in the usual sense for any log resolution f : X > X of Ky. Finally, we say
that (X, V) is of general type if there exists a modification p’ : (X', V') — (X, V)
such that Ky~ is big; any higher blow-up ¢ : (X", V") — (X', V') then also yields
a big canonical sheaf by (2.4).

Clearly, “general type” is a birationally (or bimeromorphically) invariant concept,
by the very definition. When dim X = n and V C Ty is a subbundle of rank r > 1,
one constructs a tower of “Semple k-jet bundles” 7y x—1 : (X, Vi) = (Xik—1, Vk—1)
that are P"~!-bundles, with dim X3 = n + k(r — 1) and rank(Vy) = r. For this, we
take (Xo, Vo) = (X, V), and for every k > 1, we set inductively Xy := P(Vi_1)
and

Vi i= (i p—1)y ' Ox, (—1) C Tx,,

where Oy, (1) is the tautological line bundle on Xy, i k-1 : Xk = P(Vik—1) —
Xy_1 the natural projection and (7 k—1)x = dmgp—1 : Tx, — 77;: i1 Txy_y its
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differential (cf. [1]). In other terms, we have exact sequences

0— Tx,/x,, — i (Thot=e Ox, (=1) — 0, (2.6)
0 — Ox, — (M k=1 Vi1 ® Ox, (1) — Tx,/x,, — 0, (2.7)

where the last line is the Euler exact sequence associated with the relative tangent
bundle of P(Vx—_1) — Xi—1. Notice that we by definition of the tautological line
bundle we have

Ox (=D C 71 Vi1 C g1 Ty

and also rank (V) = r. Let us recall also that for k > 2, there are “vertical divisors”
Dy = P(Tx,_,/xi_,) C P(Vi—1) = X, and that Dy is the zero divisor of the
section of Oy, (1) ® 7r,’:’ t—19x,_, (—1) induced by the second arrow of the first exact
sequence (2.6), when k is replaced by k — 1. This yields in particular

Ox, (1) = 7 1 Ox,_, (1) @ O(Dy). (2.8)

By composing the projections we get for all pairs of indices 0 < j < k natural
morphisms

o Xk = Xj, (M e = dme vt Vie = (m )RV,
and for every k-tuple a = (ay, ..., ax) € ZF we define

Ox, (a) = ® WZ,jOX_/(aj)v Tk j - Xk —~> Xj.
1<j<k

We extend this definition to all weights a € QF to get a Q-line bundle in Pic(X) ®7 Q.
Now, Formula (2.8) yields

Ox,(a) = Ox, (m) ® O(=b - D) wherem = |a| = > a;.b=(0.by.....b)
(2.9)
andbj =a;+---+a;j_1,2 < j <k
When Sing(V) # ¢, one can always define Xy and Vj to be the respective clo-
sures of X}, V, associated with X’ = X~\Sing(V) and V' = V|x/, where the clo-
sure is taken in the nonsingular “absolute” Semple tower (X}, V|?) obtained from
(X3, V) = (X, Tx). We leave the reader check the following easy (but important)
observation.

2.4 Fonctoriality If ® : (X,V) — (Y, W) is a morphism of directed varieties
such that ®, : Tx — O*Ty is injective (i.e. @ is an immersion), then there is a
corresponding natural morphism @i : (Xk, Vi) = (Yr, Wi) at the level of Semple
bundles. If one merely assumes that the differential ®, : V — ®*W is non zero,
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there is still a well defined meromorphic map ®yy @ (Xg, Vi) -~ (Yx, Wi) for
allk > 0.

In case V is singular, the k-th Semple bundle X will also be singular, but we
can still replace (X, Vi) by a suitable modification (X k> Vk) 1f we want to work
with a nonsingular model X x of Xy. The exceptional set of X r over X; can be
chosen to lie above Sing(V) C X, and proceeding inductively with respect to k,
we can also arrange the modifications in such a way that we get a tower structure
(}A(H], \7k+]) — ()A(k, Vk) ; however, in general, it will not be possible to achieve
that \71( is a subbundle of Tgk.

It is not true that Ky, is big in case (X, V) is of general type (especially since
the fibers of X; — X are towers of P! bundles, and the canonical bundles of
projective spaces are always negative !). However, a twisted version holds true, that
can be seen as another instance of the “monotonicity principle” when going to higher
stages in the Semple tower.

2.5 Lemma If (X, V) is of general type, then there is a modification ()? , \7) such
that all pairs ()?k, Vk) of the associated Semple tower have a twisted canonical
bundle Ky ® (’)gk (p) that is still big when one multiplies Ky, by a suitable Q-line
bundle Oz, (p), p € Q4.

Proof First assume that V has no singularities. The exact sequences (2.6) and (2.7)
provide

Ky, :=det Vk* = det(T;(kk/Xk—l) ® Oy, (1) = W]ZkykflKVk_l ® Ox, (—(r — 1))
where r = rank(V). Inductively we get
Ky, = oKy ® Ox,(—(r — DD,  1=(I,...,1) e N*. (2.10)

We know by [1] that Ox, (¢) is relatively ample over X when we take the special
weight ¢ = (23K2, ..., 23k=7=1 .. 6,2, 1), hence

Ky, ® Ox, ((r = D1+ ec) = 7} Ky ® Ox, (ec)

is big over X for any sufficiently small positive rational number ¢ € Q7 . Thanks
to Formula (2.9), we can in fact replace the weight (r — 1)1 4 c by its total degree
p = (r — Dk + ¢le| € Q4. The general case of a singular linear space follows by
considering suitable “sufficiently high” modifications X of X, the related directed
structure V on X and embedding (X ks Vk) in the absolute Semple tower (X “, Vk )
of X. We still have a well defined morphism of rank 1 sheaves

i 0Ky ® Oz, (=(r = D) — Ky, @.11)

because the multiplier ideal sheaves involved at each stage behave according to
the monotonicity principle applied to the projections 7rk 1 X - X Z | and their
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differentials (77,‘{" t—1)%> which yield well-defined transposed morphisms from the
(k — 1)-st stage to the k-th stage at the level of exterior differential forms. Our
contention follows. O

3 Induced Directed Structure on a Subvariety of a Jet Space

Let Z be an irreducible algebraic subset of some k-jet bundle X over X, k > 0. We
define the linear subspace W C Tz C Ty, |z to be the closure

W =Ty, NV 3.1)

taken on a suitable Zariski open set Z' C Zeg where the intersection 77 N Vj has
constant rank and is a subbundle of 7. Alternatively, we could also take W to be the
closure of Tz N Vj in the k-th stage (X}, V|!) of the absolute Semple tower, which
has the advantage of being nonsingular. We say that (Z, W) is the induced directed
variety structure; this concept of induced structure already applies of course in the
casek =0.1If f : (C, Tc) — (X, V) is such that fj;(C) C Z, then

either fix)(C) C Zo or fjy(C) C W, (3.2)

where Z,, is one of the connected components of Z~.Z" and Z' is chosen as in (3.1);
especially, if W = 0, we conclude that fjx(C) must be contained in one of the
Z,’s. In the sequel, we always consider such a subvariety Z of Xj as a directed pair
(Z, W) by taking the induced structure described above. By (3.2), if we proceed by
induction on dim Z, the study of curves tangent to V that have a k-lift f;;1(C) C Z
is reduced to the study of curves tangent to (Z, W). Let us first quote the following
easy observation.

3.1 Observation For k > 1, let Z C Xy be an irreducible algebraic subset that
projects onto Xi_1, i.e. Tk k—1(Z) = Xk_1. Then the induced directed variety
(Z, W) C (Xk, Vy), satisfies

1 <rankW < r :=rank(V}).

Proof Take a Zariski open subset Z' C Zg such that W' = Tz N Vj is a vector
bundle over Z’. Since X; — Xi_; is a P"~!-bundle, Z has codimension at most
r — 1 in Xj. Therefore rank W > rankV;, — (r — 1) > 1. On the other hand, if
we had rankW = rankV} generically, then 7z would contain Vj |z, in particular it
would contain all vertical directions Ty, ,/x,_, C Vi that are tangent to the fibers of
Xy — Xk—1.By taking the flow along vertical vector fields, we would conclude that
Z' is a union of fibers of X; — Xy_; up to an algebraic set of smaller dimension,
but this is excluded since Z projects onto X;—1 and Z C Xj. (]



Towards the Green-Griffiths-Lang Conjecture 151

3.2 Definition For k > 1, let Z C Xj be an irreducible algebraic subset of X;. We
assume moreover that Z ¢ Dy = P(Tx,_,/x,_,) (and put here D; = ¢ in what
follows to avoid to have to single out the case k = 1). In this situation we say that
(Z, W) is of general type modulo X; — X if either W = 0, or rank W > 1 and there
exists p € Q4 such that Kw ® Ox, (p)|z is big over Z, possibly after replacing
Z by a suitable nonsmgular model Z (and pulling-back W and Oy, (p),z to the
nonsingular variety Z ).

The main result of [4] mentioned in the introduction as Theorem 1.3 implies the
following important “induction step”.

3.3 Proposition Let (X, V) be a directed pair where X is projective algebraic.
Take an irreducible algebraic subset Z ¢ Dy of the associated k-jet Semple bundle
Xy that projects onto Xyx—1, k > 1, and assume that the induced directed space
(Z, W) C (X, Vi) is of general type modulo X, — X, rankW > 1. Then there
exists a divisor ¥ C Zy in a sufficiently high stage of the Semple tower (Z¢, Wy)
associated with (Z, W), such that every non constant holomorphicmap f : C > X
tangent to 'V that satisfies fix)(C) C Z also satisfies fix+01(C) C 2.

Proof Let E C Z be a divisor containing Zsing U (Z N, (Smg(V))) chosen so
that on the nonsingular Zariski open set Z' = Z\E all linear spaces Tz, Viz
and W' = Tz N Vj are subbundles of Tx, |z, the first two having a transverse
intersection on Z'. By taking closures over Z’ in the absolute Semple tower of X, we
get (smgular) dlrected palrs (Zo, We) C (Xk+e5 Vite), which we eventually resolve
into (Zg, Wg) C (X k405 Vk_Hg) over nonsingular bases. By construction, locally
l;\ounded sections of Oy, , (m) restrict to locally bounded sections of O7,(m) over
Zy.

Since Theorem 1.3 and the related estimate (1.10) are universal in the category
of directed varieties, we can apply them by replacing X with Z C Xy, the order k
by a new index £, and F by

Fr = p* ((Oxk (p)® W:,OOX(_‘?A))m)

where y : 7Z — Zis the desingularization, p € Q4 is chosen such that Ky ®
Oy (p)z is big, A is an ample bundle on X and ¢ € QZis small enough. The
assumptions show that K ® Fy is big on Z, therefore, by applying our theorem and
taking m > £ > 1, we get in fine a large number of (metric bounded) sections of

Oz, (m) ®%;;+g7k(9(%(1 + % ot %)Fk)

Xk+z(ma)®ﬂ-k+goo< krs(l—i_%—i—'”—i_%)A)IZz
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where a’ € Q]fl is a positive weight (of the form (0, ..., A, ..., 0, 1) with some
non zero component A € Q at index k). These sections descend to metric bounded
sections of

~ me 1 1
Oxpe (L m) @ Ty (_ E<1 + 3 +- g)A)IZz.

Since A is ample on X, we can apply the fundamental vanishing theorem (see e.g.
[2] or [4], Statement 8.15), or rather an “embedded” version for curves satisfying
fi(C) C Z, proved exactly by the same arguments. The vanishing theorem implies
that the divisor X of any such section satisfies the conclusions of Proposition 3.3,
possibly modulo exceptional divisors of 7Z — Z; to take care of these, it is enough
to add to X the inverse image of the divisor E = Z~\ Z’ initially selected. (]

4 Strong General Type Condition for Directed Manifolds

Our main result is the following partial solution to the Green-Griffiths-Lang conjec-
ture, providing a sufficient algebraic condition for the analytic conclusion to hold
true. We first give an ad hoc definition.

4.1 Definition Let (X, V) be a directed pair where X is projective algebraic. We
say that that (X, V) is “strongly of general type” if it is of general type and for every
irreducible algebraic set Z C Xy, Z ¢ Dy, that projects onto X, the induced directed
structure (Z, W) C (Xk, Vi) is of general type modulo X; — X.

4.2 Example The situation of a product (X, V) = (X', V') x (X", V") described in
(1.11) shows that (X, V') can be of general type without being strongly of general type.
In fact, if (X', V') and (X", V") are of general type, then Ky = pr'*Ky' @ pr”’*Ky»
is big, so (X, V) is again of general type. However

Z=P@pr''V)=X|x X" C X,

has a directed structure W = pr’*V{ which does not possess a big canonical bundle
over Z, since the restriction of Ky to any fiber {x'} x X” is trivial. The higher
stages (Zy, W) of the Semple tower of (Z, W) are given by Z; = X,’{Jrl x X" and
Wi = pr’*Vk’+1, soitis easy to see that GG (X, V) contains Z;_1. Since Zj projects
onto X, we have here GG(X, V) = X (see [6] for more sophisticated indecomposable
examples).

4.3 Remark It follows from Definition 3.2 that (Z, W) C (X, Vi) is automatically
of general type modulo X — X if Oy, (1)z is big. Notice further that

Ox,(1+2)z = (0x,(&) @ 7 4_1Ox,_, (D ® O(Dk))‘z
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where O(Dy),z is effective and Oy, (1) is relatively ample with respect to the pro-
jection Xy — Xy_1. Therefore the bigness of Oyx,_, (1) on X;_; also implies that
every directed subvariety (Z, W) C (Xk, Vi) is of general type modulo X; — X.
If (X, V) is of general type, we know by the main result of [4] that Oy, (1) is big
for k > ko large enough, and actually the precise estimates obtained therein give
explicit bounds for such a k(. The above observations show that we need to check
the condition of Definition 4.1 only for Z C Xy, k < ko. Moreover, at least in the
case where V, Z, and W = Tz N V} are nonsingular, we have

Kw =~ Kz ®det(Tz/W) = Kz @ det(Tx, /Vi)1z = Kz/x,_; ® Ox,(1)z.

Thus we see that, in some sense, it is only needed to check the bigness of Ky modulo
X — X for “rather special subvarieties” Z C Xy over X1, such that Kz,x,_, is
not relatively big over Xj_1. (]

4.4 Hypersurface case Assume that Z # Dy is an irreducible hypersurface of Xj
that projects onto Xy _1. To simplify things further, also assume that V' is nonsingular.
Since the Semple jet-bundles X form a tower of P"~!-bundles, their Picard groups
satisfy Pic(X;) =~ Pic(X) ® Z* and we have Ox,(Z2) ~ Ox,(a) ® 7T;:QOB for some
a € ZF and B € Pic(X), where a; = d > 0 is the relative degree of the hypersurface
over Xy_1.Leto € HO(Xk, Ox, (Z)) be the section defining Z in X. The induced
directed variety (Z, W) has rankW = r — 1 = rankV — 1 and formula (2.11) yields
Ky, =0x,(-r—-DDH ® w,’gyo(KV). We claim that

KW D) (KVk®OXk(Z))‘Z®jS = (OXk(a_(r_1)1)®7TZ’O(B®KV))‘Z®\7S (41)

where § C Z is the set (containing Zgne) where o and do|y, both vanish, and Jy is
the ideal locally generated by the coefficients of do}y, along Z = o~ 1(0). In fact, the
intersection W = Tz N Vj is transverse on Z\.S ; then (4.1) can be seen by looking

at the morphism
doyy,
Vijz——>0x,(2)z,

and observing that the contractionby Ky, = A"V provides a metric bounded section
of the canonical sheaf Ky . In order to investigate the positivity properties of Ky, one
has to show that B cannot be too negative, and in addition to control the singularity
set S. The second point is a priori very challenging, but we get useful information for
the first point by observing that o provides a morphism 7'(';:’00 x(—B) — Oy, (a),
hence a nontrivial morphism

Ox(=B) — Ea = (7,0)+O0x, (a).
By [1, Section 12], there exists a filtration on E, such that the graded pieces are

irreducible representations of GL(V') contained in (VH®L ¢ < |a]. Therefore we
get a nontrivial morphism
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Ox(—=B) — (VH®, ¢ <]al (4.2)

If we know about certain (semi-)stability properties of V, this can be used to control
the negativity of B. ]

We further need the following useful concept that slightly generalizes entire curve
loci.

4.5 Definition If Z is an algebraic set contained in some stage Xj of the Semple
tower of (X, V), we define its “induced entire curve locus” IELx v (Z) C Z to be
the Zariski closure of the union |J fix)(C) of all jets of entire curves f : (C, Tg) —
(X, V) such that f;;71(C) C Z.

We have of course IELy v (IELx v(Z)) = IELx v (Z) by definition. It is not
hard to check that modulo certain “vertical divisors ” of Xy, the IELx v (Z) locus
is essentially the same as the entire curve locus ECL(Z, W) of the induced directed
variety, but we will not use this fact here. Notice thatif Z = ] Z,, is a decomposition
of Z into irreducible divisors, then

IELx v (Z) = | JIELx v (Za).

«

Since IELy v(Xx) = ECLi(X, V), proving the Green-Griffiths-Lang property
amounts to showing that IELy v(X) C X in the stage k = O of the tower. The
basic step of our approach is expressed in the following statement.

4.6 Proposition Let (X, V) be a directed variety and py < n = dim X, py > 1.
Assume that there is an integer ko > 0 such that for every k > ko and every
irreducible algebraic set Z C Xy, Z ¢ Dy, such that dimmy x,(Z) > po, the
induced directed structure (Z, W) C (Xk, Vi) is of general type modulo X — X.
Then dim ECLy, (X, V) < po.

Proof We argue here by contradiction, assuming that dim ECLy, (X, V) > po. If
po :=dimECLy, (X, V) > po

and if we can prove the result for p;, we will already get a contradiction, hence
we can assume without loss of generality that dim ECLy, (X, V) = po. The main
argument consists of producing inductively an increasing sequence of integers

ko <k <---<kj<---

and directed varieties (Z/, W/) c (X k;» Vi;) satisfying the following properties :

(3.6.1)  ZYisone of the irreducible components of ECLy, (X, V) and dim 70 = Po-

(3.6.2)  Z/ is one of the irreducible components of ECLy (X, V) and my ; 4, (Z/) =
Z0.
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(3.6.3) Forall j > 0,IELx y(Z/) = Z/ and rankW; > 1.

(3.6.4) Forall j > 0, the directed variety (Z JHL it ) is con_taine;d in some stage
(of order £; = k1 — k;) of the Semple tower of (Z/, W/), namely

@ W (20, W) € Kigar Vigar)

and '
witl = Tzj+1: N ngj_ =T j+1:N ij (4.3)

is the induced directed structure; moreover Thj 1.k (Z/+hHy = zJ.
(3.6.5) Forall j >0, we have Z/*! C Z;j but 7Tkj+1,kj+l—l(zj+l) = Zéﬁl'

For j = 0, we simply take Z° to be one of the irreducible components S,
of ECL, (X, V) such that dimS, = po, which exists by our hypothesis that
dim ECLy, (X, V) = pg. Clearly, ECLy, (X, V) is the union of the IELx v (S,) and
we have IELy v (Sy) = S, for all those components, thus IELX’V(ZO) = 79 and
dim Z° = pg. Assume that (Z/, W/) has been constructed. The subvariety Z/ can-
not be contained in the vertical divisor Dy . In fact no irreducible algebraic set Z such
that IELy v (Z) = Z can be contained in a vertical divisor Dy, because 7 x—2(Dx)
corresponds to stationary jets in X,_» ; as every non constant curve f has non station-
ary points, its k-jet fix] cannot be entirely contained in Dy ; also the induced directed
structure (Z, W) must satisfy rank W > 1 otherwise IELx v (Z) € Z. Condition
(3.6.2) implies that dim 7y, 4, (Z/) = po, thus (Z/, W/) is of general type modulo
Xk; — X by the assumptions of the proposition. Thanks to Proposition 3.3, we get
an algebraic subset ¥ C ZZ in some stage of the Semple tower (Zé ) of Z/ such that
every entire curve f : (C, Tg) — (X, V) satisfying f[k_].]((C) C Z/ also satisfies
Jik;+0(C) C Z. By definition, this implies the first inclusion in the sequence

7/ = IELx,y(Z)) C m;+e4; IELx,y (%)) C T4, (5) C Z7

(the other ones being obvious), so we have in fact an equality throughout. Let (S),)
be the irreducible components of IELx v (X). We have IELy v (S,) = S/, and one
of the components S/, must satisfy

ek, (S0) = 27 = 73,

We take £; € [1, £] to be the smallest order such that Zit = Tk j+0.kj+E (S(’y) -
Zéj, and set kj41 = k; + £; > kj. By definition of {;, we have
ij+1,kj+1_1(Zf+1) = Zéi—l’ otherwise £; would not be minimal. Then g, «;
(271 = ZJ, hence Tk 1.ko (Z7+1y = 70 by induction, and all properties (3.6.1—
3.6.5) follow easily. Now, by Observation 3.1, we have
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rankW/ < rankW/~! < ... < rankW' < rank W° = rank V.

This is a contradiction because we cannot have such an infinite sequence. Proposi-
tion 4.6 is proved. (]

The special case ko = 0, pp = n of Proposition 4.6 yields the following conse-
quence.

4.7 Partial solution to the generalized GGL conjecture Lez (X, V) be a directed
pair that is strongly of general type. Then the Green-Griffiths-Lang conjecture holds
true for (X, V), namely ECL(X, V) C X, in other words there exists a proper
algebraicvarietyY C X suchthat everynon constant holomorphic curve f : C — X
tangent to 'V satisfies f(C) C Y.

4.8 Remark The proof is not very constructive, but it is however theoretically ef-
fective. By this we mean that if (X, V) is strongly of general type and is taken in a
bounded family of directed varieties, i.e. X is embedded in some projective space
PN with some bound & on the degree, and P (V) also has bounded degree < ¢’
when viewed as a subvariety of P(7pv), then one could theoretically derive bounds
dy(n, 0, &) for the degree of the locus Y. Also, there would exist bounds kg (7, 6, &)
for the orders k and bounds dy (n, d, §’) for the degrees of subvarieties Z C X} that
have to be checked in the definition of a pair of strong general type. In fact, [4]
produces more or less explicit bounds for the order k such that Proposition 3.3 holds
true. The degree of the divisor X is given by a section of a certain twisted line bundle
Ox, (m) ® F;’OOX(—A) that we know to be big by an application of holomorphic
Morse inequalities — and the bounds for the degrees of (X, V) then provide bounds
for m. O

4.9 Remark The condition that (X, V') is strongly of general type seems to be related
to some sort of stability condition. We are unsure what is the most appropriate
definition, but here is one that makes sense. Fix an ample divisor A on X. For every
irreducible subvariety Z C Xy that projects onto X;_1 fork > 1,and Z = X = Xy
for k = 0, we define the slope p4(Z, W) of the corresponding directed variety
(Z, W) to be

(Z. W) = inf A
pals, " rankW’

where A runs over all rational numbers such that there exists m € Q4 for which
Ky ® (Ox,(m) ® 7{ ;O(\A)) , is bigon Z
(again, we assume here that Z ¢ Dy for k > 2). Notice that (X, V') is of general

type if and only if pa (X, V) < 0, and that s (Z, W) = —oo if Ox,(1)4 is big.
Also, the proof of Lemma 2.5 shows that

a(Xp, Vi) < pa(Xg—1, Vic1) < ... S pa(X, V) forall k
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(with pa(Xg, Vi) = —oo for k > kg > 1 if (X, V) is of general type). We say
that (X, V) is A-jet-stable (resp. A-jet-semi-stable) if us(Z, W) < ua(X, V) (resp.
pa(Z, W) < pa(X, V))forall Z C Xi as above. It is then clear that if (X, V) is of
general type and A-jet-semi-stable, then it is strongly of general type in the sense of
Definition 4.1. It would be useful to have a better understanding of this condition of
stability (or any other one that would have better properties). (I

4.10 Example (case of surfaces) Assume that X is a minimal complex surface of
general type and V = Ty (absolute case). Then K is nef and big and the Chern
classes of X satisfy ¢ < 0 (—cy is big and nef) and ¢y > 0. The Semple jet-bundles
X, form here a tower of P!-bundles and dim Xz = k + 2. Since det V* = Ky
is big, the strong general type assumption of 4.6 and 4.8 need only be checked
for irreducible hypersurfaces Z C Xy distinct from Dy that project onto X;_p, of
relative degree m. The projection 7 x—1 : Z — Xji—1 is a ramified m : 1 cover.
Putting Ox, (Z) ~ Ox,(a) ® m,0(B), B € Pic(X), we can apply (4.1) to get an
inclusion

Kw 2 (Ox,a-D @7 (BR®KX)),,®Ts, aclZ a=m.

Let us assume k = 1 and S = ¢ to make things even simpler, and let us perform
numerical calculations in the cohomology ring

H*(X1,Z) = H*(X)[ul/u® + ciu+ c2),  u = c1(Ox,(1))
(cf. [3, Section 2] for similar calculations and more details). We have
Z=mu+b where b=ci(B) and Kyw=m — Du+b —c;.

We are allowed here to add to Kw an arbitrary multiple Ox, (p), p > 0, which we
rather write p = mt + 1 —m, t > 1 — 1/m. An evaluation of the Euler-Poincaré
characteristic of Kw + Oy, (p)|z requires computing the intersection number

(Kw +Ox,(P)z)" - Z = (mtu+b— 1)’ (mu +b)
= m*t*(m(c} — c2) — ber) + 2mt (b — mey) (b — c1)
+m(b —c1)?, (4.4)

taking into account that w X, = c% — ¢p. In case S # @, there is an additional
(negative) contribution from the ideal [Js which is O(¢) since S is at most a curve. In
any case, for ¢ > 1, the leading term in the expansion is mztz(m (c% —c¢2)—bcyp) and
the other terms are negligible with respect to ¢, including the one coming from .
We know that Ty is semistable with respectto ¢ (Kx) = —c1 > 0. Multiplication by
the section o yields a morphism 7}’ 1 00x(=B) — Ogx, (m), hence by direct image,
a morphism Ox(—B) — S"Ty. Evaluatmg slopes against Ky (a big nef class),
the semistability condition 1mplles bcy < 7c1, and our leading term is bigger that
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m3t2(%c% — ¢2). We get a positive answer in the well-known case where c]2 > 209,
corresponding to Ty being almost ample. Analyzing positivity for the full range of
values (k, m, t) and of singular sets S seems an unsurmountable task at this point; in
general, calculations made in [3, 12] indicate that the Chern class and semistability
conditions become less demanding for higher order jets (e.g. c% > ¢ is enough for
Z C X, and c% > 19—302 suffices for Z C X3). When rankV = 1, major gains
come from the use of Ahlfors currents in combination with McQuillan’s tautological
inequalities [11]. We therefore hope for a substantial strengthening of the above
sufficient conditions, and a better understanding of the stability issues, possibly
in combination with a use of Ahlfors currents and tautological inequalities. In the
case of surfaces, an application of Proposition4.6 for ko = 1 and an analysis of
the behaviour of rank 1 (multi-)foliations on the surface X (with the crucial use of
[11]) was the main argument used in [3] to prove the hyperbolicity of very general
surfaces of degree d > 21 in IP3. For these surfaces, one has c% < ¢y and c% Jco —> 1
as d — +o00o. Applying Proposition4.6 for higher values kg > 2 might allow to
enlarge the range of tractable surfaces, if the behavior of rank 1 (multi)-foliations on
Xko—1 can be analyzed independently.

5 Algebraic Jet-Hyperbolicity Implies Kobayashi
Hyperbolicity

Let (X, V) be a directed variety, where X is an irreducible projective variety; the
concept still makes sense when X is singular, by embedding (X, V) in a projective
space (PV, Tpn) and taking the linear space V to be an irreducible algebraic subset
of Tpn that is contained in Ty at regular points of X.

5.1 Definition Let (X, V) be a directed variety. We say that (X, V) is algebraically
jet-hyperbolic if for every k > 0 and every irreducible algebraic subvariety Z C Xj
that is not contained in the union Ay of vertical divisors, the induced directed structure
(Z, W) either satisfies W = 0, or is of general type modulo X; — X, i.e. has a
desingularization (Z W), J 7 — Z, such that some twisted canonical sheaf
K ® u*(Ox, (a))2), a € NK, is big.

Proposition 4.6 then gives

5.2 Theorem Let (X, V) be an irreducible projective directed variety that is alge-
braically jet-hyperbolic in the sense of the above definition. Then (X, V) is Brody
(or Kobayashi) hyperbolic, i.e. ECL(X, V) = 0.

Proof Here we apply Proposition 4.6 with kg = 0 and pg = 1. It is enough to deal
with subvarieties Z C Xy such that dim 7 0(Z) > 1, otherwise W = 0 and can
reduce Z to a smaller subvariety by (3.2). Then we conclude thatdim ECL(X, V) < 1.
All entire curves tangent to V have to be constant, and we conclude in fact that
ECL(X,V) =4. ]
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1 Introduction

We recall just some facts on the systems we are studying. We refer to [7] for more
details, results and references. We consider in (w C R}) xR systems of the follow-
ing type (Treves’s systems)

Dpx
L;= 3t/ +1i Z—(t)—, where

L= Ot " Ox (1.1)

=(<p1,...,<pm): wCR" > R" &eCl(w,RM).

This system L will be sometimes denoted by L.

For the study of estimates and hypoellipticity, see for example [5-7, 11, 12]. In
particular, in [5], we considered the case m = 1, and ¢ homogeneous. In [6], with
B. Helffer, we studied the case m = 1, n = 2, and ¢ quasihomogeneous and in [7]
the case m = 2 = n and ¢ homogeneous.

Concerning microlocal subellipticity, we consider here the case where n = 2,
m > 2 and ® is a quasihomogeneous vector function, which means that, when
denoting coordinates by (s, f)

D(\s, A1) = N D(s,1), V(s,1) € R?, (1.2)

where
£>1,0eR", and q € RT, (g = 2¢ as assumption) .

The quasi-circle, defined by
S={H"'+r =1 CR}, (1.3)

determines @ by b= Ds.
Now given a vector {y € R \ {0}, a conic neighborhood of £ in R is a set that
we can define for 6 > 0

§
[H II§oI|

Let us recall that, for £ € R™ \ {0}, the following function ®¢: w — R

={{=(&.....5n) e R"\ {0} : || — ||<(5 Ssmall.  (1.4)

=D & (1.5)
k=1

plays an important role.
Let us recall that since the system L = L is elliptic in the ¢-directions (meaning
that the characteristic set of L is contained in {7 = 0}, where (7, &) is in the dual
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space), in order to study microlocal subellipticity for Lg, it is sufficient to study the
validity of the following inequality, when we come back to general (¢, x) variable in
R" x R™.

Definition 1.1 We say the the system L = Lg¢ satisfies a microlocal o-subelliptic
estimate at (0, 0; 0, &) if there exist neighborhoods w of 0 € R}, © of 0 € R, two
conic neighborhoods V and V’ of &y and a constant C > 0 such that

llullo,v = C(lully’ + [|Lully), Yu € D(w x ) (1.6)

where
1y = feey fgn L+ IEIDPIG OPdrde, s € R )
u(t,&) = (Fxu)(t, &), Fy is partial Fourier transform. ’

Remark 1.2 To study microlocal subellipticity at (0, 0; 0, &), we can assume that
& = (1,0,...,0). In fact, we begin to note that we take ||{p|| = 1, in general.
After just perform an orthogonal transform A in R™-space to reduce the situation to
& = (1,0, ...,0). Remark also that we have: if £ = A§p, D¢y = 01, Pe =§- P =
A - @ =& - 'AP = ('AD);. So in the new system of coordinates in R™, we have
just to consider ' A® in place of ®.

So, now, we always study microlocally L = L¢ near the point (0, 0; 0, (1,0, ...,
0)) in R} x R x R? x R?". For the microlocal subellipticity, our study will be in case
n =2, m > 2, and considering ® quasi-homogeneous. Concerning the question of
maximal estimates, where we will work also microlocally near £y = (1,0, ..., 0),
let us also say a few words on what we mean; looking to the nature of our system (L),
we look the situation for cones in (R™)*. So a conic neighborhood of (0, 0; 0, &)
will be:

wx (2x V), where0 e w CRY, 0 € Q CRY, V cone around & in R”. (1.8)

When u € D(w x 2), we define:
uly = / / @, OPdide, T 6 = (Fa, 6. (1.9)
R JEev

Definition 1.3 We say that the system (L) satisfies a maximal estimate, microlocally
at & on w x  if there exist V C V' cones in R™, with &y € V and C > 0 such that

lRe L j)ully < Cllullys + D |ILgullyr, Yu € Dw x Q). (1.10)
k

We will give a large class of functions @ such that the system (L)=(L ¢ ) does not
satisfy (1.10), for any n and any m > 2.
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In the case n = 2, we will denote by (s, ) the variables

s=1,t=t, sou=u(s,t,x), (s,t) €w,x € R"
I Lt=n (s.1.%), (s.1) Qi

@ given by (1.2), Sby (1.3), ® € C¥, k > 1.

Now the functions @ ; (recall that O = ®|s) can be considered as functions of one
variable near every point (s, ) € S. Near the points (0, 1) and (0, —1), we consider
©; as functions of s, s near 0 by

Zis) = (s, (1 =5V whentg =1 sel—1,1] (1.12)
Gi(s) = pj(s, —(1 —s*)1/?), whentg = -1 se]— 1, I[. '
In fact near every point (sg, fo) € S such that g # 0, we can take
cEj(s) =, (1 - (82)/&)1/2)’ whentyg >0 s €lsg — €, 50+ €[ (1.13)
Bi() =15, —(1 = (sH0)'?), when1g <0 s €lso — €, 50 + €. '
Outside the points (1, 0) and (—1, 0), we take as variable ¢, with
Gi) = (1 =1H? 1), whenso=1 1 €] 1,1] (114
Gj0) =pj(=(1 =) 1), whenso=—1 1€l —1,1[. '

Definition 1.4 A point (so, fo) € S is called a zero of order o, o < k, of {; if

@) if o = L or tg = —1, so = 01is a zero of order o of & (s) in (1.11)
(i) if so = 1 or 5o = —1, to = 0 is a zero of order o of &;(¢) in (1.13)
(iii) if sp 7 0 (and 19 # 0), 1 (or o) is a zero of order « of ¥;(¢) in (1.13)

(resp. is a zero of order v of & (s) in (1.12)).
(1.15)

Remark that it is easy to show that in case (iii) the definition is coherent: we use
the fact & (s) (or ¢;(¢)) have s (or 1) as zeroes of the same order.
Once the parameter s or ¢ is chosen near a point and if (sp, 7o) € S then we write

2\ (s0, 10) = 3 (s0)

@) (s0. 19) is the vector (¢ (s0. 10)) j=1.....m-
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Remark 1.5 When £ is not an integer, @ is not smooth but of class C2£(©:20 with
{ = E()+ o near s = 0. But it is easy to see that, near s = 0, when ® is Cc*, we
have either ®¢(s,1) = s - (P¢) (s, t) with j strictly less than k (maybe j = 0),
(P¢) (s, 1) of class Ck=J and (P¢); not vanishing at (0, 1) (in that case we say
that (0, 1) is a zero of order j of ®¢, or, ¢(s, 1) = sk Oy (s, t) for some Py (s, 1)
continuous (recall that ®¢ is the scalar product of ® and §).

In our second result, our goal is to give a class of vector functions ®, generalizing
considerably the simple example in ]R,%J;z for which (see [7]) there is no microlocal
maximal estimate at (0, 0; 0, &o), &o = (1,0): @ = (p1(s, 1) = 3, pa(s, t) = st2).

In a third result we give in Sect.4 a subclass of the above class of ®’s, for which
we have no microlocal hypoellipticity.

Finally, we recall the Baouendi-Treves condition which we always assume when
studying subellipticity. It is not really an hypothesis, in the sense that as it is a
necessary condition for microlocal hypoellipticity, we can not expect microlocal
subellipticity without assuming it.

Definition 1.6 We say that @ satisfies Baouendi-Treves condition on (w x 2, V) if
forany § € V, ®¢ = ¢ ® has no local maximum in w. (Here, as always,0 € w C R"
and V a given cone in R").

The present work follows some of my papers (alone or in joint work) on the study
of estimates and regularity for systems of vector fields and related partial differential
operators.

Salah Baouendi, who was my firstadvisor, introduced me to the study of systems of
real vector fields. He obtained in 1966 (as a particular case of his work [1]) optimal

sub elliptic estimates for the systems of the following kind in R” : (X1, ..., X,)
where:
Xj=x}0y, j=1....n—1, Xy =0y, (x1,....x,) €R", keN.

Just after, in 1967, L. Hormander studied systems of smooth real vector fields satisfy-
ing the so-called Hormander’s bracket condition [ 10] for which he gave quasi-optimal
sub elliptic estimates and later on, L.P. Rothschild and E. Stein proved optimal esti-
mates [13].

2 Microlocal Subellipticity for (L)=(Lg)

2.1 Statement of the Main Result

In this section we want to prove the following result.
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Theorem 2.1 Let ® be asin (1.2) and of class C*. Assume that ® satisfies the Treves
condition in (w x 2, V) and the following three hypothesis (i), (ii), (iii) which we
will denote in what follows by (H1)(§), with £ given in R™ \ {0}:

(i) ®(s,t) # 0, V(s,1) € S, so there exist 1, 1 such that ®, (0, 1) # 0 and
@, (0, —1) #0.
(ii) The function ®¢ has a finite number of zeroes of order less than k (on §). Call
Zg¢ this set of zeroes on S.
(iii) Every zero (so, to) € Z¢ satisfies one of the following conditions:

(a) The order oy, of the zero (s, t) ofaBg is < 2.

(b) The order o5y 1) is = 3 and dim span{®@ (so, t0), @ < 0(s9.1)} = 1 if
so # 0. If so = 0, the order 0,1y is > 3 and for all ( € R™, ® vanishes
at (0, 1), modulo ®,,, at order > 0,1y (same for (0, —1)). Moreover, if
the order is even, we can relax condition i) (i.e. the vector function ® may
vanish at that zero).

(¢) The order o(s, 1y is even, > 4 and dim span{®'® (so, 19), o < 0(s9.10)} = 2
if so # 0. If so = 0, the order 0,1 is even > 4 and there exist v € R™ and
qo € N, 1 < qo < 0(,1) such that ®., vanishes at (0, 1) at order qy and for
all { € R™ @ vanishes, modulo span {®,,, ®,} at (0, 1) at order > 09, 1).

Then (Lg) is o-microlocally subelliptic at (0, 0; 0, &) with o = inf(tl?, %) where
D = sup{0(s.1) : (S0, t0) € Z¢}.

2.2 Proof of Theorem 2.1

First we recall that we can take g = (1, 0, ..., 0). The proof will be in several steps.

2.2.1 Step 1: More Explicit Formulation for (H1)(£() and Simplification
as @ = 1

So now conditions (i), (ii), (iii) can be read on ¢ .

Let us express in particular cases (b) and (c). The order o, ) of (so, fo) is
its order as a zero of ¢;. Now consider the vector space defined by the vectors
{gb'ia) , ﬁﬁ)}(so, to) fora = 10,1, ..., 0(sy.0) — 1. Now the condition (i) means
that there exists j € {2, ..., m} such that ¢;(so, fo) 7 0. We may assume without
loss of generality that j = 2. Consider first the case (so, o) # (0, 1) or (0, —1);
) {@ga), e QZS,?)}(SO, tp) are well defined. We may assume, working with & (s), s
near s, by small translation on s, that we work near s = 0, with @ j smooth.

Moreover, in case (b), we may assume that:

y o oo

®(0) = (0, $2(0),0,...,0); ®0) =(0,a4,0,...,0)fora < p. (2.1
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Recall that a conic neighborhood of &y € R™ is a cone which can be written in our
case as ;

V&),é = {(é‘l? e ,fm) € Rm : ||§/|| < 551 1 f/ = (527 e vgm)v 5 > Osmall}
2.2)
Now, from (2.1), we can write more explicitly

P1(s) = sP1(s), ¥1(0) #0, ©2(0) #0, ;(s) =s"Yj(s), j =3, inl. (2.3)

Let us now look at the much more complicated case c): we continue to assume that
©2(0) #0, 9;(0) =0, j # 2. Define now g by:

q is the smallest integer such that {®(0), ?’(0)} is a basis of Span {®'“(0); a < p}.
(2.4)

We may also assume

®(0) = (0, 32(0),0,...,0); d0) = (0,4a4,0,...,0), @ <qg;
3@ (0) = (0,0, 59(0),0,...,0) 2.5)
@Y (0) = (0, an, ba, 0, ..., 0); g <oa<p.

So, in this case, we can write:

P1(s) = 5P1p1(s), P2(0) # 0, P3(s) = 5713 (s), 2.6)
¥1(0) #0, ¥3(0) #0,2;(s) = s (s), j = 4. '
As in [7], we define now € = (e2, ..., €,). Here € € R7-1 |l€]] < €0 and
Pe(s) = B1(5) + D €;Fj (). sel =1, = (—0.0). 2.7
j=2

In the case where (0, 1) or (0, —1) is a zero of ¢, the formulas (2.3) in case (b) and
(2.7) in case (c) are respectively direct consequences of the second parts of (b) and (c)
respectively. We saw in [7] that we have a microlocal subellipticity in (w x 2, V¢, ),
if the graph of the function (. is of good type for every ¢, ||¢|| < €p, €9 small and
too.

Concerning the meaning of good type, we refer to what we did with Bernard
Helffer in [7] concerning graphs in /, I small, determining sectors (here quasisectors,
as @ is quasihomogeneous) of good types A*, B*, C* ([7] pages 31-32). The graphs
of . are easy to see, in the case a) (pieces of parabola at worse).
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2.2.2 Step 2: The Proof in the Simple Case (b)
We give the proof in the more complicated case , i.e. (so, fo) = (0, 1), £ ¢ N (case

where 7(s) = (1 — |s]*)'/2 is not smooth).
We begin by writing in a convenient way .. We start with (2.3)

m
Pe(s) = sPP1(s) + e202(s) + 2 €jsPPi(s), ¥1(0) #0, p2(0) #0.  (2.8)
j=3
There is 0 > 0 and Cy > 0 such that
[¢1] = 2Co, |p2| = 2Co, in I, = (—0,0). (2.9)
From (2.9), we obtain, using (2.8) and putting 2723 vl < Crin s,

~ ~ ~ . . C
Pe(s) = sPe(s) + €2P2(9), 192 = 2Cq in I, if [|€']] = [I(e3, - ... emll < &

|Ye| = Co, in 1. Put also |1p¢| < Cyp, by enlarging C if necessary.
(2.10)

Now if p is odd, the situation is simple:

(A) p odd: as |1p¢| = Cop, to study @., we first look at the zeroes of @, which are
the zeroes of the equationon I = I,

~ ~ 1/p
e P = (_ﬂm) . 2.11)

As %(s)‘ > Cy, then for ¢y small enough, for every e with |e2| < €g, Eq.(2.11) has

a unique solution in /. Consider now ¢/ (s). The expression of @.(s) is
Pe(s) = "7 (Pt + 5U(5) + 2 (5). (2.12)

—-If @) (s) = sP710,(s), then in this case

B.(s) = PN (pye + 202 + 59)(s)

and
pbe + €202 + 59" #0, onl,.

(o and ¢g are small enough.) So 0 is the unique zero of &, on I, of even order, and
then &, is monotonic on I, whose graph is therefore of good type.

Otherwise, we need more precise expressions of {2 (s) and &) (s). Expressions of
©2(s) and &) (s): as ¢ € CK(R?) with p < k — 1, we may write
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pr(s. )= D oS00, 1) 4 5P0x(s.1)5 200, 1) # 0. (2.13)
0<j<p-1
Remark that <p2’ )(O 1) is C¥~7 and a homogeneous function of 7 of degree 4L 4 I and
6, is (1, £) quasi-homogeneous of degree ¢ — p and C¥~P . Hence, by differentiation,
we deduce for r > 0

(1 0) (g—(+1)/¢ p—1
(s,0)=> aisita-U + sP703(s, 1)
{ 0<j<p-2%J (214)

PV, 1) = Xz iz pa bysit @D 4527 10,(5,1); by # 0.

|2Z)1/2

Now using 3> (s) = ¢a(s, £ (s)) with(s) = (1—|s and @) (s) = 3" (s, £ (s))

+t (s)go(o 1)(s, t(s)), we get

Bh(s) = Z ajsj(t(s))(q_(j""l))/[—€s|s|2(£_1) Z bjsj(t(s))(q_j)/e_l
0<j<p-2 0<j<p-2

+ 5P 05(s, 1(5)); bo # 0.
(2.15)
Now if ag # 0, from (2.12) and (2.15), we see that 0 is the only zero of &.(s), in I,
o small.
Otherwise, let o such that o > 0

SYAq(s), Aol =coon I, ifa<p—2
PO s, 1(s)) = [ o e ’ P

sp_lAp_l(s) otherwise.

So,

B =by+ O(s), (2.16)

[ Po(s) = 5" Aa(s) + 515XV B(s), |Bl = co on I,
and hence B has the sign of by # 0. Now s is a zero of &, hence of .. To study
@, (s) more closely, we consider first the case

e2¢ ¢ N, hence o # 2¢ — 1. Let us consider the worst case where 2¢ — 1 < a <
p — 1, so that

L(s) = s|s?D (s”—2|s|2“—‘f>65 +ea(B(s) + 0<s“—”+1)>) .1

As p — 2 is odd, it is easy to see that the expression in the factor has one zero s so
that |s1| ~ |ez|"/ (P29 and s has the sign of (—exbg). If o« < 2 —1 < p — 1 one
has

QL(s) = 5" (sp—l—“ef +e2(Aals) + 0<s2‘—1—“)>) : (2.18)
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So ¢.(s) may have 0, 1 or 2 zeroes, depending on the value of « and the sign of
€ ’2—“ (0). We remark that the value of ¢, at these zeroes is comparable to €3, obtaining
a g(;od graph.

e 2¢ € N : in that case, we need to write ,(s) more precisely, by giving an
expansion of 7(s) or its powers, which appear in (2.15) in terms of powers of |s|%¢.
Replacing in (2.15) we obtain, with bgpg = by # 0:

~ 11208 2(¢—1 11208 -1
Pr(s) = z ajps’|s|= — Ls]s| =D Z bigs?|s|=7 + sP7 06 (s).
j+2e8<p—2 20—1+j+208<p—2

(2.19)

If agop = ap # 0, P5(0) = ago # 0.If ap = 0, s = 0 is a zero of . In order to
search for other zeroes, we consider (2.19) in cases s > 0 and s < 0. So we have:

0y (s) = sYFu(s), with F,(0) #0if 0 <a<p—2,5 >0 2.20)
@y (s) = sPGp(s), with Gg(0) #0if0 <8< p—2,5 <O0. i
Then, so, ‘5/5 is such that, for o, cg, €9 small enough
@y (s) = 5P 10:(s) + e2Fu(s)), s > 0, inf, (0], |Fal) = co 221)
©h(5) = s7(sP70710c(s) + €2Gg(s)), s <0, infy, (10, 1Ggl) > co.

Of course, in (2.21),incasea = p—1, ¢, = s”_léf, s > 0,orincase f = p—1,
PL(s) = sP710.(s), s <0, so just 0 is the zero.

So we see that, depending on the value of «, € and 3, @' (s) has, fors > 0,0 or 1
zero, and for s < 0, 0 or 1 zero, and the value of p,(s) at these zeroes is comparable
to €3. So @¢ has a good graph.

(B) p even: the study is quite the same as above, but o, may have two zeroes,
giving that . has a good graph.

Before going on the proof of part (c), which will be much harder to deal with,
let us note that in part (b), just one parameter, €, played a real role, corresponding
to the dimension one of Span @ (0), @ < p. As in (¢), this dimension is two, we
will face a situation where two real parameters will play a role. In part (c), we will
have to work with functions ¢, depending essentially on two parameters associated
to the dimension two of the span.

2.2.3 Step 3: Simplification of the Notations in Case (c),
for the Functions {

We come back to our function @, given in (2.7) with the property (2.6). So we are in
the case where
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Fe(s) = sPP1(s) + 52(s) + e3s9U3(s) + D €j571);(s)

= (2.22)
©2(0) # 0, 3(0) # 0.
Of course, if m = 3, the last term does not exist. Putting
m
Ye(s) = P1(s) + D e (). (2.23)
j=4
We can write more simply for ..
e(s) = sPc(s) + 292(s) + e35713(s). (2.24)
Now we have, for Cy, o, (€4, . .., €,) small enough

[v3] > 2Co
|e] = 2Co, on I, because 1(0) #0, p2(0) #0, ¥3(0) #0  (2.25)
[©2(s)] = 2Cp.

We see that the couple (€3, €3) will play really a role in the study of the graph of ¢,
for e small. For that, we put along this study, more simply

€ =20, €3 ="1. (2.26)
So we have to study
De = 5PYe(s) + dpe + v5113(s), (2.27)
Wlthq > 07 |/l/}€| Z 2C05 |<)’52| 2 2C0’ |¢3| Z 2C07 on IU' .

2.2.4 Step 4: Further Reductions

We know that p is even, by the condition in (c). Let us say more in ¢, from the Treves
condition, and also on .. For that we give the following very simple lemma.

Lemma 2.2 With the hypothesis in Theorem 2.1, we have:

is odd
{ 4150 (2.28)

Ve > 0, on I,.

Proof of Lemma 2.2 As ( satisfies Treves’ condition, ¢ has no local maximum at
0.As @ = sPiy, peven, ) # 0, wehave 1)1 > 0on I,, which gives 1. > 2C¢ > 0,
on I, for ||e]| < € and €p, o, Co small enough. Now assume g even 0 < g < p.
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Choose ¢, ||€]| < €, € = (4, 7, ...) such that y23(0) < 0. Then there exists ¢ > 0
(depending on €) such that ¢z vanishes at 0 and is strictly negative on I3 \ {0}. So @z
has a local maximum at 0, contradicting the Treves condition. O

So, from now on, we work under the following:

(2.29)

Pe(s) = sP1pe(s) + 6p2(s) + ys43(s), with
peven >4, godd, [¢| = 2Co, 92| = 2Co, [¢3] = 2Co, on I,.

Now we are going to make a reduction on our situation: for that, to simplify, we put:

@2 = f, Y3 =gin (2.29). (2.30)

Moreover, we give another simple lemma which will permit us to work with vg > 0
(the case v = 0 was studied in case (b)).

Lemma 2.3 7o study (2.29), it suffices to work with vg > 0. O

Proof of Lemma 2.3 Let us consider the case yg < 0, i.e. take
Pe(s) = s"Pe(s) + 61 (s) +ys79(s); 79 <0, on Iy

Pe(—s) = sP1pe(=5) + 6 f (=) —ys9g9(—s); 79 <0, asqodd

= 5P0.(s) + 0h(s) — ysTk(s), and — vk > 0.
So @ (—s) has the form (2.29) with vg > 0. So the graph will be the symmetric, with
respect to s = 0, of that of ¢.(—s), which will be under our study with condition

vg > 0. ]
So we arrive at our step 5.

2.2.5 Step 5
The study of the graph of ¢, given by

Oe(s) =sPe(s) + 6 f(s) +vs%g(s), peven > 4
qodd; s € I, 1(s) >2Co >0, | f(s)| = 2Cp > 0, (2.31)
lg(s)| = 2Co, vg > 0, |le|]| < €0, g < p.

For that, we will give results on the behaviour of zeroes of @, and @,’, with respect
to d, ~y for ||e|| < €, €9 small.

Lemma 2.4 Let ¢ as in (2.31). If sc € I, is a zero of p., with s > 0, then there
exists C > 0 such that s¢ < C|0|, with C independent of ¢ for € sufficiently small.
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Proof of Lemma 2.4 As ysgg(se) > 0, we have, for ||¢]| < €,
0 < sd[vhe(se)| < 01 f (sl < €, (2.32)

where | f| < C on I,. Hence we obtain what we wanted

C
sd < Clo] = ﬁ|5|. (2.33)

O

Our goal is to study zeroes of ¢, which are negative. For € small enough (recall
that ¢ = (0, , €4, ..., €p) 1.€. ||€]| < €9, we have that @, is first decreasing in a
small interval around —o, because for € small enough @, is negative near —o. These
things are trivial due to 1. > 2Cy on 1.

We have the following crucial lemma.

Lemma 2.5 Let us consider the following

S.<s5.<0, inl,
oy _ (2.34)
Pe (56) =0, @(se) =0.
Then there exist o, €y small enough and C > 0 such that
Is?] < Cl4l, |ysd| < Clél, llell < eo. (2.35)

Proof of Lemma 2.5 Let us first write equalities satisfied by s and se.

Pe(se) = Sf"/)e(se) +0f(se) + ’Ysgg(ss) =0
(56/(56) = ’Egp_l (pwe(Ef) + EcwéGe)) + 5f/(56) + ’73:2_1 (ngE) + Seg/Ge)) =0

which we rewrite, conveniently, as

S? (Sfque(se) +79(se)) = =0 f(se)
ST GP T (pe Bo) + 5L GO) +Y(q9Go) + 5.9/ G)) = =0 f'Ge)  (2.36)
p — q is odd.

Our goal here is to prove the first inequality. The second one follows from the first.
Let a constant C; > 0 such that

Isel? > C1l0]. (2.37)

From the first relation in (2.36) and the fact that | f| < Co in [
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C _4q
15279 (s0) + 7950 < —16]" 77 (2.38)
Cl”

Ass, < s. < 0, from (2.37), we deduce
[Sel” > C11d]. (2.39)

So, from the second relation in (2.36), we get, if | f'| < C»

- ~ / ¢ -
B2 (e G + 5L G) + (@960 + 509/ Gl <~ 1617 (2.40)
c,’

We use now the fact that ). > 2Cq on I,. Then from (2.38) and (2.40):

- g(se) G 1 1-4
sP=9 4 < ——|6] * 241
© 00l T 26
1
Seq C 1 _g-t
5P +,ng(§6) ‘tse.? (5e) q%l _|§|1 = ’ (2.42)
e + 5 () c.r Co
1

if ¢ < 09, 09 small enough, in order that pi. + s’ > Cp in I,. Now we use the
fact thatg < pi.e. % < 1. So, we choose ¢ such that the factor of v in (2.41) and
the one of 7y in (2.42) named now A(s.) and B(s¢) are such that with a very small to

be chosen

2.43
BG.) — BO)| < alBO)]. @43

H [A(se) — A0)| < alA(0)]
with A and B depending on ¢. Note that the modulus of each function A and B is
bounded from below by Cy, shrinking Cy if necessary. Remark that B(0) = %A(O),
and YA > 0, p — ¢ odd in our crucial lemma, we never use that p is even or g odd,
we will just use that p — g is odd. From (2.41), (2.42) and (2.43) we get

—yA(0) — ay|A0)| — — |6|17<sp 9 < 7 A0)
2C
Cl
C 1-4
+ay|AO)| + = —[5]' " »
quc
L (2.44)
—vB(0) — ay|B(0)| — —; 7 <35P71 < —yB(0)
C? CO
1
+av|B(0)| + —|6|
Cl”
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Now let us use that p — ¢ is odd then, from (2.34)
sPT4 < gP7A, (2.45)

Now we look at (2.44) and (2.45). Then by taking the left hand side in the second
line in (2.44) and the right hand side of the first line in (2.44), we get, using (2.45):

Cy _q-1 Cy
—vB<0>—zw|B<0)|———|6|l < —7A0) + av|AO)| + —>
ci Co Cq 2Co

1

|5| 7

(2.46)
which can be rewritten as:

C
—

CoC,"”

p

P9 40) < avA©)(1+ L) + sS4
P p

1
P(|5| + E). (2.47)

If we choose a = 222 > 0, we get then, since altd <24
4p g P

[ p=q 1 1
A0)y <2 167", (since 817 + =~ < 1)
i~ 2Cy
CoC, !
SO (2.48)
= 2 C
AO)yy <C18 7", withc = 2 =2
7 coc,”

Conclusion: if for some Cj inequality (2.48) is false, then we have not (2.37), so
proving our lemma. If this inequality is true, so we have to prove our lemma in this
case:

= G
|[A0)y| < C|9] », withC = T (see (2.48)).
c,’
Let us come back to our equation
sEpe(se) +ysdglse) =0 f(se). (2.49)

As |yg| < 2C|5|pl;’q|¢6| on I, (from (2.48)) and | f| < C», then
Isel?(IsclP~4 =218 7) < —|5I (2.50)

Now we assume that: |s.|” > C;]d]|. So:
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q

_ P=q 224 P—=q
Ise|P~9 —2Clo| » > (C," —=20)[0| 7 . (2.51)
1=
As C = C,C," , we can take C such that:
_ r=q =g pP=q P=q
[selP~1 =2Cl0] 7 > (C;" =20C)|0] » >2Clo| 7 . (2.52)
Hence from (2.50) and (2.52), we get
Ch -, =t a-p
mW<aww;qpmwmnm<m. (2.53)
So with a constant C3 depending just on @,
q q-1 1
C/ <C3C," orC{ < C5. (2.54)

(2.54) comes from (2.53) and |s¢|” > C1|d]|. So if we take C; > Cf, we have what
we wanted. O

As we made the remark that all what we used is the form of the function ¢, and
the fact that p — ¢ is odd, we also have the same lemma for the function @.’. Hence
we also have:

Lemma 2.6 Let us consider the following

Se <8 <0, inl,
-~ ~/ (255)
Pe () =0, e (se) = 0.
Then there exist o, €y small enough and C > 0 such that from (2.55) we get
15271 = CI8l, Iysd ™' = CI8l, Tlell < o (2.56)

2.2.6 Consequences of the Crucial Lemmas 2.5 and 2.6

We began before to say that, for o and €y small enough, the function ¢, ||€|| < €o,
is non negative in (—o, s¢) for some s > —o, and also non negative in (5, o) for
some 5, < o.

The worse case is when ¢, has zeroes. Our study on the graph will work too when
e has no zeroes in I,;. Recall also that we are in the situation as in (2.31).

Let us first note the following, which is trivial:

Let sg . minimal in /, such that ¢ (s¢.) = O.
[ 0,¢ o 905( O,e) (2.57)

Then 3C > 0 such that [sg (|” < Cllel|; |le]| < €o-



On Microlocal Regularity for Involutive Systems of Complex ... 177

It follows by what we said above that ¢, has zeroes in I,,, as € is small enough,
|le]] < €o. We have:

Let 59, minimal in 7, such that @, (5¢.¢) = 0. 2.58)
Then AC > 0 such that |§0,€|p_1 < Cllell 5 llell < ep- '

Call, now sj, Sj, j > 1, the other zeroes, in increasing order of ¢, and @’
respectively.

Sle <52¢<... Pelsie) =0,1<j<]
~l,e ~2,e Sie/( .1,5) = ]. = ].0 (2.59)
Sle <826 <... Q¢ (Svj,() =0,1=<j=<h.
It is easy to see that one has
For any j, 0 < j < j; — 1, there exists ’s‘j,e such that (2.60)
’Svj,f <§\j,e < Ej+1,5a 65//6\j+1,e) =0. '
Corollary 2.7 There exist C > 0, €y such that
57,6171 <18
g1 o (2.61)
15 1 =Clol 1= j < ji. llell < eo.

Proof of Corollary 2.7 Use crucial Lemma?2.5 and the second line in (2.60). Remark
that jo < pand j; < p — 1. (]

Corollary 2.8 Let s . solutions of o/ (s) =0, 1 < j < ji given in (2.59), with ¢,

as given in (2.31). Given any Cy sufficiently small, there exist ¢ > 0 and 0 > 0
such that for s . in I, we have

[ QEE(Ej,e) = 5f(§j,5) + dje (2 62)

lajel < Coldl, Ve |lel| < eo.
Proof of Corollary 2.8 We use the estimate (2.61) in ¢.(s) given by (2.31):
Pej.0) =57 e + 3£ G0 + 757960
laj.el = |57 eGje) +751.e9G)| < CI5jel? + 5% 79 Gl
So, with another constant C,
lajel < Clsjelldl,  Ilell < eo.

If o is small enough i.e. [s; | < %, we get |a;| < CO|d|. So we found o (small
enough) and €( such that (2.62) is true. U
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The following corollary is just the meaning of (2.62).

Corollary 2.9 There exist o and €q such that in I, the extrema ¢.(5j.c), 1 < j < ji
have all the same sign which is the sign of § f (0) and moreover:

Coldl < |@e(sj, el < Cild]. (2.63)
Proof of Corollary 2.9 Use (2.62) and lower and upper bound for | f| in 1. (I

Corollary 2.10 There exist o and €y such that in I, @, has at most two zeroes
50,81, and if S0 < S1e < ... < §j. are the zeroes of ¢, in I, then the
extrema ©c(Sp.c), 1 < £ < ji, have all the sign of 6 f(0) (recall again that ¢ =
(0,7, €4, ..., €m)) and satisfy (2.63).

Proof of Corollary 2.10 If ¢, has a minimal zero sp ¢, all our preceding study shows
that we have the following picture: ¢, is decreasing on (—o, 50.¢), 50,c > 50, all the
further extrema ¢, (s;) have the same sign, with bounds (2.63). Of course sy  may
be the unic zero. But if ¢ (50.¢) < 0 then we have necessarily another zero, but only
one. Of course, we may have also 5o, = 5o, .

If @, |lell < €o, have no zero, all we proved for the zeroes 5; . of ¢." works,
because in the proofs on these we did not use existence of zeroes for ¢. |

So we studied the situation when vg > 0 on I,. But we saw that, by taking
symmetry with respect to {s = 0}, we can reduce to the case vg > 0 on /.

From Corollary 2.10, we obtain the shape of the graph of ®, on I, o small, which
is of good type, as described in [7, pages31-32].

3 Vector Functions ® Such that the System L Does Not
Satisfy a Microlocal Maximal Estimate

We want to give here a large class of ®’s for which L does not satisfy inequality
(1.10). We consider the following hypothesis for ® = (¢1, ..., ¢n) onw C R";
n,m=>2,®eClw).

There exist in w, a piece of a hypersurface H = {h = 0}, two odd numbers
0 < g < p, A € R™, such that, near H

(H2) 1) ¢ vanishes at order p on H(yp1 = hPy1, 91 #0on H, ¢ € ch.
2) @) = X - ® vanishes at order q on H(®) = h91y, ) # 0on H, ), € ch.

Theorem 3.1 If © satisfies (H2), the system Lg does not satisfy a microlocal max-
imal estimate on (w x 2, V), where V is a cone with vertex &y = (1,0, ..., 0) and
Q C R™, open, 0 € Q.
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Some reductions before the proof: We may first assume thatz = s inR”,n > 2,
s = (s1, ..., Sp). Moreover, we see from (H2) that A ~ (1,0, ..., 0) because g < p.
Hence, we may assume also that A = (0, 1, 0, ..., 0) (by a linear transformation in
R™). So we have the following:

@1(5) = sP1(s), ¥1(0,8) #0; 8" = (s2,...,50), (0,5") €wy Cw a1)
©a(s) = siaba(s), 12(0,s") # 0. '

First we choose o > 0, w’ a neighborhood of (0, s(’)) in w such that, for some
Co>0

(3.2)

[Y1] = Co, It2l = Co, in 1 x o'
where I = I, = (—o, 0).

Before giving the proof, let us remark that the ®’s satisfying (H2) generalize
considerably the example in R?>*2 studied by Helffer and the author [7]: ¢ = s13,
2 = slsg.

Proof of Theorem 3.1 We use a different method than the one we used in the above
mentioned example.

Now, for any § small, we write, if Cq is small enough, ¢5 = | + dp;. Hence

5(s) = sTr ()(sP 7 + 5%@)),

with "
CO§|1/}_?}SC1- (3.3)

In the study of ¢, mainly the zeroes of s, and (go(;)gl , we make the following more
reductions, we write:

) W'ill denote s G.4)
¢t will denote s’.
So we have, with these new notations:
(s, 1) = s (P~ 4 622 (s, 1)) 55)
Co< |2, 0| <Cronlxw. '

We recall now that the functions w; (s, f, x) := x; — i (s, t) are homogeneous
solutions of Lg:
Lo(w;) =0.

Recall that, given £ = (1, ..., &) in R™ \ {0}, the function ®¢ = >"1" &¢;
plays arole in the study of L ¢: a necessary condition for microlocal hypoellipticity at
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(0, (0, &)) of the system L is given in terms of ®¢. In fact, we will use the following
function w) s, for A > 0 and ¢ small: |[§]| < &g
wys = iAwy + dwa) = iA(x1 — i) +d(x2 —ip2)); so (3.6)
Rewy s = A1 + 0p2) = Aps = Re (\wy), ws = i(wy + dwy). '

Our aim, now, is to produce a family of functions contradicting the inequality defining
microlocal maximal estimate, in (w x €2, V) V conic neighborhood of (1,0, ...,0) €
R™. We will call this family depending on (A, ¢) as before by u) 5 € D(w x ). We
will choose suitably functions 65(s), |d] < g, 01(¢) € D(w'), 62(x) € D(2) and

uys = 050102 exp(wy ), A >0, [6] < do,

in order that the inequality of microlocal maximal estimate in (w x €2, V) is not
satisfied. More precisely we want to prove that the following estimate:

)
15552, = Clllunll 2, + [l Eourall2 ) (3.7)

is not true for all A > 0, |§] < dg .
In order to define 95, 01, 62, we need to first establish some properties of ¢5. Put
first p 1= | o =,a Note that if & ;ﬁ > 0, then s ; has only one

zero on | Wthh is 0.So we assume 6% < 0.
Lemma 3.2 [n order to study the graph of the function ps,: 1 — R, |0| < d, in
particular the zeroes of s and <p:5 , Where @5 ((s) = p5(s, t), we may assume

Y1 >0, ¢ <0, andso § > 0. (3.8)

Proof of Lemma 3.3 If ¢y < O on I x «'. Then we take &5 = — 5. So ps(s) =
s1(=1(s, 1)) (sP™4 +5¢2 (s, 1)). So we work with —i; > 0, for @s. If moreover

1y > 0, then as 61y, > 0 (from the condition 55? < 0), § > 0, we have just to put
1;2 = —1/» to obtain 7;2 <0

s = s1p1(s. 1) (qu + 5%) = 5991 (s, t)(s” 7+ 5%(3 l))

with ¢, > 0,45 < 0,8 > 0. O

So now will work with condition in Lemma 3.2.

Lemma 3.3 Let us assume (3.8). Then for anyt € V, o has three zeroes s1; <
0 < s2;inl, and g05 ,» its derivative, has three zeroes S1<0<s2ifqg > 1, and
two zeroes s1; < Sa.¢ if g = 1, if § < do, do sufficiently small.
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Proof of Lemma 3.3 Of course 0 is a zero of ¢y ;. The other possible zeroes are
those of:
[

sP™4 4 5E(s, 1) =0. (3.9)

Asd % < 0in I x ' (' neighborhood of 7y in R"~!) and p — ¢ is an even number,
p — g > 0, the solutions are those of the equations, for ¢ € w’ fixed

s = — (—5%(& t)) b — (—6%) , = ﬁ.

Now it is easy to see that there exists g sufficiently small such that for 0 < § < Jo,
we can apply the implicit function theorem for each of the two equations in (3.10),
in order to have a unique solution in / (more elementary, just see that the derivative
being without zero in /, each equation is monotone). So if 51 ; is the solution of the
second equation and s> ; of the first one, we have the three solutions s1; < 0 < s2;.
Now, the expression of <p;5’ . s

@5 () = 5971 (s (pur + sY)) + S(qen + s1h)) (3.11)

which can be rewritten, as 93 # 0in I x ’ sufficiently small

’ _ wg—1 — s
[%J(s) = 597 (s,0) (5779 4+ 625, 1) , where a1

V3 1= pY1 + sy, Y4 = qihy + 595,

Remark here that the prime’s denote derivatives in s. First note that O is a zero of
@5, if and only if g # 1. The other possible zeroes of ¢ , are those of

sP=9 + 5%(& t)=0. (3.13)
V3

Now we are in the situation (as I x ' is shrinked in order that 3] > Co > O,
[4] = Co > 0in I x ') and remark that pt) +sv¢| > 0in I x ', gt 4+ 595 <0
inl xw'.

So (3.13) is similar to (3.10), then we have 57 ; < 57, solutions of cpg’t (s) =0.0f
course, we seek that these solutions are close to the corresponding solutions when
we replace Y1, 12, 13, ¥4 by ¥1(0), 12 (0), 103(0), 14(0) ; the later solutions are

s =—(@d)!, s3=(ad)!, 51 = =B, 52 = (bO)"

where a = %(0) b= 1{%(0) ,andb=%a <a (3.14)

withu:pqu. O
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Our aim is to give an estimate for sy ; — sy, ..., 51, — 51, .. . in terms of suitable
powers of 4. It is convenient to note that if we put I = (—o, o) where o is small
enough, then the function of one variable @5, t € W', is increasing in (—o, 5 1),
with the zero 51 in (—0, 5] ), decreasing in (51, s2.;) with O as zero in it, and
increasing in (52, ) because ¢ ; and 3 ; are positive in I, € w'.

Let us now give estimates related to the functions s ;, @3’ .

Proposition 3.4 There exist 50 > 0,0 >0, C; > 0andw' 3 ty such that:
(1) lgsl < C1oP* on (=2(ad)*, (ad)*) x w'.
(2) @5 = CodPH on (=3 (bSO, =L (bO)") x w' = —I; x W'

(3) s < —CodP* on (%(bé)”, %(bé)“) xw' |U((—0, —(@d)p — %(bé)ﬂ) x o).
[ —
I5
(4) 1(ps),l = Cod P~k on (—I; U Iy) x W'

Proof of Proposition 3.4
(1) This inequality is trivial, with C; suitably chosen.
(2) Note first that, as 11 (s, t) > Co on I x w’, we have

sdipp <0
on —/5 and
s?1] = (%)‘f(bé)qﬂco,
Moreover,
|sP4 +6%(s,t)| > 5|%(s,t)| — P4
> ad — 5(|%(S, ) — %(O)D _gha
> 0(a — g) - (%)p_q(w)(”_q)/“:l = ? _ (%)”_qbd,

if &g is small.
But 7 — (%)P’qb >5- gb > 0 (p —q > 2). Note that we used that there exists
0o and w’ such that

ﬂ(s, t) — @(0, 0)| < c_z’ if (s,1) € (=2(@d)*, 2(ad)") x ', § < do.
(0 (0 2
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Hence we obtain (as o5 > 0 on —I5 x w’)
1 a 4 ~ ~
ws(s, 1) = CO(§)q(§ - 5(17)519"“5"“ = Coo"", Co > 0.

(3) The proof is the same, after observing that ¢5 < O here.
(4) Here also, the proof is basically the same than in (2), (3), because ‘p:i , has the

same form as s ; after replacing 11, 2 by 13, 14 and 5971 is as a factor in place
of s7. So we will have, if w’ is shrinked more and dy may be smaller, the desired
estimate from below for [(ys)}] in (—15 U I5) x ', § < dg . a

Now we are ready to define our functions u  s:
- Define O5(s): I — R for § < dp by

(@) 05 € D(—(@d)" — 3(bS)", 5 (b6)).
(b) 05 =1 on (—(@d)" — F(bOH, 1(bS)M).
(c) 105 < C16~* for some C; .

Note that such a family does exist.

- Define the functions u 5 for A > 0, § < do. We first choose §; = 6;(¢) with
support in w’ C R*~!, §, = 6, (x) with support in the ball B C R™, 0 < 0; <1,
6; # 0. Then, we define the family u) s € D(I x W’ x (B):

uns(s, 1, x) = 05(s)01(1)02(x) exp(wy 5(s, 1, x)) .

In order to contradict inequality (3.7), we first give expressions of 8% uygsand Ljuy s
keeping (s, ¢) as variables.

{%MA,zs(s,t,X) = (05(s) + Mg, (5)05)01 ()02 (x) exp(wy (s, 7, X)) (3.15)

Ljuys(s,t,x) = L;j((050102)(s,1t,x)exp(wys(s, 1, x))
where we have, recalling that s = sy and t = (s2, ..., $,)

L1 (050102) = 050102 + i (S, 52 5200,

Lj(036102) = 05D, 0002 + i (i) G2 52)0505,61): j=2,....n.
(3.16)

The expression of (3.16) can now be simplified by writing with new notations

L1(050102) = 050102 + i (31 fils, 1) g (x)01(2))05
L;(05010,) = 05 (hj(l)@g(x) IS (s, t)ék(x)éj(r)) L j=2,....n.
(3.17)
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Assume now the inequality (3.7). Then we deduce using (3.15)—(3.17), with
maybe a different constant C

|1 A5, ()05 ()01 (1)02.(x) expwa.a(s. £, )| 12

= C{[165)01 (00200 expwn (s, 12| 2,

+ D ||05()Gus. 1) Hi(x) exp(wy, 5. t,x))||L%//}, G € DU x w).
finite

(3.18)

Now we want to give a suitable bound for the second term in (3.18). For that, we
have:

Fo{05()01(1)02(x) exp(wy 5(s, 1, X)) } (s, 1, 1) =
05(s)01(1)02(x) exp (iA(x; — i@i1(s, 1) + 0(x2 — iga(s, 1)) — inixy

—inmx — = iNmXm)
= 05()01(1)02(1 — A2 — A0, 13, . m) exp(Aps) (s, 1).

(3.19)
Similarly, we have
Fel{05(s)Gr(s, 1) H (x) exp(wy 5(s, £, ) } (s, 1, 1) = (3.20)
9§(S)Gk(sa I)Hk(nl - Av mn — Aéa 3, ..., nrn)exp()\<;05)(s7 t) . .

We want to find a suitable upper bound of the second term in (3.17) in terms of
powers of §, for 0 < § < Jp, using what we know about 65 and ;. First, for some
Cy >0,

4 N 4 1 -~
{1165010- exp(w,\,5)||L%ﬂ < sup |0} ((a5)/ + 5 (00 ) supsupp ;| XPAps)| 1160212
< Caexp(—CoAdPM)| (6] .2
2 1056)Gis, D HE(x) explwas(s, 1,0 [ 2 = Co6" exp(Codo™) .

finite

(3.21)

Hence from the preceding estimates, we obtain

[\ ()05 ()01 (1)02x) exp(wy5)[[ 2. = Calexp(=CoAd™") + 8" exp(Cord™™))
(3.22)
Let us now find a lower bound, for the first member in (3.18). For that it suffices to

give a lower bound for the smaller term obtained by integrating in s just on /s, where
we have lower bounds for @5 and |(p5)} |, given in Proposition 3.4. So we have
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|25, 0560102 exp(wi.s)|[ 2, = Cod P~ D"
exp(CoASP)3M (|82 (1 — Xy — A8, 03, . )| 2y - (3.23)
Now we have to choose 6, in order that
B2 — A2 = A0, 3, oo a2y = € > 0, VA > 1, § < &y (3.24)
Recall that, if Vi CC V,i.e. Vi is compactly contained in the cone V, there is an

open cone V' contained in V — (A, A6,0,...,,0) forany A > 1,0 < 6 < o, if
do > 0 small, meaning (A, A6, 0, ...,0) € Vi. Hence

10200 = Az = A8 3, <o )2 gevy = 110120y YA > 1, 8 < 6o .
(3.25)

Now just choose 0, € D((B), 0 < 6, < 1, with ||§2)||L2(V/) > C > 0. Collecting
all we saw, we obtain, with some positive constants C, Cyp, C

AOPH exp(CoAdPH) < C (6" exp(CIAOPH) + exp(—CoAdPH)), YA > 0, § < g .

(3.26)
Now we prove the following
Proposition 3.5 The inequality (3.26) is not true.
Proof of Proposition 3.5 Put v := \§P*. So (3.26) has the form:
~vexp(Coy) < C(6" exp(C1y) + exp(—Co7)), VA >0, 6 < dp . (3.27)
This inequality will be false if we can choose v > 1 and § < d¢ such that:
exp(2Coy) > C
v exp(2Co7) (3.28)
yexp((Co — Cr)y) > Co*.

For that, choose vy > 1 such that
Y0 exp(2Coy0) > C
and then choose 67 > 0 such that
Y0 exp((Co — C1)y0) > CY'.

(One has just to take d; sufficiently small).
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So we have:
Y0 exp(2Co7v0) > C, (by choosing v sufficiently large)
Yo exp((Co — C1)v0) > Céf (by choosing §; small after the choice of p) .

(3.29)

If 6 < inf (g, d1), we have § < &g and o exp((Co — C1)vp) > C6*. Coming back
to the notations (A, ), we obtained (A, §) (with A\g = 90 ~P#) such that (3.26) is
contradicted. The proof of Proposition 3.5 is complete. O

Using Proposition 3.5, we get that the system (L ¢) does not satisfy the microlocal
maximal estimate (3.7). The proof of Theorem 3.1 is therefore complete. (]

4 A Class of Non Hypoelliptic Systems

We will use the notation of Sect.3 but we consider vector functions ® satisfying
a slightly more restrictive condition than the condition (H2); more precisely, given
&o € R™, we assume the following on ®¢, = &p - ®:

(H3): There exists in w a piece of a hypersurface H = {h = 0}, two odd numbers
0 <g < p,and X € R™, such that:

(1) @, vanishes at order p on H (i.e. ®¢, := hP1g,, gy # 0on H, and C*).

(2) @) = \- ® vanishes at order g on H (i.e. &) = h9vy, ¥\ # 0on H, and C*>).

(3) If Vg defines the tangential gradient to H in w, then Vg ®¢, vanishes at order
greater or equal to p + 1 on H and Vg @), vanishes at order greater or equal to
g+ 1lonH.

Theorem 4.1 Under Condition (H3), the system Lg is not microlocally hypoelliptic
at (0, (0, &)) € R x RA™,

Theorem 4.2 Assume now m = 2, Condition (H3), and 0 € H. Then (0, (0, §)) €
R 5 R s singular for Lo if and only if € = &y . Moreover Lo is microlocally
%-subelliptic at (0, (0, 6)), if € # &.

Proof of Theorem 4.1:
We begin by the following remark.

Remark 4.3 1t is easy to see that we can assume that &g = (1,0,0) and A =
(0,1,0,0), so that @¢, = @1 and P\ = @2, Vg, = Y1, Yy = n. So, in the
sequel we assume Condition (H3) on ¢ and 5.

(A): Expression of Condition (H3) in suitable coordinates (s,7),s € R,
teR"inw.

We can assume that H = {s = 0}. Then Vg can be expressed by V;, in the
coordinates (s, t). Then we have
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Lemma 4.4 Condition (H3)-(3) means:

Yj(s.1) = fils) +sgj(s.0),j =12, (4.1)

where f; and g; are smooth respectively on the interval I, = (—o, +0) and on the
cube (1,)", o small.

Proof The condition (3) in (H3) means that V,1; vanishes on H, so that
Vipj(s,t) =skj(s, 1), j=1,2.

Hence

1
Yi(s,t) =j(s,0) +/0 tVi)i(s, )dT = fi(s) +s5g(s, 1),

where:

1
fi(s) =1;(s,0)and g;(s,1) = /0 kj(s, Tt)dT,

are C* on I, and (/)" respectively.

(B) Consequence of (4.1).

We will use expression (4.1) in order to give a precise behavior of the zeroes of the
functions: @5 ;(s) = ¢s(s, t), d small, ¢ fixed in (1,)"~!, and those of the derivatives
(¢s..1)' (s). We already know that, for o small enough, there are three zeroes of ¢; ;
inl5:0,501,60),5206, Withs1.5.1) <0 < 50,6, (see Lemma3.2).

As in Sect. 3, the two zeroes of the derivatives (¢s,;)’ different from 0 are denoted
by E(./”(j,t), j =1,2, with 5(1,51,‘) <0< 5(2,(5,,‘) .

Let us write, with this new notation, the equation satisfied by the zeroes 51 5,1
and 52 6,1):

sp—a 4 5206V £ 592050

= 4.2)
S1(s) +5g1(s, 1)

In order to work with positive § we can assume w.l.o.g. that ¢ ¢» < 0 in (I,)".
From now on, we assume:
6>0.

We remark first that if we freeze functions f; and g; at (s, t) = 0, the solutions of
equation (4.2) are:

)%
(=1)/ (—52(0)) with 1 = L ,
S P—q

(see (3.14)).
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We will write a = —%(O). So, it is natural to compare the two zeroes (1 4,1,
52j.6.1) to the last values.

Proposition 4.5 There exists g and C such that, for § < gy, with o small enough,
we have: '
sG.sn = (=D (@) + Ei s (4.3)

with,
|E¢js.00] < Clad)®

on (I;)".
Proof: We denote here the zeroes simply by s;. Then we have first directly from the
equation (using that 0 < ¢ < Iqﬁ—ﬂ < Con (I,)"

cd <|sj 7| < C9, 44)

where ¢ and C may vary from line to line.

Sa(sj) +5j920sj. 1) fz(O))
fils) +sjgi(sj. 1) f1(0))°

sfq—(aé)zsfq—d(

Now we need the following.

Lemma 4.6 We have:

f2(8) +592(5,1)  f2(0)
Ji(s) + 516,00 f1(0)

=593(s,1), (4.5)

where g3 is a smooth function.

Proof of the lemma One has just to use: f;(s) — f;(0) = sv;(s), replace in the
expression in order to obtain (4.5), with o small enough. So we deduce from (4.4)
and Lemma4.6:

|sf7q — ad| = |adsjg(sj, )| < CoHo" . (4.6)

So now, we obtain from (4.6), for §yp small enough:
Isj — (=1)/ (ad)*| < C 6% for § < dp,

hence (4.3).

Now we want to give the same kind of behavior for the zeroes 5 5,1, j = 1,2.
For that, we have just to show that the derivative (¢s,,)’ have the same form as ¢s ;.
More precisely we have:
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Lemma 4.7 The 5 5.1) are the zeroes of an equation, similar to Eq.(4.2), namely

P §f4(S) +5g4(s, 1)

=0, 4.7)
f3(s) +5g3(s, 1)

where

f3(s) = pfi(s), fa(s) = qfa(s).
Proof A simple computation gives:
(05.0)' () = 597" (sP79(per (s, 1) + s@1.0) (5)) + 0(quoa(s, 1) + 5(12.1)(5))) .

Now, using (4.1), we have :

p1(s, 1) +s@W1,0)'(s) = pfi(s) +s(pgi(s, ) + W1,/ (5)) = f3(s) +593(s5, 1),
qa(s, 1) +5()21) (5) = qfa(s) + s(qga(s, t) + (2,) () = fals) + sga(s, 1) .

This proves (4.7), so we obtain the analogue of Proposition4.5:

Proposition 4.8 There exist 69 > 0 and C > 0 such that, for j = 1,2 and § < 9y,
and o small enough, we have:

ipM)Z(—ly(%a®“+'ﬂﬂin, (4.8)

with,
|F(js.nl < C6* on (I,)" .

Our aim is to estimate the supremum of ¢;; on I, (i.e. the value of ¢;, at the
point 51 5.1); see Sect. 3 for the graph of ¢5), which is:

- q
G5.1(5(j.6.)) = Dot (—(;a(;)“ + E(j,&,t)) : (4.9)
It will be convenient to write in the next, with O uniform in 7:
EGsn = 0™, Fjsn = 00*). (4.10)

We can assume f] > 0, f> < 0.

Proposition 4.9 For 6 and o small enough one has:
$5.0Gj.o) = AP+ 0PI, (5.1) € ()", 6 < bo, @.11)

with:

qp
A= (ﬁa) a-440), (4.12)
p p

the O being uniform with respect to t.
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Proof Using our previous result, mainly (4.8), we obtain, for ¢t € (1)1,

$5.1(5.0) = (=L@ + 0P (f1(0) + O(S"))
+3(=%@d)" + 06 (f2(0) + 0(6"))
= —(Lad)? + 0PV (f1(0) + 0 (5")) (4.13)
—6((£ad)* + 0 (8D (f2(0) + 0 (51))
= —(£ad)?" f1(0) — 5(£ad)d4" f2(0) + O (3P0,

Remember now that a = — % Egi > (0. Then a short manipulation gives

5.4 o)) = —6(%a6>w<1 - %)fz(O) +O@EPHm)

the O being uniform for r € (I,)""!.

Now, to prove Theorem4.1 under Remark 4.3, microlocally, we will contradict an
inequality satisfied (when microlocal hypoellipticity at (0; (0, &)) € R"™ x R*+™
holds), between some semi-norms of # and Lu which we now introduce.

Given (N, M, K, V), where N, M are respectively, n-uple and m-uple of integers,
K a compact in (I,)", V an open cone around &y = (1, 0, ., 0) in R"™, we note, for
a smooth function u:

svmk @) = sup [[EM(Dy )Nii(s. 1. Ol 2 cevy - (4.14)
(s,t)eK

We want to show that for a suitable choice of (N, M, K, V) and «, we can contradict
an inequality of the form,

sov.m,k, vy (o) < C (50,07, v (Bu) + sovr k7 vy (V(Lw))) (4.15)
for any smooth function u on (I,)" x R™, any (N', M, K’, V'), 3 and -y being given
non negative test functions in x € R” with value 1 near 0, and with L = L¢ .
Proposition 4.10 Inequality (4.15) is not satisfied for the choice (Ngy, Mo, Ko, V),
No=0, Mo=(1,0,....0), Ko =[-5, §1 x {t =0}.

Proof We will use the family of functions u(y 4y like in Sect.3 (see (3.7)), namely
here with @ = a(x),

auey ) (s, 1, x) = a(x)05(s) exp(wr, ) (s, t, X)),

where, having in mind (3.6), we can add the property:

105 < Cra ke, (4.16)
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with
w6 (8, 1, x) = iA(x] + 6x2 —ids) .

From these properties of the 6;5(s) and our property (4.11), we get the following facts:

luna) (s, 1, )| = 05(s) exp(p(s.n) = AP + O(FPHDM), 4.17)
sup .5 (s, 7, )| = exp(A 67" + 0 (5P | § < &, (4.18)
au(s) (s, 1, ) = 05(s) exp(pes.n) &€ — As) (4.19)
where As = A (1,4, ---,0), and u denotes the partial Fourier transform x — &.

We can now give estimates, in terms of (), d), of the two members in (4.15) with
u=uqys and (N, M, K, V) = (Ng, My, Ko, V).

(1) Estimate from below of sy, s, ko, v) (i) 5))-
We first observe that

S(No.Mo. Ko, V) (@u(r5)) = sup  [[§10n.6) (5, 0, 12 ¢ev) »
s€l—o,0]

where vy 5)(5, 0, x) = a(X)u 5 (s, 0, x).
Now, we have, from (4.18):

l1€1 ﬁ(/\,6)(57 0, f)”LZ(geV) = [165(s) exp(¢5,0) ()€1 Qg — A5)||L2(gev)

> 05(s) exp(ds,0) () 11 + D@l 2gpev—ay) -
(4.20)

But:
VCcV—As, 4.21)

if §g is small enough.
Hence:

S(NoMo, Ko, V) (@t (1,5)) = exp A(A 87 + O (P TR < [[(y + Nam)|l 12y
4.22)

Note from (4.12) that A > 0. Now we remark that 7 + X > ), forn € V. So, we get:
S(No. Mo, Ko.v) (1 (1, 5)) = Aexp A(A 8P + 0@V x [|a@)l] 2. (423)

At this step we can choose a test function « in R™, with value 1 near O such that,
choosing first a such that [|&|[ 2y # O,
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So, for a given open cone V around &, taking Jp small enough (in order to have
(4.21)), choosing « satisfying (4.24), one has

S(No.Mo. Ko.V) (Q(1.5)) = Aexp A(A 6PH + O(6PTVRY) [ § <8y, A > 0. (4.25)

a a

(2) Anupper bound for s 0,0, k', vy (Bu(r5)), with K" = [=F , S1x{[|t]| < o'}:
This part is easier than part (1). The same computations give

50,0.,v)(Bit(r5) < exp A(A 8P + 0GPV x |31 2my.  (4.26)
(3) An upper bound for sy k7 vy (Y(Luy,s))):
(a) The expression of Luy 5y = (Lju.6)); -
We have

Liugys) (s, 1, x) = (05)'(s) exp(w(y,4) (s, 1, X)),
Ljups(s,t,x) =0, i=2,,m.

So,we have just to consider the derivatives of the first term

(Dis.)N (L1ugns) (s, t,x) = D DP((05) (5) expwir.5) (s, £, %),

finite
where D% are derivatives in (s, 1), b = (b1, -+ , bp_1) .
(b) Estimates.
Then one has easily that (D(s, t))N(Llu(,\,g)) is a finite sum (with k < |N|,
v (s, t) smooth):
D (B5(s) N i (s, 1) exp(wr 5) (s, 1, X)) . (4.27)

So we search a bound to

sup MDY (0s) ()i (s, D] x [1EM € — Aol L2cevr - (4.28)
(s,t)eK’

So, we have just to give an upper bound to the second factor in (4.27) First we note
that, from Proposition 3.4 -3) and (4.16), we have the following upper bounds:

| DT (B5) (s) vk (s, 1) < Cp 6@ Dm, (4.29)

sup lexp(wir.5) (s, 1, x))| < C expA(=bdP*), b > 0. (4.30)
sesupp(DIt1(65)) , |7 <o’

HEM A= A 2¢cevry < NIM+HNMAMN 20— ag < CAMH Iyl g, (4.31)

(where H* is the £-Sobolev space H*(R™)).
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So, we get from (4.25), (4.26), (4.29), (4.30), and (4.31):

Aexp A(A 671 + O (6P HD) < exp A(A 37 + O (P V)| 3] 2
+C NMICy 5@ DI exp \(—bSPH)||y]] i1
(4.32)

withd < dg, A > 0.
So, we deduce the existence of C > 0, such that

Aexp M(A 6P — C5PHDIY < Cexp M(A 6PF
+ C5(p+1)/t) e AMI g—(a+Du exp \(—boPHy
(4.33)

with § < dg, A > 0.
Now, our theorem will be proved if the following lemma holds:

Lemma 4.11 [Inequality (4.33) is not satisfied for § < 6o, A > 0.

Proof
Take any pair (A, §), such that:

ANPTDE =1 5 <86y, A>0.
Then
Aexp(Ad ™" — C) < Cexp(Ad™H + C) + NMI = INFD ey (—psHy

or
(A — Cexp(Ad™H) < €' + § HINIFIHIMIHD) oxn(—b5—H) (4.34)

withA>C' +1,§ < .

Now just observe that the right hand side in (4.34) is bounded as § — 0, but that
the left hand side (as A > C’ + 1) tends to 0o. So, the proof of the lemma, hence of
Theorem4.1, is finished.

Proof of Theorem4.2
So we consider the case m = 2, hence with:

D = (o1, 92), Pgy = 1, Pe = ap1 +bpr,a,b e R, b #0. (4.35)

So
Dy = bs?(py +asP~Iy), (4.36)
with ¢); # 0, in a neighborhood w of 0.

In order to prove that L is microlocally hypoelliptic at (0, (0, £)) € R*™ x
R we use a criterion which I proved in [5], for m = 1, but which is true for
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m > 2,1in a version established in collaboration with B. Helffer in [7], proving in fact
microlocal é-subellipticity. For that we want to construct in a neighborhood w of 0
in R", a family of curves, depending on (s, #, ) € w x V (with V being a small cone
around &) 7,5,/ (7) : [0, 1] — R" satisfying the properties needed in this criterion.

The choice of w and V .
As € # &, we can choose V and C > 0 such as

neV—Inll = Clnpl, withny= (). (4.37)

Now we have:

D, (s, 1) = 5T (ma(s, 1) +sP7Imi(s, 1)) = s99y(s, 1)
= Il s7(yoa(s, 1) + P90 b1 (s, 1)) = |Inl| s Yy (s, 1), 17| = 1.

So, we see that there exist a neighborhood wg of 0, ¢ > 0, Co > 0, such that
(writing now 7 in place of 7/, so with ||n|| = 1)

co < |[Yy(s, )| < Co,meV,(s,1) €Ewg. (4.38)
Consider now :
Fy:two s (s,1) > (uy(s,1),1) € R?, uy(s, 1) = s(iy(s, t))é , (4.39)

so that
D, (s, 1) = 5Ty (s, 1) = (uy(s, 1)7. (4.40)

Lemma 4.12 If wo is small enough, the mapping F, is a smooth diffeomorphism
Sfrom wq onto Fy(wo), with Fy;(0) = 0.

Proof: Trivially: F;(0) = 0 and from (4.39), u,,, hence F;, are smooth. The deter-
minant of the Jacobian matrix of F;, is equal the derivative with respect to s of u,,.
This derivative is equal to

1 1 1_
(1) (5) = Wy (5. )T + S ) 0 W s, Mm@y @4

|Wn.0) ()] = ImsP™ @1, () + m(¥2,) ()| < C. (4.42)
We deduce from (4.38), (4.41), and (4.42) that, if wg is small, for some ¢y, C; > 0:
0<ci <y () <Cr, (s,1) €wo, lInll=1. (4.43)

This gives the lemma.



On Microlocal Regularity for Involutive Systems of Complex ... 195

Hence F), is a change of variable in wy For every 7, ||| = 1, we now define our
family of curves by:

Vo) = Fy (s 0) 47,0, 7 € [0, 11, (5,0) € wo Il = 1. (444

In order to apply our criterion, we have now to establish the properties needed (see
[5] or [7] ), which are:

@ Yep,s,00) = (5, 8), Y@p,5,0 (1) & wo, if wp is small enough. The first part of (i)
is clear. Now take wp small so that wg and F};(wp) are contained in the ball B(%)
of radius % Then:

1
(uy(s, 1) +1,1) € C(B(E))'

This implies (.5, (1) € C(wp) .
(i)
|(Yns.)) (M < C, T €0, 1].

This is clear from (4.44).
(iii) Lower bound for @, (y(;,s,1) (7)) — ©y (s, 1) . We have

an(’Y('r],s,t)(T)) - @,,(s, 1) = q)n o Fy]_l(u’r/(57 H+7,1)— cDr/ ° Fn_l(un(s» 1), 1)
= (up(s, 1) +7)7 — (uy(s, 1)), (from 4.40)

>cqm?, T €[0,1], (s,1) € wp.
This finishes the proof of Theorem4.2.

Remark 4.13 Looking at our Theorem4.1, it is useful to observe that &, satisfies
the necessary condition of Treves for microlocal hypoellipticity. H. Maire gave for
n = m = 2, an example satisfying Treves’s condition without to be hypoelliptic.

Remark 4.14 There are very simple examples for which one has no microlocal max-
imal estimate but for which we know nothing about microlocal hypoellipticity. A
simple one is the following, in case n = m = 2;

® = (p1,2) = (s°,51%), (5,1) € R?.

We know that, for this ® , L¢ is not maximally microlocally hypoelliptic at
0, (0, &) € R2+2 R242 ¢o = (1, 0). But this example does not satisfy Hypothesis
(H3), so Theorem4.1 cannot be applied.

Remark 4.15 Ttisuseful to note, in the context of Theorem 4.2, that the operator L ¢ is
analytic hypoelliptic near O (this is a local result, not microlocal). It is a consequence
of [2, Theorem2.1] because for any & different from 0, ¢ has no extremum in a
neighborhood of the origin.
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Abstract We study the problem of non-relativity for a complex Euclidean space and
a bounded symmetric domain equipped with their canonical metrics. In particular,
we answer a question raised by Di Scala. This paper is dedicated to the memory of
Salah Baouendi, a great teacher and a close friend to many of us.

Keywords Hermitian symmetric space * Isometric embedding - Bergman metric *
Nash algebraic function
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1 Introduction

Holomorphic isometric embeddings have been studied extensively by many authors.
In the celebrated paper by Calabi [1], he obtained the global extendability and rigidity
of a local holomorphic isometry into a complex space form, among many other
important results. In particular, he proved that any complex space form cannot be
locally isometrically embedded into another complex space form with a different
curvature sign with respect to the canonical Kihler metrics. In his paper, Calabi
introduced the so called diastasis function and reduced the metric tensor equation
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to the functional identity for the diastasis functions. In a later development [5], Di
Scala and Loi generalized Calabi’s non-embeddability result to the case of Hermitian
symmetric spaces of different types.

On the other hand, Umehara [17] studied an interesting question whether two
complex space forms can share a common submanifold with the induced metrics.
Following Calabi’s idea, Umehara proved that two complex space forms with differ-
ent curvature signs cannot share a common Kéhler submanifold. When two complex
manifolds share a common Kihler submanifolds with induced metrics, Di Scala and
Loi in [6] called them to be relatives. Furthermore, Di Scala and Loi proved that
a bounded domain with its associated Bergman metric can not be a relative to a
Hermitian symmetric space of compact type equipped with the canonical metric.
Notice that any irreducible Hermitian symmetric space of compact type can be holo-
morphically isometrically embedded into a complex project space by the classical
Nakagawa-Takagi embedding. Therefore in order to show that a Kéhler manifold
is not a relative of a projective manifold with induced metric, it suffices to show
that it is not a relative to the complex projective space with the Fubini-Study metric.
Meanwhile it follows from the result of Umehara [17], the complex Euclidean space
and the irreducible Hermitian symmetric space of compact type cannot be relatives.
After these studies, it remains to understand if a complex Euclidean space and a
Hermitian symmetric space of noncompact type can be relatives.

Denote the Euclidean metric on C" by wc». Foreach 1 < j < J, let the bounded
symmetric domain ©; C C™/ be the Harish-Chandra realization of an irreducible
Hermitian symmetric space of noncompact type and let wg; be the Bergman metric
on Q;.Let D C C* be a connected open set and wp be a Kihler metric on D, not
necessarily complete.

In this short paper, we show that there do not simultaneously exist holomor-
phic isometric immersions F : (D, wp) — (C", wcn) and G = (Gy,...,Gy) :
(D, wp) — (21, p1weg,) XX (Qy, wywg,) with 11, ..., uy positive real num-
bers. As aconsequence, acomplex Euclidean space and a bounded symmetric domain
cannot be relatives. Indeed, we prove the following slightly stronger result:

Theorem 1.1 Let D C C be a connected open subset. Suppose that F : D — C"
and G = (G1,...,Gy) : D —> Q = Q1 X --- x Qy are holomorphic mappings
such that

J
Frocn = ) 1jGiwg, on D (1)
j=1
for certain real constants i1, . .., uj. Then F must be a constant map. Furthermore,

ifall ,u’js are positive, then G is also a constant map.

Corollary 1.2 There does not exist a Kdahler manifold (X, wx) that can be holo-
morphic isometrically embedded into the complex Euclidean space (C", wcn) and
also into a Hermitian symmetric space of noncompact type (2, wg).
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2 Proof of Theorem 1.1

Our proof fundamentally uses ideas developed in our previous work [10]. Let D be
a domain in C. Let F = (f1,..., fp) : D - C", G = (Gy,...,Gy) : D —
Q1 x --- x Q7 be holomorphic maps satisfying Eq. (1). Without loss of generality,
assume that0 € D and F(0) = 0, G(0) = 0. We argue by contradiction by assuming
that F is not constant. By Eq. (1), we have

n J
85(2 Iﬁ(z)l2) => 1;jddlogK;(G;(2).G;@) for zeD,

i=1 j=1

where K;(§,7) = >y hji(§)hji(n) is the Bergman kernel on 2 and {4 ;(§)} is an
orthonormal basis of L? integrable holomorphic functions over 2 j-Note that Q2 is a
complete circular domain in the Harish-Chandra realization. Therefore, the Bergman
kernel of 2; satisfies the identity K ; (eﬁgé, eﬂ(’n) = K&, ) forany 6 € R
and any &, n € ;. This implies Kj(eﬁeé, 0) = K;(§,0). Therefore K; (&, 0)
is a positive constant. In another word, K ; (¢, 77) does not contain any nonconstant
pure holomorphic terms in &. Similarly, K ; (&, 77) does not contain any nonconstant
pure anti-holomorphic terms in . Hence K;(§, &) does not contain nonconstant
pluriharmonic terms in &. After normalization, we can assume tha K ;(§, 0) = 1. By
the standard argument in [2], one can get rid of 39 to obtain the following functional
identity by comparing the pure holomorphic and anti-holomorphic terms in z:

Z|fz(2)| ZMJ logK;(Gj(z),Gj(z)) foranyz e D. ()

j=1

An alternative way to obtain (2) is from the explicit computation of the Calabi’s
diastasis function at 0 [1].
After polarization, (2) is equivalent to

J

D fi@fiw) =D njlogK;(G(2), Gj(w)) for(z,w) € D x conj(D), (3)

i=1 j=1

where fi(w) = fi(w) and conj(D) = {z € C|z € D}. Notice that the Bergman
kernel K (&, n) is arational function on & and 7 for the bounded symmetric domain
2 [7]. From this, we have the following algebraicity lemma. Here, we recall that
a function H is called a holomorphic Nash algebraic function in V. C C* if H is
holomorphic over V and there is a non-zero polynomial P (5, X) in (, X) such that
P(n,Hn)) =0forne V.

Lemma 2.1 For any 1 < i < n, fi(z) can be written as a holomorphic Nash
algebraic function in G(z2) = (G1(2), ..., Gj(2)), in the sense that, there exists a
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holomorphic Nash algebraic function ﬁ (X1, ..., Xy) such that

fi(G1(2), ..., G (D) = fi(D),
after shrinking D toward the origin if needed.

Proof The proof is similar to the algebraicity lemma in Proposition3.1 of [10].

Write D° = -2 Applying the differentiation -7~ to Eq. (3), we get for w near O the
following:
J
Kj(Gj(z),Gj(w))
fi (z) f (w) = : “4)
Z’ l ]ZI’K(G(z) Gj(w))

We can rewrite (4) as follows:

Fz)- D'(F(w)) = ¢1(w, G1(2), ..., G;(2)), ®)

where F = (f1, ..., fn),and ¢1(w, X1, ..., X ) is Nash algebraicin (X1, ..., X )
for each fixed w, as the Bergman kernel functions K ;(§, 77) are rational functions.
Now, differentiating (5), we get for any § the following equation

F(z)- D’(F(w)) = ¢s(w, G1(2), ..., Gy (2)). (6)

Here for§ > 0, ¢s(w, X1, ..., X_j) is Nash algebraicin X1, ..., X for any fixed w.
Now, let £ := SpanC{D‘s(F(w))|w:0}521 be a vector subspace of C". Let
{D% (F(w))|w:0}§:] be a basis for £. Then for a small open disc Ag centered

at0in C, F(Ap) C L. Indeed, for any w near 0, we have from the Taylor expansion
that

S Sk
Fon = o+ > PO o 5 PO s e g
§>1 ’ 5>1 ’

Now, letv; (j =1, ..., n—1) be abasis of the Euclidean orthogonal complement
of L. Then, we have

F(z)-v; =0, foreach j=1,...,n—1. 7)
Consider the system consisting of (6) at w = 0 (with § = §1, ..., ;) and (7). The

linear coefficient matrix in the left hand side of the system at w = 0 with respect to
F(z)is
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[ D (F(w))] o]

D% (F (w))|w=0
V1

Vn—1

and is obviously invertible. Note that the right hand side of the system of equa-
tions consisting of (6) at w = 0 (with § = §;,...,8;) and is Nash algebraic
in G1(2),...,Gy(z). By Cramer’s rule, there exists a Nash algebraic function
F(Xy,..., X )inall variables X1, - - - , X suchthat F(z) = F(G1(z), ..., G;(z))
near z = 0. In fact, in our setting here, we can make Ia holomorphically rational in
its variables. O

LetG = (G1,...,Gy) = (911, -+ Gimy>--+>9J1, -+ Gm,)- Let R be the field
of rational functions in z over D. Consider the field extension

3’ = ER(gll(z)v ce g]m_/ (Z))s

namely, the smallest subfield of meromorphic function field over D containing ratio-

nal functions and g1, ..., gsm, . Let] be the transcendence degree of the field exten-
sion §/*R.
If I = 0, then each element in {g11(2), ..., gsm, (z)} is a Nash algebraic function.

Hence by Lemma 2.1, each f;(z) is also Nash algebraic. In this case, we arrive at a
contradiction by the following lemma together with Eq. (3).

Lemma 2.2 Let V C C* be a connected open set. Let H{(&1,...,&),...,
Hy (&1, ...,&) and H(&, ..., &) be holomorphic Nash algebraic functions on V.
Assume that

k=1
for certain real numbers |11, ..., ug. Then H(&1, ..., &) is constant.

Proof Suppose that H is not constant. After a linear transformation in &, if needed,
we can assume, without loss of generality, that, H (§) is not constant for a certain fixed
&, ..., & Then H is a non-constant Nash-algebraic holomorphic function in &; for
such fixed &, ..., &. Hence, we can assume that x = 1 to achieve a contradiction.
Write H = H(§) and Hy = Hi(§) foreach 1 < k < K. Use § C C to denote
the union of branch points, poles and zeros of H(§) and Hy (&) for each k. Given a
p € C\S and areal curve in C\ S connecting p and V, by holomorphic continuation,
the following equation holds on an open neighborhood of the curve:
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K
exp”® =[] (Hr(©)". ®)

k=1

Assume that the minimal polynomial of H is given by p(£, X) = Ag(§) X4 +--- +
Ao (€) such that p(¢, H(§)) = 0. Denote the branches of H by {H(l), e, H(d)}
and these branches can be obtained through H by holomorphic continuation.
Denote the corresponding branches for Hj obtained by holomorphic continuation
by {H(l), R Hk(d)}. Let & be a zero of ‘:—‘0’ or &g = oo if ﬁ—z is a constant. Then
some branches of H blow up at &). Without loss of generality, assume that &y = oo.
Assume that (8) holds in a neighborhood of oo after holomorphic continuation from
the original equality. By the Puiseux expansion, we can assume that

HE) = z agEP/No = qg £P/No 4 o (| |Po/Noy
B=po.Po—1,....—00

for || >> 1 withag, # Oand By, No > 0. Without loss of generality, we assume that
ag, > 0. Now, when & — oo along the positive x-axis, for the branch H &) which
corresponds to ££0/No taking positive value along this ray in its Puiseux expansion,

aﬁx No )
we have e ()] > e( as x — —+oo. However, the right hand side of (8)
grows at most polynomially. This is a contradiction. (I

Now, assume that/ > 0. By re-ordering the lowerindex,letG = {g;(z), ..., g:(2)}
be the maximal algebraic independent subset in . It follows that the transcendental
degree of §/R(G) is 0. Then there exists a small connected open subset U with
0 € U such that for each j, with g i« & G, we have a holomorphic Nash algebraic
function §ja (z, X1, ..., X;) in the neighborhood U of {(z,91@),...,q(@)|z € U}
in C x C’ such that it holds that 9ja(@) = 9ja(2,91(2), ..., gi1(z)) forany z € U.
Then by Lemma 2.1, for each 1 < i < n, there exists a holomorphic Nash algebraic
function f,-(z, X1,..., X)) in U such that filx) = fi(z, g1(2), ..., qi(z)) forz € U.
Define

W X, w) = D filz, X) fi(w)

i=1

J
= wilog K. Xy Gja(@ X)s o G W), G, (w))
j=1

and 5
q)(zv X» U)) = _"I](Z’ X’ w)
ow

for (z, X, w) € U x conj(U), where X = (X1, ..., X).
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Lemma 2.3 For any w near 0 and any (z, X) € U d(z, X, w) = 0. As a conse-
quence, ¥(z, X, w) = 0.

Proof Assume ®(z, X, w) #%0. Then there exists wqo near 0, such that ®(z, X,
wo) # 0. Since ®(z, X, wp) is a Nash algebraic function in (z, X), then there exists
a holomorphic polynomial P(z, X, t) = Ay(z, X)td 4+ -+ Ag(z, X) of degree d
in ¢, with Ag(z, X) # 0 such that P(z, X, ®(z, X, wg)) = 0.
AsW(z,g1(2),...,q(2), w) =0forz € U,itfollows that ®(z, 91(2), ..., 91(2),
wo) = 0 and therefore Ag(z, g1(z), ..., g/(z)) = 0. This means that {g;(z), ...,
.., gi(2)} are algebraic dependent over fR. This is a contradiction.
Since W (z, X, w) is holomorphic in w and ¥(z, X, 0) = 0, then ¥ (z, X, w) = 0.
O

Now forany (z, X, w) € U x conj(U), we have the following functional identity:

n J
S X i) =D wjlog Ko Xy i@ XD G510, G, (W),

i=1 j=1
€))

Lemma 2.4 There exists (zg, wo) € U x conj(U) such that
n -
> fizo, X) fi(wo) #0.
i=1
Proof Assume not. Letting w = 7 and X = (g1(2), ..., g/(z)), it follows that
n n _
D@ =D fizg@.....q)fi(@ =0, over U.
i=1 i=1

This implies that fi(z) = 0 for all 1 < i < n and therefore contradicts to the
assumption that F = (f1, ..., f,) iS a non-constant map. O

Choosing zp, wg as in Lemma 2.4, Z;’zl fl (z, X) ﬁ(w) is a nonconstant holo-
morphic Nash algebraic function in X by Lemma 2.4 and by the fact that

Ki( o, Xy ooy ez, X), s gji (W), o gjm; (W)

is also Nash algebraic in X for all j as the Bergman kernel function of bounded
symmetric domain is rational. Hence we arrive at a contradiction by Lemma 2.1.
Thus F must be a constant map. Now if all /.5 are further assumed to be positive,
it is obvious that G must also be constant. The proof of Theorem 1.1 is complete.



204 X. Huang and Y. Yuan

3 Further Remarks

A Hermitian symmetric space M of compact type can be holomorphically isomet-
rically embedded into the complex projective space PV by the Nakagawa-Takagi
embedding. Notice that the Fubini-Study metric wpy on PV in a standard holomor-
phic chart {wq, ..., wy} is given by

wpy = ~/—=10dlog(1 + D" |w;|»)
j

up to the normalizing constant, which is also of the form 99 log K (w, w), where
K (w, w) is an algebraic function. Therefore the same argument yields the following
theorem:

Theorem 3.1 Let D C C be a connected open subset. If there are holomorphic
maps F : D — C"and G = (Gy,---,Gy) : D —> Q| X -+ x Qjand L =
(Ly,...,Lg): D — PNt x ... x PNK sych that

J K
Frocn = Z“j G’;a)gj + Z)»kLk*w]ka on D
j=1 k=1
for real constants Ly, ..., Ly, M, ..., Ax. Then F is a constant map. Moreover, if

wj,Aj are positive, G and L are also constant map.

Remark that the above constant 11, ..., iy, A1, ..., Ag canbe positive, negative
or zero. In particular, Theorem 3.1 implies that the complex Euclidean space cannot
be a relative to the product space of a bounded symmetric space and a Hermitian
symmetric space of compact type. Note that, in [6], Di Scala and Loi showed that any
bounded domain with Bergman metric and a Hermitian symmetric space of compact
type cannot be relatives. Combining their results, we actually can conclude that any
Hermitian symmetric space of a particular type and the product of Hermitian sym-
metric spaces of two other types cannot be relatives. More precisely, we summarize
the result as follows:

Theorem 3.2 Let D C C be a connected open set. Let 2, M, C" be a Hermitian
symmetric space of noncompact, compact and Euclidean type, respectively, equipped
with the canonical metrics wgq, wy, wcn. If there exist non-constant holomorphic
maps F : D — C", G : D — Qand L : D — M such that

aF*wcn +bG*wq +cL*wy =0 on D

for real constants a, b, c, then it must holds thata = b = ¢ = 0.

Next, we let (D1 C C", w1) and (D2 C C™", wy) be two Kihler manifolds with
wj = +/—130dlogh;(z,z). Here hj(z, z) are real analytic functions in z. Assume
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that 0 € D; and h; (j = 1, 2) do not have any non-constant harmonic terms in its
Taylor expansion at the origin with # (0, 0) being normalized to be 1. (D1, w1) and
(D3, w») are relative at O if and only if there are non-constant holomorphic maps
¢1: A — Dyand ¢y : A — Dj with ¢;(0) = 0 such that ¢} (w1) = ¢5 (w2). Here
A is the unit disk in C!. As standard, this happens if and only if

hi(@1(7), ¢1(1)) = h2(h2(7), $2(7)).

Now, we let the real analytic set M C Dy x D, C C"'™ be defined by
hi(z,z) = ha(w, w) with (z, w) € Dy x Ds. By the fact that /2; serve as potential
functions of Kahler metrics near 0, it is not hard to show that M must be regular at
the origin. Then (D1, w1) and (D>, wy) are relative at O or near a point close to O if
and only if inside M, there is a non-trivial holomorphic curve containing the origin.
Then this cannot happen if and only if M is of D’ Angelo finite type at O [3]. Hence,
by what we proved above, we have the following:

Theorem 3.3 Let K;j(w,w) (j = 1,...,k) be positively-valued smooth Nash-
algebraic functions in (w, w) with w(e C™) ~ 0. Assume that the complex Hessian
of log K j(w, w) is positive definite for each j. Then for any positive real numbers
U1, ..., Wi, the following real-analytic hypersurface M defined near the origin is
of finite D’Angelo type at 0:

M = {(zw)(C C") ~ (0,0): > Iz;I> = D wlog Ki(w, ).
j=1 =1

Acknowledgments We thank Di Scala for helpful communication related to this work. Indeed,
this short paper is motivated by the question raised in his communication, that is answered by
Corollary 1.2.
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1 Introduction

A fundamental problem in function theory on a domain €2 in a complex manifold is
the study of the Cauchy-Riemann operator, or the d-equation. The understanding of
the existence and regularity of the solutions of the system of inhomogeneous Cauchy-
Riemann equations on €2 plays central role in complex analysis. On abounded domain
in C" (or more generally in a Stein manifold), two theorems (see [13, 14, 16, 17])
for 3 on pseudoconvex domains are of paramount importance.

Theorem (Hormander) Let Q@ CC C" be a pseudoconvex domain. For any f €
Lf,,q(Q), where 0 < p <nand 1 < g < n, such that 0 f = 0 in <2, there exists
ue L;(FI(Q) satisfying du = f and [ |u|* < C [ | f|> where C depends only
on the diameter of Q2 and q.

Furthermore, if the boundary 5€2 is smooth, we also have the following global
boundary regularity results for 9.

Theorem (Kohn) Let 2 CC C" be a pseudoconvex domain with smooth boundary
bQ2. For any f € C;f’q(Q), where 0 < p <nand1 < g <n, suchthatdf =0in

Q, there exists u € C;f’q_l(ﬁ) satisfying ou = f.

Let D be adomain in C" or a complex manifold. A natural question to ask is when
the 8 equation has closed range for forms in L? or smooth coefficients. The closed
range property gives solvability for d from the point of view of functional analysis.
In this paper, we survey the recent progress related to this problem. For closed-range
property of the 3-equations, we refer the readers to the many books and papers and
the references therein (see [2, 6, 10, 13, 14] or [28]). In this paper, we focus on the
non-closed range property for the d-equation.

In Sect. 2, we first study the non-closed range property for 9 in the L? setting for
domains in C". For any bounded non-pseudoconvex domain D in C? such that its
complement is connected, the 9 equation does not have closed range in L? for (0, 1)-
forms if D. In Sect.3 we study the Hartogs triangle H for forms smooth up to the
boundary. In this case, the 9:C>®(H) > C &"1 (H) does not have closed range. Hence
the corresponding cohomology group is non-Hausdorff. The non-hausdorff property
is new, since we only knew that the cohomology is infinite dimensional. In Sect. 4, an
example of a Stein domain with smooth boundary in a compact complex manifold is
given where 3 does not have closed range in L2. In other words, the Hormander type
L? results do not hold on a bounded pseudoconvex domain & CC X in a complex
manifold X which is not Stein, even though the domain €2 is Stein and with smooth
boundary.
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2 Non-closed Range in L2 for 9 on Domains in C”

It is well-known that in C", 9 : L2(C") — L% 1 (C") does not have closed range.
This follows from the fact that the Poincaré ineduality does not hold for compactly
supported functions in C".

For bounded domains in C”, it is known that there exists a non-pseudoconvex
domain on which the L? range of 9 is not closed (see the example on page 76 in
Folland-Kohn [10]). One can show explicitly that 3 cannot have closed range by an
explicit example of a (0, 1)-form. Using duality, one can show the following result
(see [19]).

Theorem 2.1 Let D be a bounded domain in C* such that C*\ D is connected. Sup-
pose D is not pseudoconvex and the boundary of D is Lipschitz. Then d : L*(D) —
L(z)’ 1 (D) does not have closed range.

The proof of Theorem2.1 is based on the Serre duality in the L? sense. Let 3. be
the strong minimal closure of the d operator

e 1 Dpg—1(Q) = Dp 4(Q)

where D is the set of compactly supported functions in . By this we mean that 9.
is the minimal closed extension of the operator such that Dom(d.) contains D) 1.
The Dom(d.) contains elements f € Li q_l(Q) such that there exists sequence

fv € Dp g—1(RQ) such that f, — fin Li,q_l(sz) and 9 f, — 0f in L3 ().
Lemma 2.2 Let Q2 be a bounded domain in C". The following conditions are equiv-
alent

(1) 9: L%’q_l (2) —> L%’q (2) has closed range.

(2) dc: Ly g(@ = Ly, 1\ () has closed range.

Proof Let 9" denote the Hilbert space adjoint of 3. Following the definition, f* €
Dom(d,.) if and only if xf € Dom(a*). Suppose (1) holds. Then 3 Lf,’q(Q) —
L;qfl () has closed range. Thus we have 3 * = 9. has closed range. Thus (1)
implies (2). The other direction is proved similarly.

We may also consider 55, the minimal closure of 9 in the weak sense, which is
related to solving d with prescribed support in Q and we refer it as the 9-Cauchy
problem. When the boundary is Lipschitz, the weak and strong minimal extension
are the same (see Lemma 2.4 in [19]).

Definition Let 2 be a domain in a hermitian manifold X'. We define the L? coho-
mology group for (p, g)-forms by

{fels (13f=0inQ}

Hp3' (@) = 2 5 2 '
{f eL; ()] f = 0uforsomeu e prqfl(Q)}
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We also define the L? cohomology group with compact support by

{fel? ()| feDom@,), d.f =0in Q}

HPs(I Q) =
2( ) 2 - . 2 ~ N
{fe Ll,,q(Q) | f = 0cuin 2 for some u € prq_l(Q) N Dom(d.)}

c,L

Lemma 2.3 Let D be a bounded Lipschitz domain in C", n > 2, such that C" \ D
is connected, then HB’LIZ (D) =0.

Proof Let f € L%’l (D)NDom(d,.) and 9. f=0.Let f 0 denote the trivial extension
of f to C" by setting f equal to zero outside D. It follows that 3 f© = 0 in C” in
the distribution sense. This follows from the assumption that the boundary of D is
Lipschtiz (see Lemma 2.4 in [19]). The form f° is a compactly supported (0, 1)-form
in C".

Let B be a large ball in C" containing D. By Hormander’s theorem (see [13]), we
can solve du = ¥ in B and the solution u is in W!(D) from the interior regularity
for 3. The function u is holomorphic on B \ D. From our assumption that C" \ D
is connected and n > 2, the holomorphic function u | p\D can be extended as a
holomorphic function 4 in B. Let U = u — h in B. Then U 1s a compactly supported
solution in W!(D) such that 9U = f° in C” in the distribution sense. The solution
U € Dom(d,) and 3,U = f. This proves that Hg’le(D) =0.

Lemma 2.4 Let D be a bounded domain in C" with Lipschitz boundary. Then the
following conditions are equivalent:

(1) The domain D is pseudoconvex.
(2) H(D)=0, 1<g=n—1,

Proof If D cc C" is bounded pseudoconvex, then Hg’zq(D) =0foralll <g <

n — 1 by Hormander L>-theory. The converse s true provided D has Lipschitz
boundary or more generally, D satisfies interior(D) = D (see e.g. the remark at the
end of the paper in [11]).

Proof of Theorem 2.1. Suppose that
3 : L*(D) > L§ (D) 2.1)
has closed range. Using Lemma 2.2, we have that
de © L3 (D) — L3,(D) (2.2)

has closed range.
On the other hand, for top degree (0, 2)-forms, we always have that

3 1 L§ (D) — L§ (D) (2.3)



Non-closed Range Property for the Cauchy-Riemann Operator 211

has closed range since D is a bounded domain in C?. From the L? Serre duality (see
[4]), we have
1 2,1
H)5' (D) =~ H,(D). 24

Since the domain D is in C”, the exponent p plays no role, the same proof
for Lemma?2.3 also holds for (n, 1)-forms or anPr (p, 1)-forms. Thus we have
H>!,(D) = 0. From (2.4), this will gives that H}3 (D) = 0 and from Lemma2.4,

D is pseudoconvex, a contradiction. The theorem is proved. O

Corollary 2.5 Let D be a bounded Lipschitz domain in C* such that C* \ D is
connected. Then

(1) If the domain D is pseudoconvex, then HS’ZI(D) =0.
(2) If the domain D is non-pseudoconvex, then HSQI(D) is not Hausdorff.

In other words, for bounded Lipschitz domains in C? with connected complement
we have only two kinds of L? cohomology groups Hg’zl (D): either it is trivial or
it is non-Hausdorff. There is nothing in between. We remark that some related re-
sults for the Fréchet space cohomology were proved by Trapani ([29], Theorem 2),
where a characterization of Stein domains in a Stein manifold of complex dimen-
sion 2 is given. In particular he proves that Corollary 2.5 also holds for H%!(D) the
cohomology of C*°-smooth (0, 1)-forms in D.

Let Q2 be a relatively compact pseudoconvex domain with smooth boundary in a
Stein manifold with a hermitian metric. We use H?'9(2) or H?'4(R2) to denote the
cohomology group of (p, g)-forms with C* () coefficients or C*° () respectively
and since X is hermitian, we use H fz’q (2) to denote the cohomology group of

(p, q)-forms with L? coefficients. Then
HPI(Q) = H1(Q) = HP1(Q) =0, ¢ >0.

Next we will compare the L?-cohomology groups H 11‘724 (Q) and HP4(Q) for a
domain 2 when the boundary is not smooth.

3 The Hartogs Triangle

Let us consider the Hartogs triangle H in C?
H={(z,w) eC*|z| < w| < 1}.

It is a bounded pseudoconvex domain in C> with Lipschitz boundary outside the
origin. Near the origin, it is not a Lipschitz domain since its boundary is not the graph
of a Lipschitz function. The Hartogs triangle and it smooth cousins, the Diederich-
Fornaess (see [8]) worm domains, provide many counter examples for function theory
on pseudoconvex domains in C”.
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Let C5%(H) denote the Holder space of functions in H whose kth derivatives are
C%in H, where k € Nand 0 < o < 1. On H, we can consider the space C*°(H) of
smooth functions on the closure of H. Several natural definitions could be used.

Definition We define the smooth functions on H as follows:

(1) The space of the restrictions to H of C*°-smooth functions on CZ, which can be
identified with the quotient of the space of C°>°-smooth functions on C? by the
ideal of the functions vanishing with all their derivatives on H.

(2) The intersection for some 0 < o < 1 of all spaces Ck*(H), k € N.

(3) The space of C*°-smooth functions on H in the sense of Whitney’s jets.

Lemma 3.1 The three definitions are equivalent.

Proof The space defined by (1) is clearly contained in the other two. The Whitney
extension theorem implies that the spaces defined by (1) and (3) coincide. Using the
extension theorem for uniformly continuous functions, it is easy to see that the space
defined by (2) is included in the space defined by (3), which implies finally that all
the three definitions are equivalent.

For a bounded domain D in C" with Lipschitz boundary, it is well-known that
the dual of the topological vector space C*°(D) is the space 5/5((C") of distributions

with compact support in D ([19], Lemma 2.3). We will determine the dual of the
topological vector space C°°(H) endowed with the Fréchet topology of uniform
convergence on H of functions and all derivatives.

Theorem 3.2 The spaces C*°(H) and S/ﬁ((Cz) are dual to each other.

Proof By the definition of C®(H), the restriction map R : £(C?) — C*®(H) is
continuous and surjective. Taking the transpose map 'R we get an injection from
(C*®(H)) into £'(C?) the space of distributions with compact support in C2. More
precisely the image of (C°°(H))’ by R is clearly included in 5%(@2), the space of
distributions on C? with support contained in H. _

For any current T € E’F(Cz), we set, for f € C*(H), T(f) =< T, f >, where
f is a C*-smooth extension of f to C2. We have to prove that 7'( f) is independent
of the choice of the extension fof f.

Since the difference of two extensions of f is an infinite order flat function on
H, we will prove that for any C°°-smooth function ¢ flat to infinite order on H and
with compact support in C2, we have < T, ¢ >= 0. Since T has compact support,
it is a distribution of finite order k.

Let r be a positive real number and x a C*°-smooth function in C> with compact
support in the ball B(0, r) of radius r, centered at the origin and equal to 1 on the
closed ball B(0, r/2). Then x ¢ is flat to infinite order on H. Notice that though the
Hartogs triangle is not Lipschitz near the origin, it satisfies the exterior cone property
at the origin. Thus forany z € C>\ HN B(0, r),d(z, bH) < |z|. This implies that for
any k € N and any multi-index o with || < k, there exists a positive real constant
Cy. such that
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ID*(Xx@)lloo < Cir- (3.1
Fix ¢ > 0 and choose r such that

&
sup (Cyr) < —— 3.2)
k<ko 2T

Since C2\ (H U B(0, r)) has Lipschitz boundary, there exists a C*°-smooth function
6 with compact support in C2 \ (H U B(0, r)) such that

> ID*(1 = x)p — D

lor|<ko

£
Olloo < ——. (3.3)
=27

Then, since T has support in H and 6 in C? \(HUB(@,r)),<T,0 >=0and we
have from (3.2) and (3.3) that

|<T.o>1=|<T.xe>I+|<T,(0=)x)¢>|
SI<T.xo>|+I<T.0d=-x)¢—-0>|+[<T,0>]| 34

&
< Tl + T 5o <
2|7 2|7

This gives that < T, ¢ >= 0. Consequently 7 defines a linear form on C*(H),
which is continuous by the open mapping theorem. This proves that R’ is one-to-one
with range equal to E’ﬁ((CZ). O

Since H is a pseudoconvex domain, we have H 0.1(H) = 0. Moreover it follows
from results by Sibony [26, 27] (see also the paper by Chaumat and Chollet [5]) that
forany ¢ inthe bidisc P = Ax Aand ¢ € P\ H, their exists a C*°-smooth, 3-closed
(0, I)-form o defined in C2 \ {¢} such that there does not exist any C°°-smooth
function 8 on H such that 9 = a;, which means that HY'(H) #0.

Theorem 3.3 The cohomology group H®'(H) is not Hausdorff.
Proof By Theorem 3.2, for 0 < p < 2, the complexes (C (H) 9) and

(8/% P-*(C?), 9) are dual from each other. So it follows from Serre duality (see

[22] or Corollary 2.6 21 [19]) that it is sufficient to prove that we can solve the 9 with
prescribe support in H in the current category.

Lemma 3.4 ForeachcurrentT € &) 1((Cz) with support contained in H there exists

a (2,0)-current S with compact support in C2, whose support is contained in H,
such that 0S =T

Proof Let T € &} 1((C2) be a current with support contained in H. Since one can

solve the 3 equation with compact support for bidegree (2, 1) in C?, there exists a
(2, 0)-current S with compact support in C? such that S = 7. The support of T is
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contained in H, so the current S is an holomorphic (2, 0)-form on C? \ H. Moreover
S has compact support in C? and hence vanishes on an open subset of C? \ H. By the
analytic continuation theorem, the connectedness of C \ H implies that the support
of S is contained in H. O

Remark I One does have almost smooth solutions to the 3 problem on the Har-
togs triangle. Let H”,? (H) denote the Dolbeault cohomology of (p, ¢)-forms with

Cck.
che (H ) coefficients. Using integral kernel method, Chaumat and Chollet [5] prove
that HC,M(H) =0.

Notice that the intersection N C*-* (H)y=C®® (H). This shows the delicate nature
of such problem on non-Lipschitz domains.

Remark 2 We also mention that if €2 is a bounded pseudoconvex domain in C" with
a good Stein neighborhood basis, then one has that H 0.1(Q) = 0 (see [9]). The
Hartogs triangle is a prototype of domains without Stein neighborhood basis.

Let 8, denote the strong maximal extension of 3. By this we mean that 9 is the
maximal closed extension of the operator such that Dom(d,) contains C°O 1(H ).

The Dom(d;) contains elements f & Lf) q—l(H ) such that there exists sequence

fo € C,_(H) such that f, — fin L3 _ (H)and df, — df in L, ,(H).
§1nce the boundary of H is rectifiable, 55, the weak minimal closure of 9, is dual to
0s.

‘We do know Hg’zl (H) = 0 from Hormander’s result. It is not known if the weak
maximal extension 9 : L2(H) — L%’I(H ) is the same as the strong maximal

extension 3. So we only get from Lemma2.3 (the Lipschitz hypothesis is only used
to get . at the place of 3;) and L? Serre duality (see [4]) that

Proposition 3.5 The cohomology group H (H ) is either O or not Hausdorff.

Again, if the boundary is Lipschitz, then the weak 9 and strong 9, are the same
following the Friedrichs’ lemma (see [13] or [6]).

Consider the annulus between a pseudoconvex domain and the Hartogs triangle.
We have the following result (see Corollary 4.6 in [19]).

Theorem 3.6 Let Q2 be a pseudoconvex domain in C? such that H C . Then
H%Y(Q\ H) is not Hausdorff.

Let D be the annulus between two bounded domains Q1 cC  cc C2. Suppose
that the Dolbeault cohomology H” (D) is Hausdorff. It follows from a result of
Trapani (see Theorem 3 in [30]) that both € and €2; have to be pseudoconvex.
Theorem 3.6 shows that the converse is not true.

If we replace H by the bidisc A2, then H*!($2\ A2) is Hausdorff since A? has
a Stein neighborhood basis (see [18] or Corollary 4.3 in [19]).

In fact, Trapani (see Theorem 4 in [30]) proves that, if D has smooth boundary, a
sufficient condition for H%1(D) to be Hausdorff is that  is pseudoconvex and €2
is strictly pseudoconvex. It is no longer true if €2; is only pseudoconvex, taking for
example €2 to be the Diederich-Fornaes domain [7].
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On the other hand, if €2 and €2 are pseudoconvex and we assume that the boundary
of 1 is C2-smooth, then the L2 cohomology Hgél (D) is Hausdorff (Hormander [15]
or Shaw [23-25]). The following problem remains unsolved.

Question Let B be a ball of radius two in C? and A? be the bidisc. Determine if the
L? cohomology HB’J (B \ A?) is Hausdorff.

4 Non-closed Range Property for  on Pseudoconvex
Domains in Complex Manifolds

When X is a Hermitian complex manifold and 2 CC &’ is a pseudoconvex domain
with smooth boundary, the d problem could be very different if X' is not Stein. We first
note that if Q is strongly pseudoconvex, Grauert proved that the 9 has closed range
in the Fréchet space of C°°-smooth forms. If the domain Q is relatively compact
strongly pseudoconvex, (or more generally of finite type) with smooth boundary, the
closed range property for the @ equation in the L? setting has been established by
Kohn [17] via the 9-Neumann problem.

However, function theory on general weakly pseudocnvex domains in a complex
manifold can be quite different. Grauert (see [12]) first gives an example of a pseudo-
convex domain €2 in a complex torus which is not holomorphically convex. He shows
that the only holomorphic functions on €2 are constants. The domain in the Grauert’s
example actually has Levi-flat boundary. The boundary splits the complex two torus
into two symmetric parts. Based on the example of Grauert, Malgrange proves the
following theorem.

Theorem (Malgrange [20]) There exists a pseudoconvex domain 2 with Levi-flat
boundary in a complex torus of dimension two whose Dolbeault cohomology group
HPY(Q) is non-Hausdorff in the Fréchet topology, for every 0 < p < 2.

Malgrange shows that for the Grauert’s example, the 9 equation does not neces-
sarily have closed range in the Fréchet space of C°°-smooth forms and the corre-
sponding Dolbeault cohomology H”'!(2) is non-Hausdorff. The domain € is not
holomorphically convex. Recently the following result is proved in [3].

Theorem 4.1 There exists a compact complex manifold X of complex dimension two
and a relatively compact, smoothly bounded, Stein domain 2 with smooth boundary
in X, such that the range of 9 : L%’O(Q) — L%’ 1 (8) is not closed. Consequently, the

L?-cohomology space HL2’21 (R2) is not Hausdorff.

The domain €2 is defined as follows. Let @ > 1 be a real number and let I" be the
subgroup of C* generated by . We will standardize @ = ¢*". Let T = C*/T be
the torus.

Let ¥ = CP! x T be equipped with the product metric » from the Fubini-Study
metric for CP! and the flat metric for 7. Let Q be the domain in X’ defined by
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Q={( [w]) € CP' x T | Rzw > 0} (4.1)

where z is the inhomogeneous coordinate on C P . The domain 2 was first introduced
by Ohsawa [21] and used in Barrett [1]. It was proved in [21] that €2 is biholomorphic
to the product domain of an annulus and a pictured disc in CZ. In particular, € is
Stein.
Thus we have
HP9(Q)=0, ¢q=>0.

The range of 3 : L%z,O)(Q) — L%z’l)(Q) is not closed (see [3]). Theorem 4.1 shows
that on a pseudconvex domain in a complex manifold X, there is no connection
between the Dolbeault cohomology groups in the classical Fréchet space of smooth
forms and the L? space. This is in sharp contrast with the case when the manifold X
is Stein. We note that 2 is Stein, but the ambient space X is not Stein. The idea of
the proof is to use the L? Serre duality and the extension of holomorphic functions.
For details of the proof of the theorem, we refer the reader to [3]. We end the paper
by raising the following question.

Question Let Q be defined by (4.1). Determine if the range of 9 : L;O(Q) —
L;l (R2) is closed, where p =0 or p = 1.
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Quasicrystals and Control Theory

Yves Meyer

In memory of M. Salah Baouendi

Abstract Cross-fertilization between control theory and irregular sampling is illus-
trated by two examples. Salah Baouendi applauded new ideas and welcomed new
cultures. Interdisciplinary research is crossing frontiers, as Baouendi did all along his
life. Two examples of cross-fertilization between harmonic analysis and control the-
ory will be discussed in this homage. In 1983 Jacques-Louis Lions raised a problem
in control theory. The solution I gave was grounded on a theorem on trigonometric
sums proved by Arne Beurling. This will be our first example. The second example
goes the other way around. A problem on trigonometric sums is solved using tools
from control theory. Frontiers are erased as Baouendi wished.
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1 Memories

Baouendi was born in Tunis in 1937. I was born in Paris in 1939. My family moved
to North Africa when I was five. We could have met in Tunis. Instead we met in Paris
in the late sixties. Baouendi was working with Charles Goulaouic at that time. We
had many discussions about Tunisia. Baouendi was a native and I was a foreigner.
Baouendi used to criticize what I was telling. He was shocked by my ignorance of the
Arabic culture. For example in my high school years I never heard of Ibn Khaldoun,
which is a shame since Ibn Khaldoun, born in Tunis in 1332, was one of the major
intellectual figure in medieval Islam. The Tunis I liked so much was a melting pot
where people from all over the Mediterranean sea found a peaceful exile. Baouendi
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respected every way of living, every culture and every religion. He aimed to construct
peace and to abolish frontiers. In mathematics, too, frontiers shall be abolished. The
two examples which will be discussed now are backing this claim.

2 The First Example

It happened the 28th of February, 1984. I was running the Goulaouic-Schwartz semi-
nar after Charles Goulaouic’s death. Baouendi had already moved to Purdue. Jacques-
Louis Lions was then the head of the French Space Agency (CNES). Lions accepted
to give a talk at the seminar. The main issue raised by Lions was the control and sta-
bilization of some large oscillations which might occur on the Space Laboratory and
be dangerous for this flexible structure. The problem had to be fixed before launch-
ing the satellite and beginning the construction of the International Space Station.
Lions was suggesting that one could attenuate and eventually cancel the vibrations by
commanding a tiny rocket fixed on the structure. Lions built a mathematical model
for addressing this problem and asked us about a solution. To my greatest surprise
I succeeded in solving the problem raised by Lions. My proof [18] relied on some
properties of nonharmonic Fourier series. Soon after Louis Nirenberg found a sim-
pler proof. Finally Lions discovered a third proof which is detailed in the appendix
of [9].

3 The Second Example

Thirty years later I had to review Enrique Zuazua’s mathematical production and,
almost the same day, I was asked to evaluate a proposal by Nir Lev, from Bar-Ilan
University, Israel. I accepted these duties. Zuazua is an “applied mathematician”
working on control theory and fluid dynamics. Zuazua wrote his Ph.D. under the
guidance of Jacques-Louis Lions. Lev is a “pure mathematician” working in har-
monic analysis. His Ph.D. was supervised by Alexander Olevskii. This will be our
second example of an unexpected interaction between nonharmonic Fourier series,
irregular sampling and control theory. Sergei A. Avdonin made the link between Lev
and Zuazua. Indeed Avdonin’s work [1, 2] is playing a seminal role in [4] and is
present in most of Zuazua’s achievements. I was overwhelmed by surprise and hap-
piness. I was back in the streets of Tunis hearing Arabic, French or Italian. A peaceful
melting pot.

The spectrum o (f) of f € L?(R") is the support of its Fourier transform f . This
Fourier transform is normalized by

fe) = /R exp(-2mix O f (D) dx. ()
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Let K C R” be a Borel set. The Paley Wiener space PW is defined by
PWg ={f € L’(R"); o(f) C K}. 2

If K is a compact set, every function f € PWkg is bandlimited and can be sampled
efficiently. Let us define this sampling. A set A C R” is uniformly discrete (u.d.) if
there exists a positive number 7y such that

AN eEA X£EN=A=N]>7>0. 3)

If A C R" is uniformly discrete and if K is compact, every f € PWk is a smooth
function which can be sampled on A. The operator S : PWg > [2(A) defined by
S(f) = (f(N)rea is continuous. Is this mapping left-invertible ? A left-inverse is a
continuous operator T : [2(A) — PWk fulfilling 7S = I on PWg. If it is the case,
every f € PWkg can be retrieved from its sample ( f (A)) ea. The Nyquist-Shannon
theorem answers this question whenn = 1, K = [—w, w], and A = hZ. Then S is
left-invertible if and only if 0 < & < 1/2w : the density of A shall be larger than or
equal to the measure of K.

Following the paradigm of “compressed sensing” a signal (or an image) f is
sparse if the Lebesgue measure |0 ( f)| of its spectrum o (f) is small. Similarly if the
Lebesgue measure of a compact set K is small every function f € PWk is sparse.
What is the most efficient way to sample sparse functions ? If |K| is small and if
the functions f € PWg are sampled on a u.d. set A, then an efficient sampling
algorithm minimizes the density of A under the constraint that S : PWx +> [ 2(A) is
left-invertible. This density is the sampling rate. It is defined below and denoted by
dens A . Landau proved that S cannot be left-invertible when dens A < | K| ([7] and
Theorem3.1). What happens when dens A > |K|? A.Olevskii and A. Ulanovskii
addressed this issue in [19] and proposed the following definition:

Definition 1 A u.d.set A is a universal sampling set if the following three conditions
are satisfied:

(i) A has a density denoted by dens A.

(i) For every compact set K such that |K| < dens A, every f € PWg can be
recovered from its sample f(\), A € A.

(iii) More precisely, for every compact set K such that | K| < dens A, there exists

a constant C = C(K, A) such that for every f € PWg we have || f]» <

C(pen IFVPD2, -

The lattice Z" is not a universal sampling set. A counterexample is f(x) =
(exp(2mix1) — 1)g(x) where the Fourier transform of g is supported in the ball B
centered at 0 with radius €. Let e; = (1,0,...,0) € R" and K = BU (B + e1).
Then f € PWg. Moreover |K| = C,e" < 1 = dens Z" if e is small enough. Finally
f =0onZ", but f is not identically 0. This is called aliasing in signal processing.

The problem of recovering f from its sample has two versions, denoted by (a)
and (b). In (a) A and K are given and we want to retrieve an unknown function
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f € PWg from its sample on A. Theorem 3.3 will settle this issue. In (b) A and
a “small” constant 3 are given, both K and f € PWk are unknown and the only
information which is at our disposal is |[K| < § and f € PWg. We then want to
retrieve the pair (K, f) with f € PWg from the sample of f on A. Theorem 3.5
will take care of this problem.

We now consider the first issue (K is given) and follow Landau [7]. Problem (b)
will be addressed later on.

Definition 2 Let K be a compact subset of R”. A collection of points ACR”" is a
set of stable sampling for PW( if there exists a constant C such that

fePWk = f15<COIFOP )

AEA

Stable sampling is identical to (iii) in Definition 1. The property of stable sampling
is equivalent to the following one: every F € L?*(K) is the sum of a generalized
Fourier expansion

F(x) = Z c(\) exp(2mi A - x) 5)
AEA
where
ST leP = ¢ / F ()P dx (©)
AEA K

and where the series (5) converges to F in L2(K).If A is a set of stable sampling for
the space PW, any “band-limited” f € PWg can be reconstructed from its sample
f(\), A € A, and this reconstruction is given by a linear algorithm. This remark
follows from some general properties of frames. Therefore the sampling operator
S : PWg +— [*>(A) has a left-inverse T as it was stated above.

We also consider the property of stable interpolation [7].

Definition 3 Let K be a compact subset of R”. Then A C R” is a set of stable inter-
polation for PWx if there exists a constant C such that for every square-summable
sequence c(\), A € A, we have

D e < c/ | D" eV exp@mi x - \)|* dx. (7

AEA K YN

A set of stable interpolation is uniformly discrete. An equivalent definition of a set
of stable interpolation for PWk is the following property. Every square summable
sequence a(A), A € A, can be interpolated by a function f in PWg : f(\) =
a(\), X € A. The sampling operator S : PWg +— [*(A) is onto.

If A is both a set of stable sampling and of stable interpolation for PWk, then the
family of functions exp(2mi\ - x), A € A, is a Riesz basis of L?(K).



Quasicrystals and Control Theory 223

Landau [7] discovered necessary conditions for sampling and interpolation. These
conditions are relating the upper or lower density of A to the measure of K.

If A C R" is a collection of points, the upper density of A is defined as

dens A = limg_ ooc, R™" sup #{A N By r} )

xeR?

where By g is the ball centered at x with radius R, ¢, is the inverse of the volume
of the unit ball and #E denotes the cardinality of E. In this definition balls could be
replaced by cubes as well. The lower density is defined similarly:

dens A =limp_, ., R™" inﬂi{j #{A N By r}. 9)
xeR"

A collection A of points has a uniform density (denoted by dens A) if the upper
density and the lower density of A coincide. Here is Landau’s theorem:

Theorem 3.1 If A be a set of stable sampling for PWk, then
dens A > [K]|. (10)
Similarly if A be a set of stable interpolation for PW , then
dens A < |K]|. (11
These necessary conditions are not sufficient. A counterexample has already been

given. But aliasing does not occur in the one-dimensional case when K is an interval.
Indeed Arne Beurling proved the following [3]:

Theorem 3.2 Let A be a uniformly discrete set of real numbers. For any interval J
the condition

dens A > |J| (12)
implies that A is a set of stable sampling for PW; and similarly

dens A < |J]| (13)

implies that A is a set of stable interpolation for PW .

Another example where dens A > | K| implies stable sampling and dens A < |K|
implies stable interpolation is given now.
3.1 Simple Quasicrystals

Let us begin with “model sets”. Model sets A C R” are defined by the “cut and
projection” scheme [14]. Letm € N, N = n +m, RY = R" x R™ and consider a



224 Y. Meyer

lattice ' € RV If (x, y) = X € R” x R™, we write x = p;(X) and y = p>(X).
The dual lattice I'* ¢ RY is defined by exp(2mi y - x) = 1 for every x € I" and
every y € I'*. Then pf : T = R" and pj : I'* > R™ are defined as py, p>. Let
us assume that p; : I' — py(I") is a one-to-one mapping and that p;(I") is a dense
subgroup of R". We impose the same properties on py. Then p} : I'* — pi(IT'™)
is a one-to-one mapping and pj(I'*) is a dense subgroup of R" and the same holds
for p5. A set W C R™ is Riemann integrable if its boundary has a zero Lebesgue
measure.

Definition 4 Let W be a Riemann integrable Borel subset of R” with a positive
measure. Then the model set A C R” defined by I" and W is

A={A=pi(:yeTl, pa(y) € W} (14)
The compact set W is named the window of the model set A.

Definition 5 A model set is simple it m = 1 and W = [a, b) is a semi-closed
interval.

A simple quasicrystal is defined as a simple model set in this essay. B. Matei and
the author proved the following theorem [10]:

Theorem 3.3 Let A be a simple quasicrystal and K C R" be a compact set. Then
|K| < dens A implies that A is a set of stable sampling for the Hilbert space PWk .
If K is Riemann integrable, then |K| > dens A implies that A is a set of stable
interpolation.

If A = 7Z" is an ordinary lattice these implications are no longer valid and the
obstacle is aliasing. In order to suppress aliasing one shall use simple quasicrystals
instead of lattices. Theorem 3.3 is no longer true if K is not compact as it is stated
in the following theorem:

Theorem 3.4 Let A be a simple quasicrystal. For every positive € there exists a
closed set F with |F| < € such that A is not a set of stable sampling for Wr.

The proof can be found in [16].
Theorem 3.3 paves the way to the solution of Problem (b).

Theorem 3.5 Forany 3 > 0, let A be a simple quasicrystal with dens A > 23 Let
f € L*(R") be a function satisfying the following property: the spectrum o (f) of f
is contained in a compact set K such that |K| < [3. Then f can be recovered from
its sample f(\), X\ € A. This property is not valid if dens A < 2.

The proof is straightforward. If f| and f> are two competitors we denote by K
and K> their spectrum and set K = K| U K. Then the spectrum of f = f] — f>
lies in K and we have f(A) =0, A € A. Moreover |K|| < ( and |K>| < ( imply
|K| < dens A. Therefore A is a set of stable sampling for PWg and f = O on A
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implies f = 0. This proof does not give any algorithm for retrieving a sparse signal
from its sample. The optimality is proved by the argument used in [12]. Let us assume
[ > d/2 where d = dens A. Let K and L be two Riemann integrable compact sets
such that |K| = |L| € (d/2,3) and K N L = . There exist two functions g and
h such that g € Wik, h € Wr, g(A) = h(\), YA € A, and g # h. Here is the
construction. Consider the union K’ = K U L. Then |K’| > d which implies that
A is a set of stable interpolation for Wg-. Redundancy in Theorem 3.3 implies that
there exists a function f € Wg which is not identically 0 and which vanishes on A.
Then f = g + h where g € Wk and h € W. Finally g and —h are the functions
we are looking for.

Theorem 3.3 does not cover the limiting case |K| = dens A. This was achieved
by Sigrid Grepstad and Nir Lev [4]. Their results are unveiled now.

3.2 Avdonin’s Theorem

Grepstad and Lev used two ingredients to address the limiting case |K| = dens A.
The first one is a duality between stable sampling and stable interpolation. Lemma 3.1
is an improved version of an observation which was already used in [10].

Let I' € R" x R be a lattice as in Definition 4, W = [a, b) be a semi-closed
interval, and let A(T", I) C R” be the simple quasicrystal defined by (14). The “dual”
quasicrystal A*(I'*, K) C R is defined by

AT K) =X =py(v"): 7" €T", pi(v") € K. (15)

This duality is not the one which was studied in [13] and which was consistent with
the definition of the dual lattice.

Lemma 3.1 Let us assume that 0K N p1(I'*) = @. Then A(T', 1) is a set of stable
sampling for PWg if and only if A*(T'*, K) is a set of stable interpolation for PWj.
Similarly A(T, I) is a set of stable interpolation for PWk if and only if A*(I'*, K)
is a set of stable sampling for PW.

This lemma will be used to reduce the proof of Theorem 3.8 to the one-dimensional
case. Then Grepstad and Lev rely on Avdonin’s theorem which is an outstanding
improvement on Kadec’s 1/4 theorem. Here is the result:

Theorem 3.6 Let o be a positive constant and \j, j € Z, a sequence of real
numbers fulfilling (a), (b) and (c)
(@) (Nj=Ml=a>0,j#k

(b) supjezI\; — jl < C.
(c) There exists a constant vy and a positive integer N such that
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sup|—k%1()\j—j—’y)|:0<l. (16)
kez. N =k 4

Then the system exp(2mi x)\;), j € Z, is a Riesz basis for L2[0, 1].

An example is given by \; = j + % sin(2nwj) where w is irrational. Beurling’s
theorem suffices for proving Theorem 3.3 while the spectacular results by Grepstad
and Lev depend on Avdonin’s theorem. It is interesting that the precise value 1/4 in
Avdonin’s theorem does not play any role in the proof and could be replaced by any
smaller constant. Theorem 3.6 is a special case of the result proved in [1].

3.3 Bounded Remainder Sets

The definition of bounded remainder sets is the second seminal ingredient in Theo-
rem 3.8. After a linear change of variables it can be assumed that the simple model
set I is given by the following variant of Definition 4. We have v = (v, 1) € ' if
andonlyifvi =m+G(a-m—1), 2 =1l—a-mwherea, 3 e R", meZ", ] € Z.
Here x - y denotes the inner product between x and y. Moreover the definition of
model sets implies that the numbers 1, oy, a2, .. ., «, are linearly independent over
Q and that 5y, 32, . .., By, 1 + « - 3 are also linearly independent over Q. To every
compact set K C R we associate the Z" periodic version of its indicator function
defined as x g (x) = D jczn 1x (x + k).

Definition 6 Let o« = (o, ..., ;) € R" and assume that 1, oq, g, ..., o, are
linearly independent over Q. Then a compact set K is a bounded remainder set with
respect to « if there exists a constant C = C(«, K) such that

m—1

| D xk(x+1a) —m|K|| < C (17)
=0

holds for every m € N and for almost every x € T".

3.4 Main Facts

Here are the two main theorems by Grepstad and Lev [4]:

Theorem 3.7 Let A be a simple quasicrystal defined by a window I = [a, b) such
thatb —a = |I| ¢ p2(I"). Then there does not exists a Riemann integrable compact
set K such that A is simultaneously a set of stable sampling and stable interpolation
for PWk.
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This negative result is completed by the following positive result:

Theorem 3.8 We now assume |I| € py(I") and that o and (3 satisfy the requirements
listed above. Then the simple quasicrystal A is simultaneously a set of stable sampling
and of stable interpolation for PWy for every Riemann integrable compact set K
which is a bounded remainder set with respect to o with |K| = |I|.

In a remarkable paper [5] Grepstad and Lev characterized these bounded remain-
der set.

In one dimension Gady Kozma and Nir Lev [6] proved the following special case
of Theorem 3.8. We begin with some notations. Let # > 1 be a real number. The
integral part [x] of a real number x is the largest integer k € Z such that k < x.
Define Ay C Z by Ay = {[k0], k € Z}. With these notations we have

Theorem 3.9 Let us assume that 0 > 1 is irrational. Let S C T be a finite union of
intervals J,,, 1 < m < M. We assume that the sum of the lengths of these intervals
equals the density 0~' of Ag and that the length of each J,, belongs to 7 + 7.

Then any square summable function f defined on S can be uniquely written as a
generalized Fourier series

f) =D exexpridx) (18)

AeAy

where the frequencies \ belong to Ag and the coefficients cy belong to 1*(Ag). This
series converges to f in L*>(S).

4 Open Problems

The first problem is to extend Theorems 3.3, 3.5, 3.7 and 3.8 to general quasicrystals.
Our second problem is an issue raised by Theorem 3.5. A sparse function f is
uniquely defined by its sample on A but the proof of Theorem 3.5 is not constructive.
Is it possible to retrieve f by an algorithm ? A third problem is to extend Theorem 3.8
to L?, 1 < p < oo. There are two options. In the first one PWk is replaced by
PWg N LP(R™). Then a definition of stable sampling is the following:

fePWkNLPRY = Il < C( D 1FIP)7. (19)
AEA

Is Theorem 3.8 still valid if this new definition is adopted? Unfortunately
Lemma 3.1 which is seminal in the proof of Theorem 3.8 does not generalize to
L? . In the second option one considers the L” norm of the Fourier transforms f of
f € PWk. Before giving more details let us make a detour which is seminal in the
proof of Theorem4.1 [17].

In the one-dimensional case, if K is an interval, and if p = oo, Beurling found a
necessary and sufficient condition for (19):
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Lemma 4.1 Let I be an interval and A a u.d. sequence of real numbers. Then the
following two properties are equivalent:

(a) [ €PWi=|flloo < Csupyep |f(V].
(b) dens A > |I|.

Similarly Beurling proved the following lemma:

Lemma 4.2 Let I be an interval and A a u.d. sequence of real numbers. Then the
following two properties are equivalent:

(a) For every sequence c(\) € [°°(A) there exists a f € PW; N L°°(R) such that
SO) =cN), X e A
(b) dens A < |I|.

There exists a second option for defining stable sampling and stable interpolation
in the L? setting. Instead of using (19) one can try to generalize (5) to L”. In this
generalization the Stepanov space S, of almost periodic functions will be needed.
The Stepanov space S, is the completion of trigonometric polynomials for the norm
SUpP, R (fX+B | £(y)|? dy)'/P where B is the unit ball. A compact set K C R” and
au.d.set A C R” are given.

Definition 7 A u.d. set A is a set of stable sampling with respect to L” (K and the
Stepanov space S, if every function f € L?(K) is the restriction to K of an almost
periodic function F € §;, whose frequencies belong to A.

When p = 2 this definition is identical to Definition 2 or to (19). When p = oo
we have:

Theorem 4.1 Let A C R" be a simple quasicrystal and let K C R" be a compact
set. Then the following properties are equivalent

(a) Each continuous function f on K is the restriction to K of an almost periodic
function F(x) = D" .5 ¢(N) exp(2mi X - x) whose frequencies belong to A.
(b) |K| < dens A.

Similarly the following properties of a Riemann integrable compact set K are
equivalent

(c) There exists a constant C such that |F|loc < Csup,cg |F(x)| for every finite
trigonometric sum F (x) = >\ . ¢(\) exp(27i X - x) whose frequencies belong
to A.

(d) |K| > densA.

Property (a) is similar to stable sampling and is implied by |K| < dens A as
in the L? setting. Property (c) is similar to stable interpolation and is implied by
|K| > dens A as in the L2 case. In contrast when |K| = dens A, K cannot be a set
of stable sampling or a set of stable interpolation in the sense given by (a) and (c).
The proof of Theorem 4.1 which is given in [17] is based on a variant of Lemma 3.1
and on Beurling’s theorem.

Acknowledgments I am very grateful to Linda Rothschild for her help and to the anonymous
referee for her/his constructive criticism.
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Holomorphic Approximation
in Banach Spaces: A Survey
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Abstract We give a survey about the Runge approximation problem for a holomor-
phic function defined on the unit ball of a complex Banach space. More precisely, we
ask whether such a holomorphic function can be uniformly approximated on smaller
balls by functions that are holomorphic on the entire space. This turns out to be a
subtle (open) question, whose (partial) resolution in the past 15 years played a central
role in deeper investigations in complex analysis in Banach spaces.

Keywords Infinite-dimensional holomorphy - Entire functions - Finite-dimensional
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1 Introduction

Given a complex Banach space X of infinite dimension, we recall the following
Runge approximation problems:

(1) Givenr € (0,1), € > 0, and f a holomorphic function on the open unit ball of
X, is there an entire function h satisfying | f — h| < € on the open ball of radius
r centered at the origin? See for instance [8].

(2) Is there r € (0, 1) such that for any € > 0, and any holomorphic function f on
the open unit ball of X, there exists a entire function h satisfying |f — h| < ¢
on the open ball of radius r centered at the origin? See for instance [16].
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We note that problem (2) is clearly independent of the choice of an equivalent norm
defining the topology of X, while problem (1) is the analogous version of what
is known to be true when X is finite dimensional. The main difficulty here is due
to a theorem of Riesz asserting that the unit ball is not relatively compact when
dim X = oo. In other words, we may possibly deal with holomorphic functions
defined on the unit ball that are not bounded on smaller balls. The following example
shows that this is indeed the case.

Example 1.1 Consider on the Banach space I'(N) = {z : N — C, ||z]| =
Z?OZI |z(j)| < oo, } the function given by

f@ =223,
j=1

and let ¢; be defined by e, (j) = & ;. One can check that f is holomorphic on the
unit ball, and since f(%ek) = 2"(%)1‘, f is unbounded on B(O0, %).

On the other hand, since unbounded holomorphic functions on the unit ball do
exist, we can not replace, as in the finite dimensional case, h entire holomorphic
function by h holomorphic polynomial in the setting of the Runge approximation
problems. Indeed, holomorphic polynomials are bounded on the unit ball.

The first result in the direction of problem (1) is due to L. Lempert. He proves
the following theorem for the Banach space [!/(I') = {z : ' — C, ||z]| =
Z'}/GF |z(7)| < oo, } where T is any set.

Theorem 1.2 ([8]) Let (X, {¢}) be a locally convex space and M be a Stein mani-
fold. Let K C M be a compact set that is convex with respect to the set of holomorphic
Sfunctions on M, and V- C M be an open neighborhood of K. Define

Q:={(m,2) eV xI'():|lzll < ROm)}, w:={(m,2) € Q: |zl < r(m)},

where r and R are positive continuous functions on 'V, satisfying r < R.

Then for every seminorm ¢, for every ¢ > 0, for every X-valued holomorphic
map fdefined on 2, there exists an X -valued holomorphic map g defined on M x1' (")
such that ¢o(f — g) < eonw|g.

One of Lempert’s motivations to get interested into the Runge approximation prob-
lems has been for instance the solvability of the 0 equation in Banach spaces. See
[9, 11, 17]. In particular, he obtains the following theorem:

Theorem 1.3 ([11]) If 2 C IY(N) is pseudoconvex and f € Co 1(2) is a closed
locally Lipschitz continuous (0, 1) form, then the equation Ou = f has a solution

ueCHQ).

When solving the problem when €2 is the ball centered at 0 of radius R in [9], he
shows first that Ou = f is solvable on balls centered at 0 of radius » < R, and then
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constructs a global solution on the ball centered at O of radius R using the Runge
approximation problem (1).

2 Preliminaries

Let X be a complex Banach space. For r > 0, we use B(0, r) to denote the ball of
radius r. Recall that a function f : U C X — C, where U is an open subset of X,
is holomorphic if f is continuous on U, and fjynx, is holomorphic, in the classical
sense, as a function of several complex variables, for each finite dimensional subspace
X1 of X. (See [2].) We note that unlike the finite dimensional case, the continuity of
f is not automatic as it is shown in the following example:

Example 2.1 Let {e;} be an algebraic basis of X with [|e;|| = 1, andlet f : X — C
be the linear form satisfying f'(e;) = i. Since f isnotbounded, f is not holomorphic.

We now recall the definition of a holomorphic polynomial.

Definition 2.2 Let A, : X —> X" be the mapping defined by A, (x) = (x, ..., x).
An n—homogeneous holomorphic polynomial P : X — C is the composition of
A, with any continuous n—linear map L : X" — C, thatis, P = Lo A,. A
holomorphic polynomial is a finite sum of homogeneous holomorphic polynomials.

Definition 2.3 Let H be a holomorphic function on B(0, r), r > 0. We say that H
is n—homogeneous if H(Ax) = N"H(x) for A € C, |\ < 1.

For the convenience of the reader, we give the proof of the next propositions.

Proposition 2.4 Let f, : B(0,r) —> C be holomorphic functions such that
lim,—  fu = f, uniformly on compact subsets of B(0,r). Then f is holomorphic
on B0, r).

Proof Since f is clearly holomorphic when restricted to finite dimensional subspaces
of X, we only have to show the continuity of f. Let {z,} be a sequence in X with
lim,— o 2, = z € X. By assumption, given ¢ > 0, there exists on the compact
subset {{z,,}, z}, M depending only on € such that

2
[f (@) — @D+ [ fm(zn) — [zl < 3¢ (2.1
Hence, there exists N > 0 such that forn > N

lf@—=fGe)| < 1f@Q—= @I+ fm@— @)+ ()= fza)] < e (22)

O

Proposition 2.5 Let H : B(0,r) —> C be an n—homogeneous holomorphic func-
tion. Then H is an entire function, that is a holomorphic function defined on X.
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Proof For z € X, we may write z = Az1, z1 € B(0,r). We define I:I(z) =
A" H (z1) and claim that it is a well defined entire function. Indeed if z has another

representation z = A2z, z2 € B(0, r), then, without loss of generality, we will have
A A A

21 = 2225, 22| < 1, which implies H(z)) = H(=22)). O
Al Al At

Proposition 2.6 Let H : X —> C be an n—homogeneous holomorphic function.

Then H is an n—homogeneous holomorphic polynomial. More precisely, there is a

unique symetric continuous n—linear map L such that H = L o A,,.

Proof If L exists, it has to satisfy
H(zixi 4+ z2axn) = LO_ 2jxj, .. D 2jx)) = (2.3)
ZlnL(xlw--’xl)"“"+”!ZIZZ~~-ZnL(x17~--,xn)+"'+ZnnL(xn’~-~axn)-

Hence, we have the integral formula

1
L(x1,...,x,) = ;(271'1')_"/

lz1|=¢1

H(zixi+ -+ zpx
/ (@ 12 2”n)d11...dzn.
|zZn|=€n -<n

71% ..
2.4)

Using (2.4), we obtain the uniqueness. For the existence, we use (2.4) as a definition
and show that L is a (symetric) n—linear map using a linear change of variables, the
continuity of L beeing obtained by using ¢; small enough. ]

3 Bounded Holomorphic Functions

We start this section by recalling the following definition:

Definition 3.1 Let f : B(0, 1) — C be a holomorphic function. We define f,(z)
as

2T
fa(2) == F (&2 7)™ gy (3.1)
0

Lemma 3.2 Let f : B(0, 1) —> C be a holomorphic function. Then f, defined by
(3.1) is an n—homogeneous holomorphic polynomial.

Proof We first notice that f, is a holomorphic fonction on the unit ball that is
n—homogeneous along any finite dimensional subspace. We conclude then, using
Proposition 2.6, that f,, is an n—homogeneous holomorphic polynomial. (|

Lemma 3.3 Let f : B(0,1) —> C be a holomorphic function. Then

f@ = fl2). (3.2)
n=1
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Proof The proof is achieved by restricting to finite dimensional subspaces of X. [

The following theorem shows that uniform approximation by holomorphic poly-
nomials is possible for bounded holomorphic functions. For the convenience of the
reader, we give the proof.

Theorem 3.4 Let f : B(0,1) —> C be a holomorphic function that is bounded
on smaller balls B(0,r), 0 < r < 1. Then given ¢ > 0, there exists a holomorphic
polynomial h satisfying | f — h| < e on B(0,r).

Proof We claim that, for 0 < o < 1, we have
—_— 1
”gngog(|fn|3(0,1))” < 1. (3.3)

Indeed, assuming without loss of generality that f is bounded on B(0, 1), we
have M > |fa(02)] = o"|fu(2)|. Hence o|fu(z)|7 < M, which implies
limy,— o J(lf,,|B(0’1))% < 1. Choosing & < 1 satisfying & = Ao, A > 1, we
obtain (3.3). We then consider, for » < 1, the ball B(0, ) = r B(0, 1). Using (3.3),
we obtain that there exists 1 < 1 such that r"[ f, |5 1y < A", for n large enough.
Using Lemma 3.3, we then conclude that f(z) = fo’:l fn(2) uniformly on B(0, r).
The proof of the proposition is achieved using Lemma3.2. (]

4 A Counterexample

In this section, we discuss the counterexample given by Lempert in [13]. We start
with the following definition:

Definition 4.1 A set S is called a bounding set if ||f||s < oo for every entire
function.

In [1], Dineen shows that /[°° admits non compact closed bounding subsets. More
precisely, he shows that any entire function on /°° is bounded on the set S = {e,},
where e, (j) = 0.

Lempert considers a sequence of norms on [°°, all equivalent to the sup norm.
More precisely, he defines

2
lzlle =2 sup (Dl + 20U+ + 1200l 2 N:— Cel®. @1
J1<J2<-<Jk

Then he considers on (I, ||z||x), the following holomorphic function on the unit
ball

f@)=>jzG), 4.2)
j=1
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that is unbounded on the set § = {e,}. This shows, using Dineen’s result, that the
answer to Problem (1) is negative on (I°°, ||z||x). We refer the interested reader to
[13] for the details and for the negative answer to Problem (2).

5 The General Case

In the light of the counterexample given by Lempert, we may ask the following
question:

e Do Runge approximations (1) and (2) hold in any separable Banach space?

Of particular interest is the space C[0, 1] since every separable Banach space is
isometric to a subspace of C[0, 1]. The Runge approximations are still open for
this space as well as for the Banach space LI(O, 1). As said in the introduction,
the obstruction to Runge approximations is the theorem of Riesz. Therefore, one
needs to look for “good” relatively compact subsets that “replace” the unit ball. The
following lemma gives some understanding of what kind of sufficient conditions are
needed to obtain a positive answer to Problem (1) and Problem (2).

Lemma 5.1 ([3]) Let T,, be a uniformly bounded sequence of linear operators in X.
Iflim, T,x = x for every x € X, then this limit exists uniformly on any compact set.
Conversely, iflim,, T,x = x uniformly for x in a bounded set K, and if, in addition,
T, K is relatively compact for each n, then K relatively is compact.

We recall the following definitions.

Definition 5.2 A series > .- | x, is said to converge unconditionally if D7 | Xz()

converges for every permutation 7 of the integers.

Definition 5.3 Let X be a complex Banach space. A sequence {X,} of closed sub-
spaces of X is called a Schauder decomposition of X if every x € X has a unique
representation of the form x = Z;’O:l Xp, with x,, € X. The Schauder decomposition

is unconditional if for every x € X, the series >~ | x, which represents x converges
unconditionally.

Remark 5.4 ([18]) A decomposition {X,} of a Banach space X is a Schauder de-
composition of X if and only if the projections { P;} defined by

00 J
Pi> xy= > x, (5.1)
n=1 n=1
are continuous. Moreover { P;} is a uniformly bounded sequence of linear operators
in X.

1
Example 5.5 IP(N) = {z : N — C, ||z]] = (Z?il |z(j)|?)? < oo} admits an
unconditional Schauder basis, i.e. dim X,, = 1.
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Example 5.6 Let X be the space of compact operators on />(N) which have a tri-
angular representing matrix with respect to {e, }, where ¢, (j) = §;,,. Let X,, be the
subspace of X defined as

X, ={T € X|Te;=0, j #n).

Then {X,} is an unconditional Schauder decomposition of X with dim X,, < oco. In
this case, we say that X has a UFDD (unconditional finite dimensional decomposi-
tion). Moreover, by a result of Gordon and Lewis, X does not have an unconditional
Schauder basis. See [4, 15].

Example 5.7 Tt is well known that the space of compact operators on />(N) has an
unconditional Schauder decomposition into UFDD, but has no UFDD itself. See [7].

Assume now that X admits an unconditional Schauder decomposition {X,}7° ;.
Letx = Z;’lozl Xn, Xn € X,, be the unique representation of x. It is known that for
every sequence of complex numbers 6 = {0,}, |0,| < 1,n € N, the operator My

defined by
oo (0.¢]
My Z X, = z 0,xn
n=1

n=1

is a bounded linear operator. The (finite) constant supg|| My|| is called the uncondi-
tional constant of the decomposition.(See [15, 18] for details). It is clear that one
can always define on X an equivalent norm |||, so that the unconditional constant
becomes 1. (Take ||x||; =supg||Mpx]||). In other words, we have

oo o
1D Onxally < 1D xally, 16l <1, neN. (52)
n=1 n=1

Using Lemma5.1 and (5.2), one proves

Proposition 5.8 Let X be a complex Banach space admitting an unconditional
Schauder decomposition { X, } with unconditional constant one. Then the following
holds.

(1) My(B(0, R)) is relatively compact in B(0, R) for any sequence of complex num-
bers 0 = {0,}, 10, < 1, which converges to 0 if and only if dim X, < oo, for
any n.

(2) For any compact K C B(0, R), there exists a sequence of complex numbers
0 = {0,}, 10,1 < 1 which converges to 0, and a compact L C B(0, R) so that
MyL =K.

Proof We note that P;(Mg(B(0, R))) is relatively compact if and only if dim X, <
oo, for any n. The rest of the proof is similar to the one of Proposition 1.2
in [10]. .
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Remark 5.9 The sets My(B(0, R)) in Proposition5.8 will play the role of “good”
relatively compact sets that replace the unit ball in the case of a space admitting a
UFDD.

6 The Case of Banach Spaces Admitting a UFDD

In the light of the proof of Theorem 3.4, Remark 5.9 leads to the following definitions
that appear in [5, 8, 10, 16].

Let X be a complex Banach space admitting an unconditional Schauder decom-
position {X,} with unconditional constant one. Let z € X be given by its unique
representation z = ZZO: 1 Zn, With z, € X,, for every n. For m € N, one defines

T(m):={t:N— S'.,n— ¥ 1, eR, 1, =0forn > [/m ]}, 6.1)
endowed with the product topology, and

[/
K(m) = {k = {kn}, kn € NU{0}, ky =0forn > [Vm], > ky<m). (6.2)

n=1

By abuse of notation, for r € T (m), we write 2™ := {e?™n},

Definition 6.1 Let f be a holomorphic function on B(0, R). For k € K(m) and
s € T(m), we define fk(z) as

A @) = " f (M risz)e 2™k s, (6.3)
T(m

where ds is the normalized Haar measure on T (m).
Note that £ is homogeneous of degree k, in z,.

Definition 6.2 The formal series associated to f given by

> D W (6.4)

m=0 keK(m)

is called the Josefson series.
We have the following proposition:

Proposition 6.3 ([16]) Let X be a complex Banach space admitting an uncondi-
tional Schauder decomposition {X,} with unconditional constant one. Then the
Josefson series converges to f, uniformly on compact sets of B(0, R) ifdim X,, < oo
for any n.
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Remark 6.4 In Proposition 6.3, the proof of the uniform convergence on compact
sets relies on the fact that the sets Myp(B(0, R)) are compact. It would be interesting
to know if it holds without the assumption on the dimension of each X,.

Making use of the Josefson series, one can show that problem (2) holds in spaces
admitting an unconditional Schauder decomposition {X,} with dim X,, < oo for
any n. More precisely, we have

Theorem 6.5 ([16]) Let X be a complex Banach space admitting an unconditional
Schauder decomposition {X,} with dim X,, < oo for any n. Then there exists an
equivalent norm || || on X for which approximation as in problem (1) is possible.

Corollary 6.6 ([10]) Let X be a separable Hilbert space. Then approximation as in
problem (1) is possible.

Remark 6.7 More generally, L. Lempert shows in [10] that approximation as in
problem (1) is possible in any Hilbert space.

We may ask the following question

e Does Runge approximation (2) hold in complex Banach spaces admitting an un-
conditional Schauder decomposition into UFDD?

Note that the “model” case of such a space is given by Example5.7.

Remark 6.8 Itis known that the spaces C[0, 1] and L0, 1] do not admit any uncon-
ditional Schauder decomposition into UFDD. Indeed, Lindenstrauss and Pelczynski
in [14] showed that if (X,,) is an unconditional Schauder decomposition of C[0, 1],
then at least one X, &~ C|[0, 1]; but C[0, 1] has no UFDD [18]. N.J. Kalton in [6]
showed that the same holds for L'[0, 1].
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Abstract The main result of this paper establishes the rigidity of pseudoconvex
Mizohata structures on compact manifolds with abelian fundamental groups. Any
simply connected (n+ 1)-dimensional compact manifold with a pseudoconvex Mizo-
hata structure is equivalent the standard Mizohata structure on the sphere S"*!. If
an (n + 1)-dimensional connected compact manifold with a nontrivial abelian fun-
damental group carries a pseudoconvex Mizohata structure, then it is equivalent to a
structure on S! x S”.
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1 Introduction

In this paper we study pseudoconvex Mizohata structures on smooth compact
manifolds M of dimension n + 1. Such a structure is given by a rank 1, formally
integrable smooth subbundle V of the complexified cotangent bundle CT*M, for
which the Levi form is positive definite at each point of the characteristic set X (set
of points where V is nonelliptic).

Mizohata structures are strongly linked to CR structures with nondegenerate Levi
forms and their study (local and global aspects) has attracted the attention of many
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Global aspects of Mizohata structures in the two-dimensional case (n = 1) have
been investigated in [5, 7, 10, 11]. Here, we consider the higher dimensional case
(n > 1) when the structure is pseudoconvex. In this case, } generates a codimen-
sion 2 singular foliation (V) whose leaves are all diffeomorphic to the sphere
S"~1 and whose singularity is carried by the characteristic set ¥ (Theorems 2.1 and
2.2). In Sect.4, we prove (Theorem 4.1) that the leaf space R is a Riemann sur-
face with boundary and that R has the same fundamental group as the manifold M.
In Sect.5, we prove that the structure is trivial in a neighborhood of £ (Theorem
5.1). Using this trivialization, we construct (Theorem 5.2) a desingularization of the
foliation F (V). That is a map IT : (X, F) — (M, F), where X is an (n + 1)-
dimensional (noncompact) manifold, F is a nonsingular foliation on X, such that
I1: X\IT"' () — M\ X is alocal diffeomorphism and the leaves of F are sent
onto those of F. In Sect. 6, we consider pseudoconvex Mizohata structures (M, V)
over compact manifolds with abelian fundamental groups 71 (M). We prove (Theo-
rem 6.1) that if M is simply connected and equipped with such a structure, then it
is diffeomorphic to the sphere S"*! and the Mizohata structure is equivalent to the
standard structure on the sphere. If 71 (M) is nontrivial, we prove (Theorem 6.2) that
M is diffeomorphic to S” x S! and the structure is again equivalent to a particular
model (see Sect. 3).

2 Definitions and Local Trivialization

We give the basic definitions, recall the local integrability of Mizohata structures,
and prove that the associated foliation is locally trivial.
Let & be a smooth (C®), C-valued 1-form defined on an open set U C R"*! with
0 € U. Suppose that
w#0, and wAdw=0. (2.1)

Then & generates a smooth rank 1 subbundle V of the complexified cotangent bundle
CT*U and that V satisfies the formal integrability condition. Let &, = PRew and
wy = Jm be the real and imaginary parts of . It follows at once, from (2.1), that

LA AdD =0 i=1,2. (2.2)

Hence, & generates (via {0, @,}) a codimension 2 foliation (V) on U\ X, where

S={peU:OiAmn=0={pelU: oA =0}. (2.3)
Itis proved (see [2] or [16] for example) that there exist coordinates (x, 1, . .., f;;)
centered at 0 and C* functions A1, ..., A\, defined near O such that V' is generated

near 0 by the form



Pseudoconvex Mizohata Structures on Compact Manifolds 243

w=dx+ Y \j(x,t)dt; . (2.4)
j=1

The bundle V is said to be elliptic at p € U if w and @ are independent at p. In
this case coordinates (x, y, s1, ..., S,—1), defined near p, can be found so that )V is
generated near p by the exact form d(x + iy). Note that if V) is elliptic in open sets
01 and O; and if f1, f> are C* functions defined in O; and O,, respectively, such
that

V |o,= span{dfi} and V |o,= span{df>},

then f, = h o f; on O1 N Oy, where h is a holomorphic function defined on
f1(01 N 02).

The bundle V is said to be of Mizohata type at p € U, if it is not elliptic at p
and the Levi form of V is nondegenerate at p. This means that local coordinates

(x,11,...,1t,) can be found so that V is generated near p by the form
n
d(x+iQ0)+ > aj(x.0dt;, (2.5)
j=1
where
OW) =1+ -+ =t — =1y (2.6)

and the a;’s are C* functions that vanish to higher order at p. The signature at p of
the Mizohata structure is [n — 2k|. The structure is pseudoconvex if its signature is
n (Q(¢) is positive definite). With respect to these coordinates, the characteristic set
is defined by r = 0. The following local integrability result can be found in [8].

Theorem 2.1 If w defines a Mizohata structure near 0 € R"T! with signature dif-

ferent from n — 2, then there exist coordinates (x,1t1,...,t,) centered at 0 such
that

w=pux,)dx+iQ(1)) 2.7
where Q(t) = tl2 + -4+ t,% — tl?+1 — = t,% and j(x, t) is a C* function.

Let M be a C* manifold of dimension n + 1 and let V be a smooth (C*), rank 1
subbundle of the complexified cotangent bundle CT*M. Suppose that V satisfies the
formal integrability condition (V A dV = 0). Denote by V the complex conjugate of
V. The characteristic set X of ) is defined as

T={peM: VNV #£{0}}. (2.8)

Note that V is elliptic in M\ X. The bundle V defines a Mizohata structure on M
if ¥ # ¢ and if for every p € X, the bundle V has a generator of the form (2.5)
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near p. It follows at once from the local description of V' that ¥ is an embedded
one-dimensional submanifold of M. It also follows that V generates a codimension
two foliation on M\ X. We denote this foliation by F()). The next theorem describes
F (V) when the structure is pseudoconvex.

Theorem 2.2 Let (M, V) be a pseudoconvex Mizohata structure with characteristic
set 2. Assume that the (n 4 1)-dimensional manifold M is compact and connected.
Let p € M\X. Then there exist an open set U > p and a diffeomorphism

d: U — S xA, (2.9)

where A is the unit disc in C, such that V is generated over U by ®*(d(x + iy)),
where x + iy is the coordinate in C.

Proof It follows at once from Theorem 2.1 that F (V) is trivial near each pointqg € X.
We need then to prove that this local triviality propagates to all points of M. For this
we first prove that all leaves of (V) are diffeomorphic to "~

Let p € M\X. Denote by L, the leaf of F (V) through p. Let pg € M\X be
close enough to X so that L, = S"=1and F(V) is trivial near po (note that when
n > 2, Ly, is simply connected and the stability theorem of foliations (see [14])
implies that all leaves of F (V) are diffeomorphic to S"~1). Let

r:[0,1] — M (2.10)

be a simple smooth curve in M joining po to p and such that I' is transversal to
F (V). The interval [0, 1] can be divided into subintervals [0, #1], [#1, 2], . . ., [tn, 1]
in such a way that each arc I'([t;_1, #;)) is contained in a surface S; transversal to
F(V), and S is contained in an open set Uy, where V is trivial (Theorem 2.1). Hence,
Lrp = S*=! for 0 <t < #; and has trivial holonomy.

Now we prove that Lr(,) is diffeomorphic to S"~! and has trivial holonomy.
As noted earlier, only the case n = 2 needs to be considered. Let 7 be a surface
transversal to F (V) and containing I'(t;) = pj.Let W : 7 — 7 be the first return
map. Thus, W is a local diffeomorphism and

W(p)=p for per =7N ULq ) (2.11)
qES)
Note that 7" has a nonempty interior in 7. Since the bundle V is elliptic at p;, there
existaneighborhood V of p; anda C* functionz : V — C such that dz generates
V over V. Let zg be the restriction of z to 7 N V. It can be shown (see [8]) that

zooW =hoz, (2.12)

where £ is a holomorphic function defined near zo(p;) € C. Since W is the identity
function on 7/, then 4 is the identity on zo(7' N V) (which has a nonempty interior
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in C). Thus, # is the identity and consequently W is the identity. This proves the
triviality of the holonomy of L, . This argument can be repeated to show that each
leaf L) is diffeomorphic to S"~! and has trivial holonomy.

‘We complete the proof as follows. Since V is elliptic at p, it has alocal first integral
defined near p, i.e., there are an open set V > p and a functionz : V — C (with
z(p) = 0) such that

V|y = span{z"d(x + iy)}. (2.13)

Let U = |J L, and define
qeVv

f:U— C; fm)=z(L,NV). (2.14)

Thus f*(d(x 4 iy)) generates }V over U. Finally, since f is a submerssion, and
£71(0) is compact (= S"—1), there is a tubular neighborhood UofL p» and a diffeo-
morphism

®: U — "' xA, (2.15)

so that ®*d(x + iy) generates V over U. ]

To summarize, we have proved that if } defines a pseudoconvex Mizohata struc-
ture on a connected and compact (n + 1)-dimensional manifold M (n > 2), then:

e For p € X, there exist an open set Ug CM(pe Ule) and a diffeomorphism
Y U) — B”“,V|U,9 = span{(®))*d(x +i(tf + -+ 1)}, (2.16)

where B"t! is the unit ball in R"*! and (x, #1, ..., ,,) the coordinates in R"*+1,
e For p € M\ X, there exists an open set U, C M with L, C U, and a diffeomor-
phism

®,: Uy — S x A, V|y, = span{(®)*d(x +iy)} . (2.17)

where A is the unit disc in C and (x, y) the coordinates in R2=C.

We call such charts (UY, dJE,),), and (U, @) the local trivialization charts of the
Mizohata structure.

3 Models of Mizohata Structures

In this section, we give examples of Mizohata structures on compact manifolds. The
first two are the standards structures on the sphere S"*! and on S” x S!. These two
models give a complete description of compact manifolds with abelian fundamental
groups that carry pseudoconvex Mizohata structures (see Sect.6). The third is an
example of a Mizohata structure (with a global first integral) on a manifold with a
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nonabelian fundamental. The fourth is an example of a structure without global first
integral. The fifth is an example of a non-pseudoconvex Mizohata structure.

3.1 Standard Structure on S"+1

The idea for this type of construction goes back to Jacobowitz [7]. Let
S = {x = (x1,..., xn42) € RMT2: x12+~--+x,%+2 =1}.

Denote by A the closure of the unit disc A C C and let

2: S S ALz =x 4 ixn.
Note that if ( = u +iv € A, thenz !(¢)isan (n — 1)-sphere:

7N = (@ v, X3, xag2) € RMZ 02 b a2, = 1 [P,
and if ¢ = e!” € OA, then z71(() is the single point
Z_I(C) ={(coso,sing,0,...,0)}.
Hence 7 is injective on the equatorial circle
¥ = {(x1,%2,0,...,0) e R"2: x} + x5 =1},
and 7 is a fibration with fibre S"~! on §"*!\ . Let
Vo = span(dz) .

Clearly, V, is elliptic on S"*!\ =. To determine the nature of Vy near a point m € X,

we use spherical coordinates. Without loss of generality we can assume that m =
(1,0,...,0). Let 0y, ..., 0,41 € (—1, 1) and write

76, 76 TOn+1
X] = COS —— COS —= - - COS
2 2 2
. mh ) TOpt1
Xp = sih —— cOSs —= - -- COS
2 2 2
g7 w03 T0n41

x3=sinT COS —— --- COS

2 2
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w0y 7"'en—H
N

Xp+1 = sin 5

'/TGn—i-l

Xp+2 = sin 5

In this chart, V) is determined by the form

0 0 .
w=d (COS % ... COoS Tn+1 elﬂ@]/Z)

2
' 9 9 n+1 0.

= jei™/2 COSQ ... COS Tntl d| 6, —iZlogcosh

2 2 e 2
j=2
Since the point m has coordinates ¢y =0, ... 8,41 = 0, then, for §; near 0, we have
) 71'9]‘ 7"9? +
0gCcos —= = ——2L 4 ... |
geos 4

where - - - denote higher order terms, and thus w has the form (2.5). Therefore V)
generates a (standard) pseudoconvex Mizohata structure on $"*1.

3.2 Standard Structure on S" x S!

Let

2

S”:{x=(x1,...,x,,+1)eR"+l:x1+~-~+x,21+1=1}

and
[:S" — [—1,1]; 1(x) = xp41 -

Note that if —1 < a < 1, then [~'(a) is an (n — 1)-sphere of radius v/1 — a2
contained in S*, and if a = %1, then [~!(£1) = {p+} = {(0, ..., 0, £1)}.
For a given p € (0, 1), let
R,={CeC:p<[l<1)

and let R_p be the closure of R,,. Define

— . 1 — 1 .
7p: S" x s' — Ry; zp(x,e'7) = ( 5 pl(x)+ ;—p) e'’.
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Note that if ¢ € R, then z ! (¢) is diffeomorphic to §"~! and that
2, €)= {(pr. €} and 25 (pe') = {(p-. ).
Letxt ={p}xSLE"={p_} xS, and L = Tt U ™. Let
V, = span{dz,} .
It is clear that V), is elliptic on S" x S"\ . To determine V), near a point (p, el’) e

=7, we use coordinates x1, ..., x, near py = (0,...,0, 1) € R*! With respect
to these coordinates, we have

1
l(x)=\/1_(x%+"'+xr2¢)=1—§(x12+"'+x3)+"'

Thus

l—p »
g i

zp(x,eia)z(l— +...+x3)+...)ei0

and dz, defines a pseudoconvex Mizohata structure near £ . Similarly, we can
prove that dz, defines a pseudoconvex Mizohata structure near ¥~ . Therefore V, is
a pseudoconvex Mizohata structure on S” x S! with characteristic set ¥ = ¥ tU X~
and with global first integral z,,.

In the next proposition, we prove that if p # o', the structures 1V, and Vs are not
equivalent.

Proposition 1 Let p, p' € (0, 1) and letV, and V,y be the corresponding Mizohata
structures on S" x S' as constructed above. Then Vy and V,y are equivalent if and

only if p=p'.

Proof Suppose V,, and V,y are equivalent. Then there exists a diffeomorphism W on
S" x S! such that W*V, = V,,. It follows that

d(zpo W) Andzy =0
and so z, oW = H oz, where H : Ry —> R, is a conformal map. We know

from elementary complex analysis that two such annuli are conformally equivalent
ifand only p = p/. O

3.3 Structures with Global First Integrals

Consider again the manifold M = S" x S! equipped with the Mizohata structure Vo
constructed above. Let ay, ..., a, € R, (where R, is the annulus defined above),



Pseudoconvex Mizohata Structures on Compact Manifolds 249
and leteq, ..., €, > 0 be such that
Z(aj,ej) CR,, Z(aj,q) NAag, &) =V, jk<m, j#k,
where A(aj, €;) denotes the disc with center a; and radius €. For each j, let
m
0j=2z,'(Alj.€)) and N=M\[]O;.
j=1
N is an (n + 1)-dimensional compact manifold with boundary
m m
oN =|J00; =] z,"0Aw@], €))) .
j=1 j=1

In N consider the equivalence relation that identifies each fiber of z,, that lies on ON
with a single point. More precisely, if X denotes the equivalence class of x, then

X={x} ifx¢ON and ¥=2z,'(z,(x)) ifx €IN.

Denote by N the quotient space and by ¢ the quotient map. We will equip N witha
differentiable structure in such a way that N becomes a compact manifold (without
boundary) and the function z, o g~ ! generates a Mizohata structure.

First note that N, equipped with the quotient topology, is compact. Since

g: N\ON —> N\g(dN)

is a homeomorphism, then it induces a C* structure on N \g(ON). Now we show
that this structure extends to g (ON). For this consider the map

W S"_IXRP—>S"XS1

W0, rel?) = ((0 cos mer=1-p in m@r—1- p)) ei”) .

20—p) 2(1—p)

W is a diffeomorphism of $" ! x R, onto (§"\{p4, p-}) x S! and we have

. 1— 2 —1— 1 .
zp0 W(0,re'’) = ( 3 p sin W(Zr(l 2 P) —;p) e’

Note that forr = 1 orr = p, We have Zp I W(e’ rei(f) — rei(r' Let § > O be such
that
Aaj,ej +0) N Alar, e +6) =0 if j #k,
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and let

Aj = Aaj, e; +D\A(aj,ej)) = {(eC: ¢; <|¢] <€ +0}.
Define the blowing down map g; as follows:

g S x A; — B"(6) xS'; gj(0,a; +rel%) =0 )r —¢;, ),

where B"(§) = {x € R" : |x|*> < 6}. Note that,

g 8" x (ANC: 1C—ajl =€}) — (B"(D\{0}) x S
is a C* diffeomorphism and that

270, =8"" x {(aj +¢)e’} .

Let _
Ui=qWES" ' xA)).

Then ﬁj is an open neighborhood of the set ¥; = q(z;l(Cj)) in ﬁ where C; is
the circle [ — a;| = €;. Consider the homeomorphism

W;: U — B"0) xS W) =gjoW log™'(m).

It can be verified that W; is compatible on U i\g (z;l (C;)) with the C* structure

defined by ¢ on N\g(ON). Thus, N is a C® compact manifold without boundary.
Let

%0 N — R\ Alaj.e)); Zp) = z,(q~" (7)) .
j=1

Clearly Ep is well defined, surjective, and
dZ,AdZ, #0 on N\TTUZ UZ U---UZ,,

where B _
TF=¢(z%) and T; =q(z, (0A @], €)))),

and dz,, defines a Mizohata structure in a neighborhood of *. It remains to show
that dz,, is also of Mizohata type on X;. For this, we use the expression of z, in the
chart (Uj s ‘-IJ]')I
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7,0 w{;l(x, ¢%) =Z,0q0Wo gj_l(x, el%)

X .
=ZpOW(_a aj +(€j + |x|2)e"7)

|x|
=aj + (ej + |x|?)e”.

Thus ]7,, = span{dz,} is a pseudoconvex Mizohata structure on N with characteristic
set ZtTUZ" U U---UZ,.

3.4 Structures Without Global First Integrals

Let S be a compact Riemann surface without boundary and let Dy, ..., D,;, be m
open sets in S such that each D; is diffeomorphic to the unit disc and such that
DiNDy=0if j #k. Let

m
s'=s\|J b;
j=1
andlet M = S"~! x §’. Then M is an (n + 1)-dimensional manifold with boundary
m
oM =8""x08 =" x| JoD;.
j=1

Letz: M —> S’ be defined by z(, p) = p. Consider the equivalence relation in
M that identifies each fiber of z that lies on M with a single point. That is, if (6, p)
denotes the equivalence class of (6, p), then

@, p)=1{0,p)if p¢dS and @, p) =S"" x{p}if p € dS’.

Let M be the quotient space and g : M —> M be the quotient map. As in the
previous example, M can be equipped with a differentiable structure so that the map
Z: M —> S defined by Z(m) = z o ¢~ (m) generates a pseudoconvex Mizohata
structure on M with characteristic set & = q(OM).

3.5 Non Pseudoconvex Structures

Let M be compact manifold and let f : M — R be a Morse function. The
function ' '
z: M xS' — C, z(m, %) = f(m)e'
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generates a (not necessarily pseudoconvex) Mizohata structure on M x S! with
characteristic set

1
Y= U{mj}XSI,

j=1

where {m1, ..., my} is the set of critical points of f. The signature of the structure
along the component {m ;} x S is the signature of the Hessian of f at m j

4 The Leaf Space

Let (M, V) be a pseudoconvex Mizohata structure on the (n + 1)-dimensional com-
pact and connected manifold M with n > 2. Let

T=3U---UX “.1)

be the characteristic set (the X;’s are the connected components of ¥). For m €
M\X, denote by L,, the leaf through m of the foliation F (V) (note that L,, is
diffeomorphic to S"~!). For m € ¥, we set L,, = {m}. Consider the equivalence
relation ~ on M defined by m ~ m’ if and only if L,, = L,,s. Let R = M/ ~ be the
quotient space, and let

p: M — R “4.2)

be the quotient map. The remainder of this section is devoted to the proof of the
following theorem.

Theorem 4.1 The Mizohata structure V on M induces a structure of Riemann sur-
face with boundary on R. Moreover,

OR = p(X¥) and 7 (R) Em (M),

where 1 (-) denotes the fundamental group.

Since the manifold M is compact, then we can find a collection of charts
{(U]Q, ¢<}}§<=1 and {(U;, ¢q,~}§’=1 such that

K K N
sc v, m=(uv)|ulJus]. (4.3)
j=1 j=1
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and V is trivial over each chart. That is, for each j the following holds
¢(/).: U? — (=LL1)xB", ¢;:U;j — AxS""! where

Vigo = span{(¢})*d(u +i(tf + -+ +1;)} and Vly; = span{(¢;)"d(x +iy))}

4.4
and where (u, t{, ..., t,) are coordinates in (—1, 1) x B" and (x 4 iy) is coordinate
in the disc A. Hence, it follows at once that we have homeomorphisms

p(U})) =(—-1,1)x[0,1) and pU;) =A. 4.5)

These homeomorphisms are achieved via the maps
9y = (¢ (p~ ) and 1 m) = 2(¢;(p~ " ())). (4.6)
where
L, ) =i+ 41D, and z(x +iy,0) =x +iy.

It follows that the family of charts {p(UJQ), 1/13.)}5.(:1 and {p(U;), wj}yzl defines a
complex structure on R. The boundary of R is p(X). Note that, since p is injective
on X, then OR has k connected components.

Now we proceed to prove that w1 (R) = m(M). First we prove some lemmas.
Choose points xo € X and xg = p(xg) € OR as base points for loops in M and
R, respectively. Consider the space C#()) of loops in M that are transversal to the
foliation F(V), i.e. Cx()) consists of smooth loops

d
¥ [0.1] — M, ~7(0) = (1) = xo and d—;y ¢ TioLlywy — (47

We have the following lemmas.

Lemmal Leto : [0,1] —> M be a loop based at xo. Then v is homotopic to a
loop7 € Cr(V).

Proof Let v be a loop in M based at xg. Since M is smooth with dimension > 3
and ¥ is a 1-dimensional submanifold, then we can assume (after replacing v by a
homotopic loop) that  is smooth, that it is an immersion, and that v([0, 1]) N X =
{xo}. Divide [0, 1] into subintervals by points

h=0<t <thh <- - <t <tp=1

suchthatfori = 2,..., p—1,thearc y([t;_1, t;]) is contained in a trivial chart of the
form U; (considered above) and the arcs ~y([o, #1]) and y([¢)—1, t,]) are contained
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in a trivial chart U} = U} 5 xo. Thus
Ul =U)=(-1.1)x B" and Ui =AxS""".
Since U 10 is simply connected, we can assume that
dvy
E(r) ¢ TyoyLyqy for 0<t <1t and t, 1 <t<1. (4.8)

To continue, we need to consider two cases
Case 1 n > 2. In this case each U; is simply connected and v : [ti_1,t] —> U;
is homotopic (with fixed endpoints) to an F())-transversal path. Therefore, v :
[0, 1] — M is homotopic to a loop in Cx(V).
Case 2 n = 2. Consider the arc
v ltp—2,tp—1] — Up— ~AxSh.

Note that 71 (Up—1) = Z. Let m; = ~(t;) and let

Cp—1: [tpflv 1] — Upfl, with Cpfl(tpfl) =mp—1, Cpfl(l) =mp-2, 4.9)

be an arc transversal to the foliation F()). Consider the loop

Yt ity St <tp

cpt(t) ifty g <t <1. &0

op-1: ltp—2,1] — Up—1, op—1(t) = [

Let k € Z be the homotopy class of o,_1. Since Ly,, (2 SY) is a deformation
retract of U1, then we can find a loop

Ui (tpair] —> Ly, Ltp—2) =1() =mps
with homotopy class k (here we are taking r < t,,_1), and an JF (V)-transversal arc
c:[rtp—1] — Up—1, c(r)=mp_2, c(tp—1) =mp_|
such that o1 is homotopic to the loop @ ,_1 defined by
[(t) ift, o <t=<r
Op—1(t) = § c() ifr <t<t,_1 4.11)
cp—1(t) iftp,1 <t <1.

This means that the loop v is homotopic to the loop 7,1 defined by

Y(t) ift €[0,2, 21U [tp-1,1]

~ . 4.12
O'pfl(l‘) ift e [l‘pfz,tpfl]. ( )

Yp—1(1) =
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Note that the nontransversality (if any) of the path v, 1 : [t,—2,1] — M is
carried by the leaf me_z and that me_z CUp-a.
We repeat the argument to construct a loop v, —2:

'Ypfl(t) lft € [0’ tp73] U [tpfzs 1]

A . 4.13
O’p72(t) ifr € [tp—3, tp—2] ( )

Yp—2(t) =

such that 7, _> is homotopic to 7,1 and the nontransversality (if any) of the arc
Yp—2 @ [tp—3,1] —> M is carried by the leaf me_3 C Up—3. By repeating the
argument (p — 1) times, we can construct a loop y; homotopic to ~y and such that
the nontransversality of +y; is carried by the chart U ?. Since U ? is simply connected,
then ; is homotopic to a transversal loop.

Lemma2 Leto : [0,1] —> R be a smooth loop in R based at x. Then there
exists a loop & € Cr(V) such that

o(t)y=poo(t) te[0,1]. (4.14)

Proof We can assume that o ([0, 1]) N R = {x¢}. Let
n=0<t < - <ty <ths1 =1

be such that there exist open sets Do, D1, ... D, = Dy in R satisfying o ([#;, ti+1])
C D; and each U; = p_1 (Dy) is a trivial chart for V. Let

¢o: Uy — (—1,1) x B"

d0(x0) = (0.0). ¢o(ENTp) = (=1, 1) x (0} 1>
be a local trivialization of VV and let
So =¢al (=1, 1) x {(x1,0,...,0): 0<x; < 1}). (4.16)
Then p : So —> Dy is a diffeomorphism and Sy is transversal to F (V). Let
) =p ct)NSy for 0<r<t. (4.17)

The arc o is then transversal to F()). Let
¢1: U —> A x s*1
be a local trivialization of V. Set

(z1,601) = ¢1(G(1)) and S1 =7 (A x {61}). (4.18)
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The surface S is transversal to (V) and p : S — Dj is a diffeomorphism.
Define

S =p loc)NS fort <t<t. (4.19)
The repetition of this construction leads to a path

0:[0,11 — M, poc=o0 (4.20)

such that & is piecewise smooth and transversal to F (). Since p is injective on X,
then & is a loop based at xg. O

Lemma 3 Let o be aloop in R based at X¢. If 51 and 7, are lifts to M of o and are
transversal to F(V), then &1 and 0, are homotopic.

Proof We' can find a subdivision of [0, 1]: tp =0 < f; < --- < t,, = 1 and surfaces
Sos -+ Sy, (i = 1,2) in M transversal to F (V) such that
p: Sy — Di=pEhH, j=1...,mi=1.2
are diffeomorphisms,
i) = p~ N o@) NSk for 1 <1 <t
and that V is trivial over U; = p_1 (D;). Consider a curve of class cl:
I1: 00,11 — p~ (o) 1L(0)=5i(1). Li(1) =5a(11). (4.21)

Define a continuous map

_ F:[0.11x[0.n] — UpC M,

FO,t)=01(¢), F(,t)=0,(1) fort<n (4.22)

F(s,0)=x9 and F(s,1)=1(s) for 0<s<1.

It is clear that this construction can be repeated a number of times to define F on
[0, 1] x [O, f,,—1]. Finally, we define F on [0, 1] x [t,,—1, 1] in such a way that

FO,1) =51(), F(,t) =02() for ty_g <t <1,

F(s,tm_1) = Ly_1(s) and F(s,1)=x9 for 0<s <1, (4.23)

where [,,,_; : [0,1] — p_l(a(tm_l)) is a smooth curve. Then, Fisa homotopy
between & and 05.

Using analogous arguments, we can prove the following lemma.
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Lemma 4 Ifo and o> are homotopic loopsin R (based at X ), then their transversal
lifts 01 and 0, are homotopic in M.

The above lemmas show that the projection map p : M — R induces an
isomorphism p, between the homotopy groups 71 (M) and 71 (R). This completes
the proof of Theorem 4.1.

5 Trivialization in a Neighborhood of ~
and Desingularization of F (V)

Let (M, V) be a pseudoconvex Mizohata structure with characteristic set X on the
(n + 1)-dimensional compact and connected manifold M. Let X; be a connected
component of 2. In Theorem 5.1, we prove that V is trivial in a tubular neighborhood
of X;. Using this trivialization, we construct an (n + 1)-dimensional (noncompact)

manifold X, a codimension two (nonsingular) foliation ‘7-{(3) on X whose leaves are
diffeomorphic to S"~!, and a smooth map IT : X —> M such that IT is a local

diffeomorphism outside the preimage of X and such that IT sends the leaves of ]-{(V)
to those of F (V).

Theorem 5.1 Let (M, V) and X be as above. Then there exist an open set V. C M
with ¥ ; C V and a diffeomorphism

CI>:V—>S1><Bf,

where S' = {¢!” € C, o € R}, B! ={t=(t1,...,t;,) € R", |t| <€}, such that V
is generated, over V, by the exact form

*d((1 — |t]*)e'). (5.1)

To prove this theorem, we need a Morse lemma with parameter on S'.
Lemma5 Letg: R" x S! — R be a C™ function satisfying the following
(1) g(0,¢€%) =0,Ve? e S,
o) . .
) a—g(O, €% =0,¥e" €S Vje(l,...,n}; and

Xj 4 .
(111) Hess(g(0, €'9)) is positive definite for all ¢/ € S!

where Hess(g) denotes the Hessian of the function g with respect to the variable
x € R". Then, there exists a change of coordinates

(v, €'9) = W(x, %) = ((x,e), )



258 A. Meziani
defined in a neighborhood of {0} x S such that

gy, e =y =i+ 432, (5.2)

Proof We use Taylor’s formula to write

g(x, %) = Z/ / 8xjan(sx,eig)xjxkdsdt = x"H(x,e%x, (5.3)

where x” denotes the transpose of the vector x € R" and where H (x, /%) is the
n X n symmetric matrix

1 t 2
( / / 08 (ox.ei) ds dz) . (5.4)

Note that H (0, ¢/?) has positive eigenvalue for all /7. Let R(e!?) be a smooth n x n
nonsingular matrix such that

R(E)T H(0,el%) R(e!7) (5.5)

has positive and distinct eigenvalues. Such matrix R do exist since the set defined by
det(RT HR — \I) = 0 is an algebraic variety of codimension one in GL(n, R) x R

0
while the set given by the two equations, det(R” HR—\I) = 0 and adet(RT HR—
AI) = 0 has codimension two. Consider the change of variables

7= R(E) x. (5.6)
With respect to the variables (z, ¢i?), the function g has the form
g(z,e%) =2 H(z,e')z, (5.7)

where R ‘ ' ‘ .
H(z,e'") = R H(z,e')RE").

Since H (0, ¢'%) has positive and distinct eigenvalues, then H (z,¢'%) has positive and
distinct eigenvalues for each e/ € S! and for |z| small enough. Let Ay, ..., \, be the
eigenvalues of H (z, /7). Note that since the Aj’s are simple roots of the characterlstlc
polynomial of H(z,¢%), then they depend smoothly on the variable (z, €'7). For each
J the eigenspace S; associated with the eigenvalue A; is one-dimensional. Thus the
linear equation

(H=\Du=0 (5.8)
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for u = (uy, ..., uy,) is equivalent (Gaussian elimination) to a system of (n — 1)
equations of the form

E1(z,euy + -+ E1n(z,€%)u, =0
; (5.9)
En-11(z, € ui + -+ Eu-1)n(z, €y =0

where the (n — 1) x n matrix £ = (E,-_ 7) has rank n — 1. We can therefore take for a
nonzero solution of (5.8) the vector u/ whose k-th component is

. En - Eig-n  Eigrn o0 En
uj = (—1)/ T det : : : (5.10)
En-11 - Ea-Dk=1) Ea=1)k+1) =+ E—1n
‘ u’
For each j let v/ = m and consider the orthogonal matrix
u
P e = (v e, @)
Clearly for |z| small we have
P(z,¢) H(z, ¢ P(z,¢'7) = D(z,¢"%), (5.11)
where D is the diagonal matrix with the A;’s on the diagonal. Hence
ioy __ ioNT T io io\T
8(z,e"%) = (P(z,e'7) 2)" D(z,¢e'7) P(z,€'7) z. (5.12)
If we let w = PTz, then
n
gw, ) =>" Xz e Hw?. (5.13)

j=1

Finally, with respect to the coordinates y; = /\;(z, elo) wj (j=1,...,n), the
function g has the desired form of the lemma. O

Proof of Theorem 5.1 Let p : M — R be the quotient map considered in Sect. 4,
C; = p(Zj), and let O be a tubular neighborhood of C; in R such that O is
diffeomorphic to S! x [0, 1). We use the uniformization theorem of the planar
domain O (see [13]) to find a conformal map

f:0 —C (5.14)
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such that f(0) C Aand f : C; — O0A is a diffeomorphism. Let 0= p~10).
Then O is an open neighborhood of ¥; in M and

Vg = span{d(fop)}. (5.15)

Now let U be a tubular neighborhood of X ; contained in O and such that there exists
a diffeomorphism

A:S'xB" — U, AS'x{0h=73;. (5.16)
Consider the function F defined on S' x B" by
F(%, x)= fopoA(, x). (5.17)

The differential form d F generates a pseudoconvex Mizohata structure on S! x B”
whose characteristic set is S! x {0}. Note that the restriction Fy of F to S x {0} is
a diffeomorphism onto A. Consider the diffeomorphisms

G:S!x B" — Sl x B", G(e'?, x) = (Fo_l(ei”),x) and (5.18)

A:S'xB" — U A=A0G. ’
The differential of the function F = F o G generates a pseudoconvex Mizohata
structure on S! x B” with characteristic set S! x {0} and such that F(e/?, 0) = e'°.
In fact A*V = span{d F'}. We write

F(el?,x) = (1 — N(el, x))ei®C"0) (5.19)

where N =1 — |f | and O is the argument of F. It follows from the construction of
F that

O@E.0) =0, NE7,00=0 g—N(e"”,O)=0 G=1....m (520
Xj

and that Hess(N) is positive definite on S' x {0}. We start by taking coordinates
X' =x,0 =0, x)near S! x {0}. With respect to these coordinates the function
F has the form

F&',o) = (1 = N@&', o'))e .

Since the function N satisfies the hypotheses of Lemma 5, then we can find new
coordinates x” and 0" = ¢’ in which F has the form

F\(x”, oy = (1— |x//|)ei<7” )

This completes the proof of the theorem. |
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Theorem 5.2 Let M, V, and ¥ be as above. Then there exist a manifold X, a
(nonsingular) codimension two foliation F(V) on X, and amap I1 : X — M
with the following properties

(1) s=1"! (X) is a compact n-dimensional submanifold of X ;

(2) I1: X\f —> M\X is a local diffeomorphism;

(3) FV) =TIT"(F(V)) on X\X; and

(4) there exists a component M of X\f such that T1: M —> M\ X is a diffeo-
morphism.

Proof Suppose that £ has k components X1, ..., Xi. It follows from Theorem 5.1
that we can find an open neighborhood U of X; in M and an embedding

®: M — RZxR"xR?
such that

Q) =S'x B" x {0}, ®(Z))=S' x {0} x {0}, (521)
V|y = span{ ®*d((1 — |x|*)e!)} where x € R" and e!” € S' c R?. :
Furthermore, we can assume (by increasing the dimension d and deforming the
mapping @ if necessary) that

(M) N (R? x {0} x RY) = &(U) N (R? x {0} x RY) 529
=S! x {0} x {0}. (5.22)

Now consider the map (spherical coordinates in R")

B : R2xS" ! x(—=1,00) x RY — RZ x R" x R?,

Bi(p,0,r,v) = (p,rf,v) (5.23)

It is clear that the following restrictions of Bj are diffeomorphisms

Bi: R?2x §" 1 x (0,00) x R — R? x (R"\{0}) x R?,
Bi: R2x "1 x (=1,0) x RY — R? x (B"\{0}) x R?.

Moreover,
B '(R? x {0} x RY) = R? x §"~! x {0} x R? and
* 2\al0 2\alo (5‘24)
BY((1 — [x[9)e'?) = (1 — |x[)e'”.
Let
M : X, =B ' (M) — M, Ti(p)=>"oBi(p). (5.25)
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Then clearly Hfl (21) is a compact n-dimensional submanifold of X that divides
X into two components

M =X NR? x " ! x (0,00) x RY) and

Uy =XiNER?> x "1 x (=1,0) x RY). (5:26)
It follows from the properties of By and & that
M : My — M\X; and II;: U3 — U\X; (5.27)

are diffeomorphisms and that the lift via IT; of F (V) is defined near H;l (X)) by
the nonsingular differential forms {do, dr} (see (5.21) and (5.24)). Thus the map
1'[1_1 desingularizes the foliation along X1 and V* = II} (V) defines a pseudoconvex
Mizohata structure on M| whose characteristic set is

m ' () u--un (S (5.28)

We repeat this construction (k — 1) times to produce a manifold X and foliation
F (V) satisfying the conditions of the theorem. ]

Remark 5.1 Let R be the leaf space of F WMandp: X — R be the g\uotlent map
Then R is a Riemann surface (without boundary) and p : X —> R isan S"~
bundle. It follows from Theorem 5.2 that R (leaf space of F(V)) can be viewed as
a submamfold of R and el (ﬁ) = m1(R). Another way of viewing the relationship
between R and R is by considering the compact Riemann surface (without) boundary
R obtained by gluing two copies of R along their boundaries. The surface R is then
an e-neighborhood of R in R.

6 Pseudoconvex Mizohata Structures on Manifolds
with Abelian Fundamental Groups

We say that two Mizohata structures (M, V) and (M’, V') are equivalent if there
exists a diffeomorphism ® : M — M’ such that ®*)’ = V. In this section,
we prove that the only simply connected compact manifold capable of carrying a
pseudoconvex Mizohata structure is the sphere S” ! and that the structure is equiva-
lent to the standard structure given in Sect. 3.4 We also prove that if M has a nontrivial
abelian fundamental group and carries a pseudoconvex Mizohata structure, then it
is equivalent to (S! x S”, V,) where V,, (with 0 < p < 1) is the Mizohata structure
given in Sect.3.2.

Theorem 6.1 Let (M, V) be a pseudoconvex Mizohata structure on the (n + 1)-
dimensional compact manifold M. Then (M, V) is equivalent to (S"1, Vo), where
Vo is the standard structure on the sphere S"*! given in Sect. 3.1.
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Theorem 6.2 Let (M,V) be a pseudoconvex Mizohata structure on the (n + 1)-
dimensional compact manifold M. If m1(M) is nontrivial and abelian, then (M, V)
is equivalent to the structure (S1 x §",V,) for some 0 < p < 1, where V, is the
structure defined in Sect. 3.2.

Proof of Theorem 6.1 LetI1 : X —> M be the desiﬂgularization map of F (V) (see
Theorem 5.2) andlet p : M —> R, p: X —> R be the quotient maps onto the
leaf spaces. Since M is simply connected, then

T(R) =1 (R) = m(M) =0, (6.1)
(see Theorem 4.1 and Remark 5.1). Thus R and R are simply connected Riemann
surfac§§ (R with boundary). Since (X, R, p) is a fiber bundle with fiber s~ and
since R is contractible, then there exists a diffeomorphism
d: X — RxS! 6.2)
such that p o D = p, where p : R x s*! — R is the projection map. Let
S =I""S)and M C X besuchthat TT : M —> M\X is a diffeomorphism
(Theorem 5.2). When R is considered a submanifold of R, the map
®: MUS — RxS"!
satisfies pj o ® = p. Let
fiR— A={(eC, (<1} (6.3)
be a conformal mapping and let
F:RxS"' — AxS"', F(p,0) = (f(p),0). (6.4)

Consider the maps

V:MUE — A F
5 HUS — 5 (6.5)

It follows that p = p; o U, where p; : A x S"~! —> A is the projection map.
Now consider the (blowing down) map

Bo: A xS — s By(rel?, 0) = (ei(’ sin %,  cos %) . (6.6
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It can be verified that the map W in the following commutative diagram is a diffeo-
morphism

ﬂU'E\LZXS"_I

nl lBO (6.7)

M v Sn+1

The bundle V' = (¥~ 1)*V defines a pseudoconvex Mizohata structure on sntl
whose characteristic set is the equatorial circle

o ={(x1,x2,0,...,0) € S"T}.

To complete the proof of the theorem, we need to show that (S"*!, V") is equivalent
to the standard structure (S"*!, V). Note that the codimension two foliations F (V)
and F (V') defined by Vy and V' have the same leaves. Let F T be the transversal
foliation defined on S"*! as follows. For (p € A and 6y € S"~! define the leaf of
FT through the point By(Co, fo) to be

L By(Go.0) = Bo(A x {6o}). (6.8)

Finally, the diffeomorphism

G: S — "™ Gm) =Ly Nz (2(m)), (6.9)
where B _
z20: " — A and z: 8" — A

are first integrals of V and V', respectively, satisfies G*Vo = V. ]

Proof of Theorem 6.2 Let I1 : X —> M be the desingularization map of F(}’) and
p:M— R, D: X — R be the quotient maps onto the leaf spaces. Since any
Riemann surface with a nontrivial fundamental group is a topological cylinder, then
it follows from Theorem 4.1 that

M ZmR)ZEm(R)=Z. (6.10)

The characteristic set of V has two connected components ¥ and ¥ ™. We use the
uniformization theorem (see [13]) to find a conformal mapping

f:R— R, ={CeC: p=|(l=1} (6.11)

for some unique p € (0, 1). When the surface R is viewed as a submanifold (with
boundary) of R (see Remark 5.1), the map f can be extended to a diffeomorphism



Pseudoconvex Mizohata Structures on Compact Manifolds 265
f:R— R,c={CeC: p—e<|¢|<1+¢}, (6.12)

for some € > 0, such that f: f on R. Note that we are not imposing on fto be
conformal on R\ R. Let

T:X — (p—ecl4e, T =I|FHx). (6.13)
Then T is a submersion and
Tl ZS'xS" ! Vre(p—e1+46. (6.14)

Thus T generates a fiber bundle on the (contractible) interval (p —e 14-¢). Therefore
there exists a diffeomorphism

U:X — (p—e,1+6) xS xs"! (6.15)
suchthat T = pj o \TJ, where
P (p—e 1+6 xS! xS (p—e,1+¢€
is the projection map. Let M C XbesuchthatTl: M — M \X is a diffeomor-

phism (Theorem 5.2) and let st =11"! (T%). It follows from the above discussion
that the following diagram commutes

HUStUS — Y [p 1] xSt x s
ponl lpl (6.16)
R . R,
and that
UEH={1}xS'xS"", UE)={p}xS' xs"!,
where the map pg is defined by p; (r, el?, 0) = rel?. Let

By: [p 1] xS x s — Sl x§",

@r—1-pr  @r—1- p)ﬂ)) (6.17)

Bo(r,e'?,80) = (e, (6 cos ,
2—-2p 2—-2p

It can be verified that the map

U: M — S'xS", Wim)=ByoWoll '(m) (6.18)
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is a diffeomorphism and that V' = (W~H*Visa pseudoconvex Mizohata structure
on'S! x S" with characteristic set

¥ =3 U, ,with 57 =S! x {A*},and AT = (0,...,0,£1) € $".

To prove that (S! x §", V') is equivalent to the standard structure (St x s7, V)
(of Sect.3.2), we can use an argument similar to that used at the end of the proof of
Theorem 6.1. O
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