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Complex Analysis and Applications '13
(Proc. of International Conference, Sofia, 31 Oct.-2 Nov. 2013)

Preface

ACADEMICIAN LJUBOMIR ILIEV AND
THE DAY OF NATIONAL LEADERS

Virginia Kiryakova

Academician Ljubomir Iliev was born on April 20, 1913. The centenary of
his birthday was celebrated partly by the Bulgarian mathematical community
yet in April, in the frames of the traditional Spring Conference of the Union
of Bulgarian Mathematicians. However, the section “Analysis, Geometry and
Topology” as a successor of the “Complex Analysis” section founded by him,
chose to host this memorial conference at the Institute (whose building of 1972 is
considered to a great extent as his personal achievement) and to open it exactly
on November 1, the Bulgarian Day of National Leaders.

The Day of National Leaders, called also National Revival Day, is a Bul-
garian national holiday celebrated each year on November 1. It is to honor the
leaders of the National Revival period, the Bulgarian educators, revolutionaries,
spiritual mentors and scholars. A ritual raising of the national flag and official
change of guards happen in front of the main entrance of the Presidential Ad-
ministration, together with festival events, parades and torchlight processions
organized by the universities, scientific institutions, religious and spiritual cen-
ters over the country. It is a festival of the historical memory and of our national
self-confidence standing for year after year during the centuries of slavery, vio-
lence and people’s suffering under foreign oppression, led and supported morally
by these great men and women.

The Day of National Leaders arose in the difficult time of spiritual ruin after
the First World War. The Bulgarian society collapsed the Renaissance ideals.
For many, it was clear the real threat of disintegration of our national values.
At that time Bulgarians chose the experience of their society, and stared at the
great leaders of the Bulgarian spiritual past to find the way back to their equilib-
rium and stability as a nation. For the first time, this holiday was celebrated in
the town of Plovdiv in 1909. Until then and nowadays, the date of November 1
is celebrated (in calendar’s old style) as the Day of St. Ivan (John) Rilski (also,
a commemoration of All Saints, or known as All Hallows’ Day in many countries
throughout the world). He is honored as the patron-saint of the Bulgarian people
and as one of the most important saints in the Bulgarian Orthodox Church.
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In 1922, the National Assembly declared this holiday for all “deserving Bul-
garians”: “Let the day of St. John of Rila be a Day of National Leaders in
celebration of the greatest Bulgarians, to awake in young people the good sense
of existence and interest towards the figures of our past...”. Since 1945 these
celebrations have been temporarily interrupted and afterwards, revived by an
act adopted by the 36th National Assembly in 1992, to resume the tradition of
the feast. But yet since 1991 the Union of Scientists in Bulgaria has adopted
the National Leaders Day also as a Day of Bulgarian Science! This Union is
a co-organizer of our memorial Conference and we like to acknowledge their
sponsorship.

Among the most popular Bulgarian national leaders are St. Ivan (John) of
Rila, St. Paisius of Hilendar (Paisij Hilendarski), Sofronij Vrachanski, Gregory
Tsamblak, Konstantin Kostenechki, Vladislav the Grammarian, Matthew the
Grammarian, Neophyte Bozveli, brothers Dimitar and Konstantin Miladinovi,
Georgi Sava Rakovsky, Vasil Levski, Hristo Botev, Stefan Karadza, Hadji Dim-
itar, Ljuben Karavelov, Dobri Chintulov, Ivan Vazov, and many others. And
among them, the name of Academician Ljubomir Iliev finds place without any
doubt!

He was born in the town of Veliko Tarnovo (with a meaning “Great” Tarnovo)
referred also as the “City of the Tsars” (Emperors) and being the historical cap-
ital of the Second Bulgarian Empire (1185 — 1396). In the Middle Ages, the city
was among the main European centres of culture and gave its name to the
architecture of the Tarnovo Artistic School, painting of the Tarnovo Artistic
School and literature; a quasi-cosmopolitan city, with many foreign merchants
and envoys (incl. Armenians, Jewishes and Roman Catholics) besides a domi-
nant Bulgarian population. May be, this town’s origin was one of the reasons for
Iliev to feel himself not only as a Bulgarian (proving by all his life and contribu-
tions to be a “deserving” one), but also a citizen of the World. He graduated the
male secondary school there, then finished his mathematical education in 1936
at the Physics-Mathematics Department of Sofia University. L. Iliev had been a
teacher in a Sofia secondary school, worked as Assistant Prof. (1941), Associate
Prof. (1947), Full Prof. (1952) and head of “Advanced Analysis” Dept. (since
1952) at the University. Obtained his PhD degree in 1938, and Dr.Sc. - in 1958,
became a Corresponding Member of Bulgarian Academy of Sciences (BAS) in
1958, and Member of Academy since 1967. He was the Director of our Institute
(1964-1988); General scientific secretary for a long time and Vice-president of
BAS (1968-1973); Vice-Rector of the Sofia University; long-term President of the
Union of Scientists in Bulgaria and of the Union of Bulgarian Mathematicians;
etc.
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Among the topics of his scientific interests were: analytic and entire func-
tions theory, zeroes of polynomials, univalent functions, analytical non-expenda-
bility of series, methodology of science and education, development of computer
science, etc. He is author of a great number of mathematical papers, mono-
graphs and university textbooks, see List of his publications in this volume.

The scientific contributions and the impressive international activities of
Acad. Iliev gave him a series of worldwide recognitions, among them — foreign
memberships of Soviet (now Russian) Academy of Sciences, of the German Acad-
emy (then of German Democratic Republic), of the Hungarian Academy; Doctor
Honoris Causa of Technical University - Drezden; President of the Council of the
International Mathematical Center “St. Banach” - Warsaw (1974-1977); Chair
of Balkan Mathematical Union (now inherited by MASSEE), Vice-President of
International Federation for Information Processing; etc, etc.

But let us stress in this note on some of his contributions to the Bulgarian
culture, education and science as a human consciously being Bulgarian and be-
longing to Bulgaria. Enormous are his activities and achievements in favor of
the modern education in Mathematics and Informatics in our country, both in
schools and universities. Just to mention the creation of the specialized mathe-
matical high schools, the special attention arranged to the talented pupils, the
introduction of the 3-cycles of higher education qualifications (Bachelor - Mag-
ister - Ph.D.) in Sofia University yet in 1970, long time before other European
universities introduced it (as the so-called Bologna process, since 1999), etc.

It is common to speak about “Iliev’s era” in the development of Bulgarian
mathematics. Among many other ideas and achievements, he devoted much
efforts to his goal to develop a wide range of research topics in the Institute, as
wide as to cover almost all items in Mathematics Subject Classification. It was
an era when this Institute (named either Mathematical Institute with Comput-
ing Centre, or Institute of Mathematics and Mechanics, or enlarged as United
Centre for Mathematics and Mechanics including also the corresponding Fac-
ulty of Sofia University) incorporated several departments with more than 500
scholars in all areas of pure and applied mathematics, mechanics and computer
sciences.

Iliev had his leading role in introducing the Computer Science and Compu-
tational Technique in Bulgaria, developed in frames of Mathematical Science.
The first Bulgarian Computing Centre (1961), the first Bulgarian Computer
“Vitosha” (1963), the Bulgarian calculator “Elka” (1965) - the 4th electronic
calculator in the world (after the British, Italian and Japanese, and the first
one (!) executing square root function) — are all projects initiated and estab-
lished under his close guidance, sometimes with the risque he took on himself
to arque with the political officials, as “Cybernetics” has been considered then
as a wrong Western influence. Along with construction of the hardware, Acad.
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Iliev’s project included a well planned care to create the necessary scholars for
the Informatics era, introducing courses in numerical mathematics and math-
ematical programming, arranging scholarships and PhD studies abroad for the
“new people” necessary for the “new” era of Information Technologies.

Most of Iliev’s power was hidden in his organizational abilities and activities.
He was a real leader of the mathematical life in Bulgaria, and did this with a
gift from nature and endless enthusiasm. Just to mention his policy to organize
in Bulgaria a series of big international mathematical congresses, followed by
more specialized (topical) international conferences, where in the time of the
Iron curtain, mathematicians from both Eastern and Western countries could
come to Bulgaria to meet and exchange ideas and experience. This was a real
phenomenon, not commonly possible in that era. Thus, the Bulgarian mathe-
matics, the country’s culture, the old history and the state itself, were not only
opened to the World but could serve as a bridge between its two parts.

Among the hobbies of Acad. Iliev related to Bulgarian history and culture,
it is worth to mention that he was a devoted numismatist. This was not only to
collect coins, but to touch sources of authentic information on our history and
culture, a possibility to develop his own theories and hypotheses. Another trend
of dedication to the Bulgarian history and culture, was his initiative to name
mathematical journals and books series founded by him, after purely Bulgarian
words from history, having nothing in common (at first sight) with their mathe-
matical contents. Such are the Bulgarian Mathematical Journal “Serdica”, the
Proceedings “Pliska” (both after old Bulgarian capitals), the series of mathe-
matical monographs “Az Buki” (with the meaning: the first 2 letters of the
Bulgarian alphabet), etc.

Finally, let us say few words of acknowledgements to Acad. L. Iliev of behalf
of our section, as he founded it and was its first Head (during 1962-1988). The
“Complex Analysis” (CA) section was one of the first departments to form the
structure of Institute of Mathematics and Informatics (IMI) at Bulgarian Acad-
emy of Sciences (BAS) with clearly specialized subjects and serious scientific po-
tential. It was among the departments that inherited the department “Advanced
Analysis”, directed by Acad. L. Tchakalov until 1962. In 1962 the departments
“Complex Analysis” (with a head Corr. Member of BAS (then) L. Iliev), “Real
and Functional Analysis” and “Differential Equations” were formed. From the
beginning of its independent existence, the department “CA” achieved signifi-
cant development both thematically and staff wise. Along with the traditional
topics from the classical function theory - geometric function theory, distribution
of zeroes of entire and meromorphic functions - new trends as several complex
variables functions, complex geometry, special functions, integral transforms,
fractional and operational calculi found place. Since 2010, Section “CA” joined
with the former IMI sections “Real and Functional Analysis” and “Geometry
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and Topology”, and is presently named as a new section “Analysis, Geometry
and Topology” (AGT) — the Organizer of this memorial Conference. Several
scientific groups work now in the following directions: Functions of One Com-
plex Variable; Functions of Several Complex Variables and Complex Geometry;
Transform Methods, Special Functions, Fractional and Operational Calculi; Ge-
ometry and Topology, etc. Currently, the section “AGT” consists of more than
20 members, being one of the most numerous departments at IMI.

Under the initiation and guidance of Academician L. Iliev, our department
organized the series of international conferences “Complex Analysis and Appli-
cations” in the town of Varna (on Black Sea), held in 1981, 1983, 1985, 1987,
1991, where a great number of foreign and Bulgarian mathematicians took part.
Thus the name of the present meeting has been chosen as a re-make of these
conferences and to commemorate the role of their chairman. Here is to mention
that Acad. Iliev had remarkable skills in organization of scientific events in local
and international aspects. But he also left traditions and devotedly taught us
and our colleagues how such congresses and conferences should be organized.

And if you have been satisfied by the organization of this “CAA ’13” meeting,
our aim has been to make it a worthy analytical continuation (although in
smaller scale of participants) of the previous “CAA” conferences ...

Chair of International Program Committee of “CAA 18”7
and on behalf of the “AGT” section —

Institute of Mathematics and Informatics, Bulgarian Academy of Sciences
“Acad. G. Bontchev” Str., Block 8, Sofia — 1113, BULGARIA

AKAJIEMHK

JMOBOMHP HJITHEB
1913 - 2000

Haut-relief of Acad. Ljubomir Iliev
opened Nov. 1, 2013 on the entrance facade of Institute
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ACADEMICIAN LJUBOMIR ILIEV — LEADER
OF THE BULGARIAN MATHEMATICAL COMMUNITY

(ON THE OCCASION OF HIS CENTENARY)

Blagovest Sendov

Abstract

As his student and close collaborator for many years, I have had the opportu-
nity on many occasions to speak and write about the rich and fruitful activities
of Academician Ljubomir Iliev, a leading Bulgarian mathematician and a leader
of the Bulgarian mathematical community, for more details see for example [1]
- [4].

On the occasion of his centenary, it is natural to try to evaluate his achieve-
ments in perspective. Among the Bulgarian mathematicians, active during the
middle of the last century, Ljubomir Iliev takes the place after Nikola Obreshkoff
and Ljubomir Tschakaloff. His results in complex analysis, namely on schlicht
(univalent) functions, analytic inextensibility and overconvergence of series, dis-
tributions of the zeros of polynomials and entire functions, having integral rep-
resentation, the inequality of Poul Turan and others, are part of the contempo-
rary mathematics and are cited by today’s researchers. All this is enough to call
Academician Ljubomir Iliev one of the leading Bulgarian mathematicians in all
history.

MSC 2010: 01A60, 01A70, 97-XX, 68-03, 30-XX

Key Words and Phrases: history of mathematics - 20th century; functions of
a complex variable; secondary schools and university education in mathematics
and computer science; development of mathematics, computer science, infor-
mation processing, electronics and computer industry in Bulgaria; electronic
calculator; first Bulgarian computer

*

This is really true and a generally accepted fact, but Ljubomir Iliev was not
only a leading Bulgarian mathematician, we may name among many others.
What is very important and specific is, that Academician Ljubomir Iliev was
an outstanding leader of the Bulgarian mathematical community. He had the
vision and the ambition to work and organize, during his long active live, all

© 2013 IMI — BAS, Sofia pp. 6-9
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avenues of the mathematical developments in Bulgaria. Today, after the radical
political and economic changes in our country, not everything achieved in the
past is evaluated without personal emotions. We shall try to present several
things connected with the name of Ljubomir Iliev, which are not disputable.

His first important contribution is in the development of Bulgarian math-
ematical education at all levels. As a Vice Rector of the University of Sofia
“St. Kliment Ohridski”, Ljubomir Iliev made a very important step for improv-
ing the quality of higher education in mathematics for preparing professional
mathematicians and researchers. In 1950, in the Physics and Mathematics Fac-
ulty of the University were formed special groups for professional mathemati-
cians, which were in fact a magistrature. In addition, with the decisive help of
Ljubomir Iliev, 30 secondary schools specializing in mathematics were opened
all over the country and one National mathematical gymnasium was opened
in Sofia. Up to now, these specialized mathematical schools have played an
extremely important role in maintaining the quality of secondary education.
There have been many attempts to close these elite schools, or transform them
but, they always manage to survive.

A very fruitful activity of Ljubomir Iliev is associated with the Bulgarian
Mathematical Union. He helped, together with many other mathematicians and
physicists, with the re-establishment of the Bulgarian Physics and Mathematics
Society and the separation, afterwards into two unions. A unique character-
istic of the Bulgarian Mathematical Union, inspired by the tradition and the
leadership of Ljubomir Iliev is the unity of all Bulgarian mathematicians in a
single professional organization, combining teachers in secondary schools and
those working in the universities and in the Bulgarian Academy of Sciences.
A demonstration of this unity is shown in the traditional Spring Mathematical
Conferences, where students, teachers and researchers meet together every year
in April.

Academician Ljubomir Iliev was the initiator and supporter of the develop-
ment of informatics and computer science in Bulgaria. He started by proposing
in 1959 the creation of the first course in numerical analysis, and after 1961,
many other courses, which prepared the first specialists in applied mathematics
and programming in Bulgaria.

One of the main projects of Ljubomir Iliev was the establishment of the
First Bulgarian computer center, created in 1962 jointly under the Bulgarian
Academy of Sciences and the University of Sofia “St. Kliment Ohridski”. It
took a tremendous efforts and organizational talent to select a group of engi-
neers, mathematicians an technicians to build the first Bulgarian digital elec-
tronic computer, which became operational in 1963. These pioneering efforts
turned out to be the basis for the development of the Bulgarian electronics and
computer industry. It is mostly forgotten today, that in the First Bulgarian
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computer center was designed and built one of the first electronic calculators in
the world called “Elka”. This electronic calculator was advertised in The Finan-
cial Times and sold in Great Britain in 1968. “Elka” was the step to the popular
in the former communist countries electronic computer “Pravetz”, produced in
the electronic factories in the Bulgarian town Pravetz.

As a pioneer in the development of information processing, Ljubomir Iliev
believed that eventually, Informatics will become a natural part of Mathematics.
He was very active in international cooperation and became Vice President of
the International Federation for Information Processing (IFIP). The Bulgarian
membership in IFIP was a very good opportunity for many Bulgarian specialists
to be in contact with the world leaders in the field.

As the General scientific secretary of the Bulgarian Academy of Sciences
and for long time the Vice President of the Academy and Director of the Math-
ematical Institute (nowadays, Institute of Mathematics and Informatics - Bulg.
Acad. Sci.), Ljubomir Iliev used all his influence for the benefit of the Bulgar-
ian mathematical community. First of all, he introduced a concrete plan for the
structure of the Mathematical Institute based on a theory for the structure of
mathematical science itself. His ambition was to open opportunities in our coun-
try for the development of all branches of contemporary mathematics. Ljubomir
Iliev defended the necessity to build a separate building for a big Institute of
Mathematics and Informatics and succeeded in finishing this building. It is just
a recognition of these efforts, that on the occasion of his centenary, a memorial
relief of Ljubomir Iliev is on the front wall of this building.

Academician Ljubomir Iliev was a devoted patriot. In the center of the
motivation for every one of his projects was the benefit for his country. He used
every opportunity to show that Bulgaria is a country with a rich culture, long
history, talented people and a prosperous future. He cared especially for the
young mathematicians, who show capacity for research and leadership. One of
his popular formulas was: “For the new fields of research - new young people”.
Even in the period of the Cold War, Ljubomir Iliev was trying to fulfill his
principle about the specialization of young scientists in Bulgaria: “Every young
scientist has to have at least one specialization in the East and one in the West”.
A leader is a leader, not because he is on top, but because he cares for the people
he leads.

All the activities of Ljubomir Iliev as the leader of the Bulgarian mathe-
matical community took place during the so-called totalitarian period. The big
political and economic changes and the complete democratization of the country
is accompanied by emotional criticism of almost everything created during the
totalitarian regime. Nevertheless, everything done by Ljubomir Iliev is for the
benefit of Bulgaria and its value is invariant under every political transforma-
tion.
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ACADEMICIAN LJUBOMIR ILIEV
AND THE CLASSICAL COMPLEX ANALYSIS

Peter Rusev

Abstract

Academician Ljubomir Georgiev Iliev was born in 1913, 25 years after the
establishment of the first Bulgarian institution of higher education and 10 years
after its renaming as University. Next year the future academicians Kyril Popov,
Ivan Tzenov and Ljubomir Tchakalov attained academic ranks as associate pro-
fessors at the Faculty of Physics and Mathematics (of the Sofia University).
They were successors and followers of the work of the pioneers of the higher ed-
ucation in mathematics in Bulgaria Emanuil Ivanov, Marin Batchevarov, Atanas
Tinterov, Spiridon Ganev and Anton Shourek. Eight years later the future aca-
demician Nikola Obrechkov became also their colleague.

Popov and Tchakalov, who had defended their theses at European Univer-
sities, transferred the spirit of cultivating the mathematical science from the
most prestigious scientific centers. The seminars under their guidance with the
active participation of Obrechkov, being still a student, became ”incubators” of
young enthusiasts — future teachers at the Sofia University and at the arising
Institutions of higher technical education. Among them, was Ljubomir Iliev,
one of the most talented of their followers, one of the most brilliant from the
third generation of Bulgarian mathematicians.

On the occasion of the 100th anniversary of the birth of Ljubomir Iliev and
this current remake of the international conferences “Complex Analysis and
Applications” (held in Varna, 1981, 1983, 1985, 1987) that were initiated and
organized under his guidance, we try to present a short survey of some of his
contributions to topics of the classical complex analysis.

MSC 2010: 30-XX; 30-03; 30B40, 30B50; 30C15; 30C45

Key Words and Phrases: functions of one complex variable; zeros of en-
tire functions; analytical non-continuable power and Dirichlet series; classes of
univalent functions
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1. Zeros of entire Fourier transforms

In 1737, L. Euler defined the function ¢ by means of the equality

1
C(O-) = Z TLT’ o> 17
n=1
and pointed out the validity of the representation

1\ !
(o) =11 (1—])0) ,
peEP
where P is the set of prime numbers.
In his memoir Uber die Anzahl der Primzahlen unter einer gegebenen Grisse,
Monatsber. der Konigl. Preuss. Akad. der Wiss. zu Berlin aus dem Jahr 1859
(1860), 671-680, B. Riemann extended Euler’s definition by the equality

((S)ZZexp (—s logn), s=o+it, o >1, teR.
n=1

The functional equation
72 T(s)¢(s) = 7179 T(1 = 5)¢(1 - 5), (1)

bearing his name, realizes analytical continuation of this function in the whole
complex plane as a meromorphic function with a single pole at the point s = 1.
From (1) it follows, in particular, that the points —2k, k € N are its simple zeros.

In the same memoir, Riemann stated the famous hypothesis which is neither
proved nor rejected till now, namely that the function ¢, except this zeros named
trivial, has infinitely many others and that all they are on the line Re s = 1/2.
It is equivalent to the hypothesis that the introduced by him entire function

£(z) = s(s = )m2T(s/2)¢(s), s =1/2+2,
has only real zeros.

At the end of the 19" century but mostly in the first decades of 20" one,
the efforts of many mathematicians including first-class ones as Jensen, Pdlya,
Hardy and Titchmarsh turn to the problem of zero-distribution of entire func-
tions defined as Fourier transforms of the kind

b

/F(t) exp(izt)dt, —oo<a<b< .
a
Indisputable motive for their investigations is Riemann’s representation of
the function ¢ in this form with an even function F' on the interval (—oo, o).
The first Bulgarian publications in this field, due to T'chakalov and Obrechkov,

are influenced by the results of Pdlya about the zero-distribution of the entire
functions of the kind
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/f(t) exp(izt)dt, 0<a< oo (2)

and of their particular cases
a

/ f(t)coszt dt (3)

0
and

/ f(t) sin zt dt. (4)
0

This direction becomes a field of intensive studies of academician Iliev.

An essential role in Pdlya’s investigations plays an algebraic statement, most
frequently called theorem of Kakeya, saying that if ap < a1 < -+ < ap,n € N,
then the zeros of the polynomials

n
e
k=0

are in the unit disk D := {z € C: |z| < 1}. Using it and applying the method
of variation of the argument, Polya obtains his famous result for reality and
mutually interlacing of the zeros of the entire functions (3) and (4), provided
the function f is positive and increasing in the interval (0, a).

Another approach to the problem of zero-distribution of entire functions of
the kind (3) and (4) is due to academician Iliev. It is based on his result that
if the zeros of the algebraic polynomial P of degree n € N are in the region
{z € C:|z| > 1} and P* is the polynomial defined by P*(z) = 2" P(1/Z), then
the zeros of the polynomial

P(2) +72"P*(2), |7l =1, k € N,
are on the unit circle. This assertion, as well as the successful use of an alge-
braic result of N. Obrechkov, lead to one of the most essential achievements of
academician Iliev. It says that if the function f is positive and increasing in the

interval (0,a),0 < a < oo, and the zeros of the algebraic polynomial p are in
the strip {z € C : A < Re z < pu}, then the zeros of the polynomial

/ SO {p(z + 1) +4p(z — O} dt, || =1, (5)
0

are in the same strip too. The classical results of Pdlya can be obtained by
setting p(z) = 2", v = £1, and letting n to go to infinity. Indeed, then the
polynomials
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pussr = [0 {(1+ ) o (1) Ve
0

have only real zeros and, moreover,
a
lim Py (f;2) = / F(0) {exp(izt) + v exp(—izt)} dt
n—oo
0

uniformly on each bounded subset of C.

A brilliant realization of one of the most fruitful ideas of academician Iliev
concerns the class F(a) of entire functions (3) having only real zeros. If A(a), 0 <
a < 00, denotes the set of the real functions x(t),t € R, such that x(a) = 0 and,
moreover, x'(it),t € R, is a restriction to the real axes of a function of the
Laguerre-Polya class, i.e. it is either a real polynomial with only real zeros or
an uniform limit of such polynomials. A witty algorithm ensures ”reproduction”
of this class. Its first application is that if z(t) € A(a),z(0) > 0, and A > —1,
then the entire function

a

/ 2 (t) cos zt dt

0
has only real zeros. The particular case when x(t) = 1 — 24, q € N, leads to a
result of Pdlya saying that the entire function

1
/(1 — %) cos 2t dt
0

has only real zeros.

The next application is one of the most significant achievements of aca-
demician Iliev which states that if ¢(¢),¢ € R, is a real, nonnegative, and even
function, such that ¢/(it) is a restriction to the real axes of a function from the

Laguerre-Polya class, then the entire function
(o.9]

/exp(—gp(t)) cos zt dt

0
has only real zeros. The particular case when ¢(t) = acosht,a > 0, is the
well-known result of Pélya for the reality of the zeros of the entire function

e}

/ exp(—acosht) cos zt dt.
0
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2. Analytically non-continuable power and Dirichlet series

To Weierstrass is due the first example of a convergent power series, namely
o0
Za”zbn, a>0,beN, b>1,
n=0

which is non-continuable outside its circle of convergence, i.e. this circle is
the domain of existence for the analytic function defined by its sum. This
example became a starting point of a great number of studies on the singular
points of functions defined by convergent power series and their analytical non-
continuability.

The contributions of academician Iliev in this field are obtained mainly un-
der the influence of works of such experts in the classical complex analysis, as
Hadamard, Ostrowski, Fabry and Szego.

Due to Szegé is the result that if each of the coefficients of the power series

> anz" (6)
n=0

is equal to one for finitely many complex numbers di,ds,...,ds,d; # di,j #
k, then it is either analytically non-continuable outside the unit disk, or the
Maclorain series of a rational function of the kind

P(z)

1—zm’
where P is an algebraic polynomial, and this is possible if and only if the se-
quence of its coefficients is periodic after some subscript. Essential general-
izations, extensions and various modifications of this result are obtained by
academician Iliev. Typical one is the assertion for the series (6) with coeffi-
cients of the kind a,, = vpc,, n € Ng. If the members of the sequence {7, }§°
accept finitely many values and for some « € R the sequence {c,n®} has a finite
number of limit points all different from zero, then the requirement for non-
periodicity after each subscript of the sequence {~,} is sufficient for analytical
non-continuability of the series (6).

It seems that academician Iliev was the first who obtained also Szegd’s type

theorems for Dirichlet series of the kind

o
Z YnCn exXp(—Ans).
n=0

m € N,

3. Univalent functions

In the first decades of the past century, mainly after the works of P. Kobe
and L. Bieberbach, a new branch of Geometric Function came into being. It
is known now as Theory of the Univalent Functions. Its main object is the
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class S of functions f which are holomorphic and univalent in the unit disk and
are normalized by the conditions f(0) = 0, f(0) = 1, i.e. the functions with
Maclorain expansion of the kind

f(2) =z+asz® +azz® +...

in the unit disk, and such that f(z1) # f(z2) whenever z; # z. Different
subclasses of S, e.g. defined by additional requirements for convexity of the
image f(D) of the unit disk by means of a function f € S, or by starlikeness of
this image with respect to the zero point, are also studied. The central object of
the efforts of a great number of investigators are theorems of deformation and
coefficients estimates. The famous Bieberbach’s conjecture that |a,| < n, n > 2,
which remained open till its confirmation by Lui de Brange, was one of the
stimuli for publishing a great number of papers in prestigious journals and other
publications. In this field, except K&be and Bieberbach, many mathematicians
as Littlewood, Hayman, Lewner, Szegd, Golusin and others have remarkable
contributions.

Academician Iliev did not remain indifferent to this direction of studies. The
results, published in his papers devoted to the univalent functions, weer create
during a very short period. The main attention of their author was directed to
the class Sj of the k-symmetric functions f from the class S, i.e. to those of
them having Maclorain expansion of the kind

fr(z) =2+ agk)zkH + agk)z%H +.... (7)

One of the first results of academician Iliev is influenced by a theorem of
Szegd about the divided difference of the functions in the class S. The suc-
cessful use of a similar theorem of Goluzin for the class 3 of the functions f
meromorphic and univalent in the region {C \ D} U {co} and normalized by
f(00) = 00, f'(00) = 1, leads him to the inequalities

Tr(z1) — fr(22)

21 — 22

1—r? 1 (8)
(1+r2)4/k — T (1= 7r2)(1 - rk)4/k
for each function f € Sy provided that 0 < |z;| <7 < 1,5 = 1,2,21 # 22. Its

application leads to the result that the exact radius of univalence of the partial
sums

0',22) :z+a§2)z3+'--+a§i)+122n+l, n= 172737"' (9)

of the function from the class So, i.e. the class of odd functions in S, is equal
to 1/v/3.

Another application is that the partial sum

on(2) = 2+ a2’ 4+ - + a,2"
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of a function from the class S is univalent in the circle |z| < 1 — 4logn/n for
each n > 15 which improves a result of V. Levin. Similar result for the partial
sums (9) of the functions from the class Sy is that they are univalent in the

circle |z| < y/1 —3logn/n for n > 12.

The problem for the radius of univalence of the partial sums
07(L3) (Z) =z + &53)2;4 4t a7(13)23n+1

of the 3-symmetric functions is also treated by of academician Iliev. As a result
it is obtained that it is v/3/2 for n # 2. The proof is based on coefficients
estimates for the functions from the class S35 as well as on the left inequality in
(9). For n = 2 its exactness is proved directly by the method of Léwner.

The inequality
fi(21) = fr(22)

21— *2

1—7?
T (14 r2)2/k
is obtained under the additional assumption that the function f; is convex. It
is exact for k = 1,2, i.e. for the functions from the class S as well as for the

odd functions in this class. By its help the circle defined by the inequality
2| < {1 —(1+2/k)log(n +1)/(n+ 1)}/* is found, where the partial sum

lzj| <7, 0<r <1, 21 # 29

Z+a§k)zk+1+,_.+a%k)znk+1

of a function fj € Si is univalent for n > exp(kv2k/(2+k)) — 1.

An inequality for the divided difference of bounded functions in the class Sk
is obtained, i.e. for the functions fi € S such that fi(D) is a bounded domain.

The already mentioned contributions of academician Iliev and many others,
e.g. for the inequality of Hamburger and Turan, for the problem of Pompeiu
as well as for the numerical method based on the Newton iterations assigned
him a merited position of one of the distinguished experts in actual areas of
mathematical analysis where his effort has been directed during several decades
in the past century.
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HYPERBOLIC BICOMPLEX VARIABLES

Lilia N. Apostolova

Abstract

The bicomplex numbers appeared in the work [8] of Corrado Segre for the
goals of algebraic geometry. The hyperbolic bicomplex numbers are introduced
and used later mainly for the goals of physics.

Matrix representation of the hyperbolic bicomplex numbers is given here.
The determinant of the matrix representation is found. Invertible elements
and idempotent elements are described. Two different representations of the
hyperbolic bicomplex numbers by four idempotent elements are found.

Analogous results for the algebra of bicomplex numbers are given. Results of
the analysis of functions of hyperbolic bicomplex variable, of bicomplex variable
and of other generalized variables are given in [1], [2] [3], [4], [6], [7], [9].

MSC 2010: 32A30, 30G35

Key Words and Phrases: hyperbolic bicomplex number; bicomplex number;
invertible element; idempotent element

1. Matrix representation of hyperbolic bicomplex number

Let us recall the definition of the hyperbolic bicomplex numbers (see [3], [4],
[5]). They are defined as follows

R(j1,j2) := {20 + j121 + joxa + jijows: ji =43 =1, jije = jojn}, (L.1)

where xg, x1, 22, x3 € R are real numbers.
The multiplicative table is the following one

1 Ji | J2 | Jije
1 L | g1 | J2 | 712
Ji | Jt 1 12| Jo
Je | g2 |Ju2| 1 | 41

Jije | Jje | 1 | g1 1

Table of multiplication of hyperbolic bicomplex units

© 2013 IMI — BAS, Sofia pp. 33-54
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The addition and the multiplication by real scalar are defined component
wise, and the multiplication of hyperbolic bicomplex numbers is defined by
opening the brackets and using the identities for the units j; and jo. The
algebra R(j1,j2) is an associative, commutative algebra with zero divisors. So
are for example the numbers A(1=+j;), A(1+7j2), and A(1 =+ jijo2), where A is a
hyperbolic complex number. Indeed the product of such a number with 1 F ji,
1 jo or 1 F j17jo, respectively, is equal to zero. The distributive rule holds.

Let us consider the following three 4 x 4 matrices with real coefficients

0100 00 1 0 000 1
100 0 000 1 00 1 0
=looo1 "2l 1000|2010 0
00 10 0100 100 0

It is fulfilled J2 = E, J2 = E and J1J2 = JoJ1, (J1J2)? = E, where E is the
identity 4 x 4 matrix. The matrices F/, J1, Jo and J;J5 generate a commutative
subalgebra 9 of the full matrix algebra M (4, R) of all 4 x 4 matrices with real
elements, M — M (4, R).

We shall define a homomorphism F' of the algebra R(j1, j2) of the hyperbolic
bicomplex numbers in the algebra 91 as follows

F: X =2+ j1x1 + jaxo + j1joxs — ol + x1J1 + x2Jo + x3J1J0 = Mx.

Then the image F'(X) of the hyperbolic bicomplex number X is the following
matrix Mx € M

o X1 T2 I3
1 Xo T3 X2
T2 X3 To 1
r3 T2 T1 Xo

My = (1.2)

This is a symmetric matrix with respect to the main diagonal and to the second
diagonal.
The following identity is true

(E + J1J2) . (E — J1J2) =

100 1 1 0 0 -1 000 0

o110 0 1 -1 0 |_[0000]_,
0110 0 -1 1 0 000 0 ’
100 1 -1 0 0 1 000 0

i.e. the matrices F + J1Js and E — J1Jo are zero divisors in the algebra 9.
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2. Determinant of the matrix representation of hyperbolic
bicomplex number, coordinate hyperplanes, axes and planes

We obtain the following equalities for the determinant of the representing
matrix Mx of the hyperbolic bicomplex number X = xg + j1x1 + joxs + j1jox2

Trg I1 I2
r1 To I3
D_(xg,x1,%2,23) =
T2 T3 X0
T3 T2 T1
Ty X3 T2 r1
—x1| T2 Tg X1 |+ x2| T2
T3 1 To z3
To T
= g <:co 0 ‘—xg
1 X0
To 1
—X1 | 1 — X3
Tr1 o
r3 I
+x9 (%1 — X
T2 o
T3 T
—T3 | T1 3 0 — X
T2 I1
) 242 2
= (w5 —z7)" + (23 —

T3
T2
T
o

Zo
z3
Z2

T3
L2

T2
T3

T2
T3

T2
3

Z2
z1
Zo

z1
Lo

L1
Lo

T
Lo

Lo
T1

rg I3 T2
=Xo| 3 xXo9 X1 | — (2.1)
T2 T1 X0
Ty o I3
— X3 | 2 I3 T | =
r3 T2 T1
r3 Zo
T2 I
T2 o
+ z2 > +
T3 I
o I3
+ X9 > —
L3 X2
T2 I3
+ x3 > =
r3 x2

2\2
$3) +8$01‘1x2$3—

— (2:6%30% + 235(2);1?% + 2.%%1’% + 21‘%30%) =

2 2 2 2)2 2,2 2,2
= (330 —z]+ x5 — ;Ug) — (41‘0:B2 + 4dxjz3 — 8:E03:11:2:L"3) =

= (a:% — x% + :1:% — x%)Q — 4(zoxo — x1x3)2

= (23 — 2% + 23 — 23 — 2xoxe + 27173) X

X(l‘g — x% + $% — .T:oz) + 2$0$2 — 23311‘3) =

= (xo — w2 — 21 + x3)(xg — T2 + T — 3)X

X(xo + w2 — 21 — x3)(T0 + T2 + 21 + 3).

So we obtain the following

= ((z0 — 22)* — (z1 — 23)?) (20 + 32)* — (21 + 23)*) =
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Theorem 2.1. It is true that
Df(xo,.rl,.rg,l'g) = (33‘0 —T9o — X1 + .133)(1‘0 —ZTo +x1 — l‘g)X
X (o + x2 — 1 — x3)(T0 + T2 + 71 + 23) =
= ((wo — 2)* — (w1 — 23)*) X (w0 + m2)* — (21 + 23)%).
The determinant D_(xq, x1, T2, x3) 1S a positive real number in the cases
(o — $2)2 > (21 — 933)2, (o + I2)2 > (r1 + 163)2
and
(xo — $2)2 < (1‘1 — x3)2, (:L'() + 1‘2)2 < (acl + .%‘3)2.
In the cases
(w0 — 22)* > (21— 23)%, (w0 +22)% < (21 + 23)°
and
(mo — .732)2 < (xl — I3)2, (.T() + $2)2 > (xl + .733)2

the determinant D_(xq,x1,x2,x3) is a negative real number.

Theorem 2.2. The following four hyperplanes By, B1, B2, B3 in R*

Bo: wo—x2 — 21 + 23 =0,

pr: wo—x2+ 11 — w3 =0,

B2 wo+x2 — 21 — w3 =0,

B3: xo+x2+ 21+ 73 =0,
which annihilate the determinant D_(xg,x1,z2,23) of a hyperbolic bicomplex
number xo+ j1x1+ joro+j1joxs are in general position, i. e. the unique common
point of these hyperplanes is the origin (0,0,0,0) in R*. In other words, the

unique common point of the corresponding hyperplanes to By 1 (B2, B3 in the
algebra of hyperbolic bicomplex numbers is the hyperbolic bicomplex number 0.

Proof. Let us consider the determinant of the system of four linear equa-
tion in the theorem. This is the following real number, which we calculate
straightforward

1 -1 -1 1
1 1 -1 -1
1 -1 1 -1
1 1 1 1

This show that the system of linear equations has only zero solution (see for
example [10], p. 92). O

=38.
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Theorem 2.3. The four hyperplanes Bo, B1, P2, B3 in R* determine the
following four lines ly, 11, lo and I3,

o =S, o =S,
lo : Iy = —S, I Iy =S,
o9 = —8, o9 = —8,
xr3 = S, xr3 = —S,
g = S, xg = S,
Iy : r1 = —8, Iy : T1 =S,
I = S, I = S,
r3 = —S, Ir3 = S,

where the parameter s is a real number.
They form a system of coordinate axes, associated with the hyperbolic bicom-
plex number xo + jix1 + joxs + j1jors.

Proof. The axes [ is determined by the system of three linear homogeneous
equations as follows

Bi: xo—x2+x1 —23 =0,
lo:| B2: vo+a2—21 —23 =0,
B3: xo+ 2+ 21 + 23 =0,

From the first and the second equations follows that g = x3. The first and the
third equations implies zg = —x1, and the second and the third equations gives
xo = —x2. So the line [ is the following one: xg = —x1 = —z9 =3 =5, s € R,
i.e. this is the parametric line

o = S,
Io r1 = —S,
0 - _
xro = —S,
I3 = S,

where the parameter s is a real number.
The axes [;.

Bo: xo—x2—x1 +23=0,
li:| Bo: zo+x2—21 —23 =0,
Os: xog+ 22+ 21 +23=0,

From the first and the second equations follows that xg = x1. The first and the
third equations implies x9p = —x3, and the second and the third equations gives
xg = —x2. So the line [y is the following one: xg = x1 = —x2 = —x3 =5, s € R,
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i.e. this is the parametric line

o = S,
X1 =S
li: 1_’
To = —S8,
T3 = —S8,

where the parameter s is a real number.
The axes ls.

Bo: xo— w2 — 21+ 23 =0,
lo:| B1: xog—x2+21 —23 =0,
B3: o+ 20+ 21 +23=0,

From the first and the second equations follows that g = x9. The first and the
third equations implies zg = —x3, and the second and the third equations gives
xo = —x1. So the line [ is the following one: g = —x1 =22 = —xr3 =35, s € R,
i.e. this is the parametric line

Ty = 8,
T1 = —§
Iy : 1_ ’
T9 = 8,
T3 = —8,

where the parameter s is a real number.
The axes 3.

Bo: ro— 22 —x1 +23 =0,
I3:| B1: vg— 22+ 21 —23 =0,
Bo: xog+ a0 — 21 — 23 =0.

From the first and the second equations follows that g = x9. The first and the
third equations implies 9 = z1, and the second and the third equations gives
xo = x3. So the line [ is the following one: g = x1 =22 = x3 =5, s € R, i.e.
this is the parametric line

o = S,
xr1p =S,
I3 :
€T2 =S,
xr3 =S,
where the parameter s is a real number. O

Then we obtain the following theorem.

Theorem 2.4. The four lines ly, li, lo and I3 in R*, determines six
coordinate planes lol1, lola, lols, l1ls, l1l3, and l2l3, associated with the hyperbolic
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bicomplex number xg + j1x1 + joxa + j1joxs. These are the following planes

xozs—}—t’ $0:S+t,

| 1= —s+1, | 1 =—s—1,
loly : Ty = —5—t, lolo : Ty = —5+1,

r3 =58 —t, r3 =5 —t,

To =5+t To=58+1,

Il - 1= —s+t, Ll - r1 =8 —1,
0B gy = —s + t, P20 gy = —s+1,
r3 =S+, r3 = —5—t,

g = s +1t, To = s +1t,
Ll - T = s+, Lol - r1=—8+t,

Wl gy = —s 44, 280 gy = s+,
T3 = —8+1t, T3 = —Ss+1t,

where the parameters s and t are real numbers.

3. Invertible hyperbolic bicomples numbers

Definition 3.1. Invertible element in the commutative algebra A with an
unit F is called an element X € A, such that there exists solution Y € A of the
equation XY = F.

Let us consider the matrix Mx of the hyperbolic bicomplex number X.

The hyperbolic bicomplex number X = xg + j121 + jox2 + jijoxs # 0 is an
invertible element in the algebra R(j1,j2) if and only if it satisfy the following
matrix equation

MxMy = E. (3.1)

A necessary and sufficient condition for the hyperbolic bicomplex number
X to be invertible, i.e. the matrix equation Mx My = E to be solvable is that
the determinant of the matrix Mx not annihilate, i.e. this is the condition

o X1 T2 I3
r1 To T3 X2
T2 T3 To T1
r3 T2 T1 X0

£ 0.

D(xzg, x1,x2,23) ==

Theorem 3.1. The hyperbolic bicomplex number X is invertible, i.e. the
matriz equation (3.1) has a solution (yo,y1,y2,ys3) if and only if

To + To # :E(ZL‘l + $3), T — To # :|:(£L‘1 — $3).
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4. Idempotent hyperbolic bicomplex numbers

Using the commutative and the distributive rules for the hyperbolic bicom-
plex numbers X = xq + ji71 + jox2 + jijorz and Y = yo + j1y1 + j2y2 + j1j2y3
we find that the product of these numbers is the following hyperbolic bicomplex
number

XY = (w0 + jiz1 + jox2 + j1j223) (Yo + jiy1 + Joy2 + jijays) =
= zoYo + T1y1 + T2y2 + 3y3 + ji1(zoy1 + T1yo + T2y3 + T3Y2)+

+i2(zoye + 21y3 + ayo + T3y1) + jije(zoys + T1y2 + T2y1 + 23%0)-

Example 4.1. The square X? of the hyperbolic bicomplex number X =
o + j1x1 + joxo + ji1joxs is the following hyperbolic bicomplex number

X2 =2 + 2 + 22 4 2% 4 21 (woxy + wox3) + (4.1)
+2j2(zo2 + T173) + 2j1J2(T0T3 + T172).

Definition 4.1. Idempotent element of an algebra A is called an element
X € A, such that it is fulfilled X2 = X.

Theorem 4.1. Idempotents in the algebra of the hyperbolic bicomplex
numbers are the following sizteen hyperbolic bicomplex numbers: X = %(1 +
Jije), X = 2(1£j2), X = 2(1+j1 — jo — jijo), X = 23— j1 — jo — jij2),
X =1(1+j1+jo+5d2), X = 1B —ji+j2+jije), X = %(1 —J1— J2 + jije),
X =3(1—ji+j2—jij2), X = 1(3+j1 — ja +juja), X = 13+ j1 + j2 — jij2),
X=0,X=31-5), X=3(1+j1), and X =1.

—_

Proof. Using the formula (4.1) we see that the hyperbolic bicomplex num-
ber X = x¢+j1x1+ joxo + j1joxs is an idempotent element in the algebra of the
hyperbolic bicomplex numbers if and only if it satisfy the following homogeneous
system of four equations of second degree with real variables

x%+x%+x%—|—x§ = X0,
2x0r + 2T03 = X1,
2x0To + 2x1T3 = X9,
2x0x3 + 21102 = T3,

(4.2)
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The system of four equations of second degree (4.2) can be rewritten in the
following way

+.’E1—|—$2—|—£L'3 = %,
)1'1 + 2xox3 =0,
— 5)x2 + 2x123 =0,
)1'3 + 2z129 = 0.

~—
8
o

w\»—t

N DN DN
N

8

o
l\J\)—lM\»—t(\D\)—l\_/

(4.3)

The following system of equations

(zo — % +21)? + (22 + 23)% =
(zo — 5 — x1)* + (x2 — 23)* =
2(:6'0 -1 + 331)(332 + .%'3) 0,

Q(I‘o — 3 561)(552 - .Tg) = 0,

1
i7
T (4.4)

is equivalent to the system (4.3). Here the first and the second equations in the
system are obtained from the first and the fourth equations of the system (4.3),
and the third and the fourth equations are obtained from the second and the
third equations of the system (4.3).

The set of solutions of the systems of equations (4.3) and (4.4) coincide with
the set of solutions of the following four systems of equations of first and second
degree

(o — 5 +21)% + (22 +33)2 = %,
(.’L‘O — 35— $1)2 + (.Z'Q —1‘3)2 = 1 (4 5)
23:0—1—1—2301:0, ’
2.1‘0—1—2.%'1:0,
(o — L +21)2 + (29 + 23)% = %,
($0—§—$1)2+($2—$3) = 21> (46)
2x0—1+2x1:0 ’
o — T3 = Oa
(o — L +21)2 + (22 +23)2 = %,
(:):0 -5 x1)2 + ($2 —333)2 =1 (4 7)
.’L'2+5U3:O, ’
2.220 —1- 2.%'1 =0

and
(wo — L +21)2 + (29 + 23)% = %
(:L'O — 35— :El)Q + ($2 _'1"3)2 = 1 (4 8)
132—{—333:0, ’
T9 — T3 = 0
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4.1. Solutions of the system (4.5)

The set of solutions of the system of equations (4.5) coincide with the set of
solutions of the following system of equations

(22 4 x3)* =
($2 - 1173)2 = 1

219 — 1+ 221 =0,
2.’50—1—23?1 :0,

9

W] s =

or, of the equivalent system of equations

272 + 2.%‘% = %,
2132£U3 = 0,
2{[}0 —1= O,
xTr = 0.

The solutions of this system of equations are the 4-tuples of real numbers
(zo,x1,x2,23), where xy = %, 1 = 19 = 0, w3 = %, 0 = 5, T1 = o9 = 0,
w3 =3 20=13 11 =0,22 =73 23 =0, 20 =4, 21 =0, 23 = —3, 13 = 0,
respectively. They give the following idempotent elements: X = %(1 +7172) and
X = 3(1+j2).

4.2. Solutions of the system (4.6)

The system (4.6) is equivalent to the system of equations of first and second
degree

In this system the first and the second equations can be decompose into linear
multiplier and it can be written as follows

(v + 23+ 3)(r2 + 23 — 3) =0,
(.r()—.%'l)(.%'o—l’l—l) :07
xo— 5 + a1 =0,

LEQ—CL‘3:O.

Then there arises four system of linear equations, which gives all the solutions
of the system (4.6). Namely these are the systems of equations

o+ x3+ 5 =0, To+ a3+ 5 =0,
1‘0—331:0, (IZO—xl—lzo,
xo— 5 +ax1=0, xo— 5 +x1=0,

$2—ZE3:0, $2—IE3:0,
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and

x2+:c3—%:(), $2+$3—%:0,

xo—xle, xg—x1—1:0,

:L"—%—{—ml:(), x—%—l—m:O,

1'2—.1,‘3:0 LE2—1’3:0.
The solution of the first of system of equations is zg = 1 = %, To = X3 = —i.
The solution of the second system of equations is zg = %, T = —%, To = T3 =
—%. The solution of the third system of equations is g = 1 = %, To = x3 = i.
The solution of the fourth system of equations is g = %, T = —i, To = x3 = i.

They determine the following four idempotent elements: X = i(l + 51—
jo — jij2), X = 2(3 —j1 — jo — jije), X = F(L+ ji + jo + jije), and X =
1(3 = j1 + jo + jijo).

4.3. Solutions of the system (4.7)

The system (4.7)

(20 — % +21)? + (22 +23)2 = 1,
(.730 -3 —$)2+(.T2 —x3)2 = %,
T9 + a3 = 0,

23;0 —1- 2:81 =0
is equivalent to the system of equations

(l’o—%+$1)2—
(.%‘2—1‘3)2—%:
1‘2+x320,

l‘o*%*.Tl:O.

=0,

O el

)

and this system of equations is equivalent to the following system of two equa-
tions of second degree and two linear equations

(xo— 2421+ 5)(xo— 5 +21—3) =0,

(z2 — 23+ §) (w2 — 23— 3) =0,

r9 + x3 =0,

o — % — X1 = 0.

Then there arises four system of linear equations, which gives all the solutions
of the system (4.7). Namely these are the systems of equations

1
l’o—%—i—lj—l—%:(), $0—%+$1—|—§:0,
x9 — 23+ 4 =0, T — 35— 5 =0,

T + a3 =0, zo+x3 =0,

1 1
1‘0—§—$1:0, $0—§—$1:0,
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x0—§+x1—%:0, $0—%+$1—%:0,

$2—$3+%:0, and $2—£L‘3—%:0,

r9 + x3 =0, x9 + x3 =0,

xo—%—xlz . xo—%—m:O.
The solutions of these systems of equations are the 4-tuples (xq,x1,x2,x3) of
real numbers as follows: zg = i, T = —%, Ty = —%, T3 = %, Ty = i, T = —%,
xgzi,xg,:—%,xo:%,xl:%,xgz—%,x;g:%and:m:%,xl:%,
To = %, T3 = —%. They determine the following idempotent elements: X =

(1 —j1 —jo+ jije), X = (1 — j1 +jo — jijo), X = (3 +j1 — jo + jijo) and
X =3B+ 71+ j2 — jijo).
4.4. Solutions of the system (4.8)

The system (4.8) is equivalent to the system of equations

(:UO_%_'_[BI)Q:%’
(930—5—551)2:1,
zo + x3 =0,
zo —x3 = 0.

and this system is equivalent to the following system of two secon degree and
two linear equations

(xg—%+x1+%)(xo—l+x1—%):0
(o~ L a1+ Dao— b —m — L) =0,
33‘2:(),
33‘3:(),

There arise four systems each of them of four linear equations as follows

xo—%+x1+%20 xo—%+az1+%:0
$0—§—$1+§:O, :1:0—5—3:1—5:0,
1'2:0, 5132:0,
1’3:0, (IZg:O,
xo—%—kml—l:() xo—%—kxl—%:()
.%'0—5—1'1_'_5:0, x0—§—$1—§:0,
and
.%'220, acg:O,
.%'3:07 x3:0,

The solutions of these four systems of equations are the following 4-tuples of
real numbers g =0, x1 =0, 290 =0, x3 =0, 29 = %, T = —%, T9 = x3 = —0,
:L'oz%,xl:%,w2:0:x320,andx0:1,x1:0,x2:0,w3:0.
They determine the following idempotent elements: X = 0, X = %(1 - J1),
X =3(1+j1), and X = 1. O
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5. Decomposition of the algebra of hyperbolic bicomplex numbers
and rule of multiplication in the base of morphisms

Let us transform the coordinate system of the underlying 4-dimensional
vector space of the algebra of the hyperbolic bicomplex numbers as follows

ug = —xrg — 1 + T2 + T3,
Uy = —2g— T2 + 1 + 3, (5‘1)
U = —Trg — X3 + 21 + T2,
U3 = —rg— 1 — Ty —I3.

The system of equations (5.1), solved with respect to xg,x1, z2,rs, is the
following one
4$0 = —UuUp — Ul — U2 —Us,
4x1 = —ug + uy + ug — us,
drg = up — uy + uz — us,
4x3 = ug + U1 — Uy — U3.

The Jacobi matrix of the transformation of the variables (zg, 21, 22, x3) with the
variables (ug,u1, ug2,ug) is the following one

-1 -1 1 1
8(’&0,’&1,’&2,’&3) _ -1 1 —1 1
O(xg, 1,2, x3) N -1 1 1 -1

-1 -1 -1 -1

In this coordinate system the representation of the hyperbolic bicomplex
number X = xg + j1x1 + joxo + j1joxs will be the following one

4X = (—up —uy —ug —usz) + ji(—uo + u1 + ug — uz)+
+J2(uo — w1 + ug — u3) + jrj2(uo + w1 — ug —uz) =
= uo(—1 = j1 +j2 + jij2) + wi(=1+j1 — j2 + j1j2)+
Fua(—=1+j1 +Jj2 — Jije) + us(—1 —j1 — j2 — jija) =
= —uo(1+71)(1—j2) —ur (1 —j1)(1 = j2) —u2(1 —j1)(1+j2) —us(1+71)(1+j2),
where ug, w1, us,us € R are real numbers.

Example 5.1. It is true that

t= i((l +J0)(1 = g2) + (1= 1) (L = j2) + (1= j1) (1 +52) + (1 + 1) (1 + j2))-

So we obtain the following
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Theorem 5.1. The following four idempotent elements of the algebra of
hyperbolic bicomplex numbers

po=1/41+j1)(1 = j2), p1=1/4(1 = j1)(1 — j2),
p2 =1/4(1 = j1)(1 +j2), p3=1/4(1+j1)(1 + j2)
decompose it as a sum of four one dimensional subalgebras as follows
R(j1,j2) = poR(j1,j2) © p1R(j1,72) © p2R(j1,72) © p3R(j1, j2)-
Moreover it is true that
po @ p1=1/2(1—=j2), po®p2=1/2(1=j1j2), po®ps=1/2(1+j1),

p1®p2=1/2(1—j1), p1Dps=1/2(1+jij2), p2® p3=1/2(1+ j2).
and these morphisms are idempotent elements of the algebra of hyperbolic bi-
complex numbers, too.

Let us consider two hyperbolic bicomplex numbers X,Y,
X =z + jiz1 + jex2 + j1j2x3
and
Y = yo + j1y1 + Jay2 + j1j2vs-
Let us represent it in the coordinate system above. We obtain
4X = —ug(1+71)(1—j2) —wa (1—j1) (1 —j2) —ua(1—j1) (1 +J2) —us(L+j1) (1+]2),
and
4Y = —vo(1+j1)(1—j2) —v1(1—j1) (1 —j2) —v2(1—j1) (1+72) —vs(1+71) (1 +2).
Then their product will be the following hyperbolic bicomplex number
16XY =
= (—uo(1+71)(1—j2) —ur(1=j1) (1 —j2) —ua(1—j1) (1 +j2) —us(1+71) (1+72)) x
X (=vo(1+71)(1=j2) —v1(1=j1) (1= j2) —va (1 —j1) (1 +j2) —v3(1+ 1) (1+72)) =
= duguo(1 +j1)(1 = j2) + 4urvr (1 — j1)(1 = j2)+
F4ugua (1 — j1)(1 + j2) + 4uzvz(1 + j1)(1 + j2),
ie.
AXY = uovo(1 + j1)(1 — j2) +wivr (1 — j1)(1 — j2)+
Fugva(1 — j1)(1 + j2) + uzvs(1 + j1)(1 + j2),

where (ug,u1,ug,us) and (vg,v1,vs,v3) are the coordinates of the hyperbolic
bicomplex numbers X and Y, respectively in the considered coordinate system.
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6. Other decomposition of the algebra of hyperbolic bicomplex
numbers and rule of multiplication in the base of morphisms

Theorem 6.1. The idempotent elements A = %(3 —J1—Jj2—Jij2), B =
(B —j1+j2 + jij2), C =3B+ j1 — ja + jije) and D = 2(3 4 j1 + j2 — jija)
are barycentric coordinates of the tetrahedron ABCD in R(j1, j2).

It is true that AB = (1 — j1), AC = (1 — jo), AD = (1 — jij2), BC =
(14 j1j2), BD = 3(1+ j2), CD = (1 + j1).

The following identities holds 3(AB+ AC+BD+CD) =1, 3(AB+CD+
AD + BC) =1, %(AC’—l—BD—I—ADjLBC) =1.

We omit the proof of this theorem.
Let us transform the coordinate system of the underlying 4-dimensional
vector space of the algebra of the hyperbolic bicomplex numbers as follows

ug = —3xg + x1 + T2 + 3,

u; = —3xg + x1 — T2 — T3, (6 1)
Uy = —3xrg — 1 + T9 — X3, ’
uz = —3xrg — 1 — T9 + x3.

The system of equations (6.1), solved with respect to xg, 1, z2, s, is the
following one
12$0 = —UuUp — Ul — U2 —Uus,
4r1 = up + up — ug — us,
4rg = ug — uy + ug — u3,
4rs = ug — U1 — Uo + us.

The Jacobi matrix of the transformation of the variables (zg, z1, %2, x3) to the
variables (ug,u1, ug2,ug) is the following one

-3 1 1 1
O(ug,uy,uz,u3) [ =3 1 -1 -1
8(:60,501,3:2,3;3) - -3 -1 1 -1
-3 -1 -1 1

In this coordinate system the representation of the hyperbolic bicomplex
number X = xg + j1x1 + joxo + j1joxs will be the following one

4X = 3(—up —u1 —ug —ug) + ji(ug + w1 — uz — u3)+
+J2(uo — ur +uz — uz) + jij2(uo — w1 —uz + uz) =
= uo(—3 +j1 + j2 + jij2) + wi(=3+ j1 — j2 — j1j2)+
+uz(=3 = j1 + j2 — Jij2) + us(=3 — j1 — j2 + jij2),
where ug, u1, u2, us € R are real numbers.
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Example 6.1. It is true that

1= =5 (=341 + 2+ jaje) + (=3 + 1 — 2 — jrja) +

+(=3 —j1+j2 — jij2) + (=3 — j1 — j2 + j1j2)).

So we obtain the following

Theorem 6.2. The following four mappings

1 ) ) . 1 ) . .
o = (=3+j1+ 72 +j1j2), 1= (=3 +j1 — j2 — j1j2)

12 12
s i) T =Bt i)
r3 = B T J2—7J1J2), T3 = 12 J1—J2 T J1J2

decompose the algebra of hyperbolic bicomplex numbers as a sum of one dimen-
sional subalgebras as follows

R(j1, j2) = roR(j1, j2) & 1R (j1, j2) ® roR(j1, j2) @ r3R(j1, j2).
Moreover it is true that
ro @11 =1/2(1 = j2), ro®r2=1/2(1—jij2), ro @73 =1/2(1+ j1),
r@®re=1/2(1—j1), 11 @®@r3=1/2(1+jij2), m2®r3=1/2(1+ ja),
Ten morphisms in this theorem and the morphisms pg, p1, p2, pa from Theorem

5.1, 0 and 1 give all idempotent elements of the algebra of hyperbolic bicomplex
numbers.

Let us consider two hyperbolic bicomplex numbers X,Y,
X = w0+ j1z1 + jox2 + Jrjers
and
Y =yo + j1y1 + j2ye + j1j2ys-
Let us represent it in the considered in this point coordinate system. We obtain
4X = ug(=3 + j1 + jo + jij2) + ur(=3 4 j1 — j2 — jije)+
+ug(=3 — J1 + J2 — jij2) +us(=3 — j1 — j2 + jijo),
and
4Y = vo(=3 + j1 + j2 + jij2) +v1(=3 + j1 — j2 — jij2)+
+v2(=3 — Jj1 +J2 — jij2) +v3(—=3 — j1 — J2 + jija)-
Let us complute the product
16 XY = (ug(—3 + j1 + Jo + jij2) + w1 (=3 + j1 — j2 — jij2)+
Fuz(=3 — j1 + j2 — jij2) + us(=3 — j1 — j2 + jij2)) ¥
X(vo(—=3 + j1 + j2 + j1j2) + vi(=3+ j1 — jo — J1j2)+
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+v2(—3 — j1 + j2 — jij2) + v3(—=3 — j1 — Jo + Jij2)) =
= 4ugvo(—3 + j1 + jo + jij2) + 4urvi (=3 + j1 — jo — jijo)+
+4ugve(—3 — j1 + j2 — jij2) + dusvs(—3 — j1 — j2 + j1j2),
i.e.
AXY = ugvo(—3 + j1 + jo + jij2) + wivi (=3 + j1 — jo — jij2)+
+ugva(—=3 — j1 + Jo — jij2) + uzv3(—3 — j1 — ja + j1j2),
where (ug,u1,u2,u3) and (vg,v1,ve,v3) are the coordinates of the hyperbolic

bicomplex numbers X and Y, respectively in the considered coordinate system
in R(jl, ]2)

7. Matrix representation of bicomplex number

Let us recall the definition of the algebra of bicomplex numbers R(j1, j2),
§? = j2 = —1 (see [8], [9]). It is defined as follows

R(j1,j2) = {w0 + j1x1 + joxa + jijexs : ji = j5 = —1, 5142 = jejn},  (7.1)

where xg, x1, 22, x3 € R are real numbers.

Remark 7.1. Here, for the sake of simplicity, we use the same notation
R(j1,72) for the algebras of hyperbolic complex and the algebra of bicomplex
numbers, but the equations for the units j; and jo are different ones in these
two cases. It can be used also the notations are R(j1,jo;j7 = j2 = 1) and
R(j1,j2; j2 = j2 = —1), respectively.

The addition and the multiplication by real scalar are defined component-
wise, and the multiplication of elements of the algebra is defined by opening the
brackets and using the identities of the units j; and jo. The algebra R(j1, j2)
is an associative, commutative algebra with zero divisors. So is for example the
number 1+ j1j2. Indeed the product of such a number with 1 — j; 72 is equal to
zero. The disributive rule holds.

The multiplicative table is the following

L | g1 | J2 | J1g2
1 1 Ji | J2 | Jije
Ji | Jr | =1 | Jije | —J2 |
Je | J2 |Jen| -1 | —n

Jije | g2 | —Je | = | 1

Table of multiplication of bicomplex units
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Let us consider the following three 4 x 4 matrices with real coefficients

0 1 0 0 0 0 10
-1 0 0 0 0 0 0 1
=1 0 0 0 1|27 21 0 00 |
0 0 -1 0 0 -1 00
0 0 0 1
0 0 -1 0
=109 1 o o
1 0 0 0

It is fulfilled J12 =-F, J22 = —F and J1Jy = JoJ1, (J1J2)? = E, where E is the
identity 4 x 4 matrix. The matrices F/, J1, Jo and J;Jo generate a commutative
subalgebra MM of the full matrix algebra M (4, R) of all 4 x 4 matrices with real
elements, M — M (4,R).

We shall define a homomorphism of the algebra R(j1,j2) of the bicomplex
numbers in the algebra 9 as follows

X =20+ j171 + joxa + jrjoxs — xoF + x1J1 + x2J2 + x3J1J0 = Mx.

Then the obtained image of the bicomplex number X is the following matrix
Mx €M
) I T I3

—X T —X T
MX _ 1 0 3 2

—T2 —XI3 i) I

€3 —Z2 —X1 X9

This is a matrix, which is symmetric with respect to the second diagonal. The
following identity is true

(E + J1J2) . (E — Jng) =

1 0 0 1 1 00 —1 000 0

o 1 -10 0011 0 | _[0000]|_,
0 -1 1 0 0 11 0 000 0 ’
1 0 0 1 -1 00 1 000 0

i.e. the matrices & + J1Jo and E — JyJsy are zero divisors in 9.

8. Determinant of the matrix representation of bicomplex number

We obtain the following equalities for the determinant of the representing
matrix Mx of the bicomplex number X = zg 4+ jiz1 + jaxo + j1joT2

rg T1 T2 T3

—r1 To —I3 X2
D.(xg, 21,29, 23) = = 8.1
+ (w0, 21,22, 23) e —ws w1y (8.1)

3 —Z2 —I1 To
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o1
i) —I3 I2 —Tr1 —I3 T2
=29| —X3 o r1 | — 1| —T2 Zo 1 |+
—r2 —I1 X0 3 —I1 Zo
—I1 i) ) —I1 o —XI3
+To| —x2 —x3 T1 |—X3| —T2 —T3 To |=
I3 —T2 X0 I3 —T2 —XI1

= (22 4 22)% — 22323 + 22222+
+2z723 — 22323 + (23 + 23)? + Sxawowar) =
= (23 + 23)% + 2(x? — 23) (23 — 22) + (23 + 23)* + Sw3wor0m) =
= (af — 21)” + 2(af — o) (2] — 2]) + (23 — 23)*+
+4a323 + 4x3a5 + 8r3TT2T =
= (23 — 23 + 23 — 22)% + 4222? + 42323 + Sxzror0m) =
= (23 — 23 + 23 — 22)* + 4(2zox1 + 23).
This is the determinant of a bicomplex number. This can be considered as an
elliptic case of the four dimensional commutative non-division algebras.

Let us decompose the determinant D (xg,x1,z2,z3) in a product of four
bicomplex numbers as follows

D, (zo, x1, 9, 23) = (22 — 2% + 23 — 23)% + 4(xox) + 4x223)* =
= (af — o} + 25 — 23)* — (212021 + 212273)° =
= (¢f + jiat + 235 + jia3 + 2j120m1 + 2j179w3) X
X (x5 + jiat + o3 + ji13 — 21mom1 — 210w3) =
= ((zo + j121)* = j3 (w2 + j123)*) (w0 — f121)* — j3 (w2 — f123)?)
= (2o + 121 + Jam2 + j1J223) (2o + J121 — jaxa — J1j2w3) X

X (xo — j171 + Jaw2 — J1jexs)(To — j121 — Jax2 + J1j273)-
Definition 8.1. The numbers xg + jix1 — jax2 — j1jox3, To — j1x1 +

Joxo — j1joxs and xg — j1x1 — Jexo + j1joxs are called conjugate numbers of the
bicomplex number X = zg + j121 + joxs + j1j213.

9. Invertible bicomplex numbers, idempotent bicomplex numbers,
base of four idempotent elements in the algebra of
bicomplex numbers and multiplication rule of
bicomplex numbers in this base

In this section we shall delivered some properties of the bicomplex numbers
and their algebra.
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9.1. Invertible bicomplex numbers

Theorem 9.1. The determinant D4 (xg,x1,x2,x3) annihilate on the set
in R* as follows: this is the union oy U oy U ap U g of the planes, where

To = S, Ty = S, Ty = S, Ty = 8,
Qag : T1="75 Qaj : v =1, s : v =1, Qs : 1= 5
Tro =— t, Tro — —t, To — t, xTro — t,
xr3 =1, T3 =S, Tr3 = —S. xr3 =1t.

The invertible elements of the algebra of bicomplex numbers are these bicomplex
numbers X = xg + jix1 + joxo + j1joxs, which have the corresponding point
(zo,x1,x2,x3) not belonging to ap U ag U g U 3.

9.2. Idempotent bicomplex numbers

Using the commutative and the distributive rules for the multiplication of the
bicomplex numbers X = zo+j121+j2x2+j1j223 and Y = yo+j1y1+72y2+75172Y3
we find that

XY = (2o + jrx1 + jowa + jrjoxs) (Yo + jiy1 + Joye + jijeys) =
= ToYo — T1Y1 — T2y2 + 3y3 + j1(Toy1 + T1yo — T2y3z — T3Y2)+

+J2(zoy2 — 21y3 + Tayo — x3y1) + Jij2(Toys + 1y2 + T2y1 + T3Yo)-
This equality gives a bilinear form

XY :R(j1, j2) X R(j1, j2) — R(j1, j2) jf = j3 = 1.
Example 9.1. The square X? of the bicomplex number X = zg + jiz1 +
Jjoxa + j1joxs is the following bicomplex number
X% =gk — ¥ — 224 22 4 251 (wowy — wox3)+
+2j2(zow2 — x123) + 21 j2 (w023 + T122).

Theorem 9.2. The idempotent elements of the algebra of bicomplex num-
bers are the bicomplex numbers 0, 1, %(1 + j1J2), %(1 — J1J2)-

9.3. Decomposition of the algebra of bicomplex numbers and
multiplication rule of bicomplex numbers in the base of
morphisms

Example 9.2. It is true that

t= i((l +J0)(1 = g2) + (1= 1) (L = j2) + (1= j1) (1 +52) + (1 + 1) (1 + j2))-

It is true the following theorem
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Theorem 9.3. The following four mappings
mo = 1/4(1 +51)(1 = j2), m =1/4(1 = j1)(1 = ja),
my = 1/4(1 = j1)(1 +j2), w3 =1/4(1+j1)(1+ j2)

decompose the algebra of bicomplex numbers to four one dimensional real vector
subspaces of the algebra

R(j1,42) = moR(J1, j2) ® mR(j1,j2) & mR(j1, j2) ® msR(j1, j2).
Moreover it is true that
o ® mo = 1/2(1 — jij2), m ® 73 =1/2(1+ jij2),

i.e. these sums, 0 and 1 are the idempotent elements of the algebra of bicomplex
numbers.

Let us consider two hyperbolic bicomplex numbers X, Y € R(j1, j2),
X = w0+ j1z1 + jaw2 + Jrjers

and
Y =yo + j1iy1 + Joy2 + j1j2ys.

Let us consider their representation in the coordinate system above. Then

AX = —uo(14j1)(1—j2) —ur (1=j1) (1 —j2) —u2(1—j1) (1+j2) —us(1+j1) (1+2),
and

AY = —vo(1+j1)(1—j2) —v1(1—j1)((1—j2) —v2(1—j1) (1 +72) —vs(1+1) (1+]2).-

Let us compute the product
16XY =

= (—uo(1471)(1—j2) —u1(1—71) (1 —j2) —ua(1—j1) (1 +7j2) —us(1+j1)(1+7j2)) ¥
X (—vo(1+71)(1—j2) —v1(1—j1) (1 —j2) —v2(1—71) (1 +72) —vs(1+71) (1 +72)) =
= dugo(1 + j1)(1 — j2) + dugvr (1 — j1)(1 — ja)+

+ugva(1 — j1)(1 + j2) + dusvs(1 + 1) (1 + jo2),
i.e.
AXY = uouo(1 4 j1)(1 — j2) +wrvi(1 = j1)(1 — j2)+

+ugva(1 — J1)(1 + j2) + usvs(1 4+ j1)(1 + j2)-
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PROPERTIES OF THE FUNDAMENTAL AND THE IMPULSE-
RESPONSE SOLUTIONS OF MULTI-TERM
FRACTIONAL DIFFERENTIAL EQUATIONS

Emilia Bazhlekova

Abstract

We study the multi-term fractional differential equation
(D)) + DA (D)) + Xalt) = (1), ¢ 0; u(0) = co;
j=1

where DY is the fractional derivative operator in the Caputo sense,
O<ap<..<ap<a<l, A\A>0,5j=1,..,m meNUO.

This equation is a generalization of the classical relaxation equation, obtained
for m = 0,a = 1, and governs some fractional relaxation processes. Ap-
plying Laplace transform method, we find the fundamental and the impulse-
response solutions of the equation, corresponding to f(t) = 0,¢9 = 1, and
f(t) = 6(t),co = 0, respectively, where d(¢) is the Dirac delta function. The
properties of the solutions are derived directly from their representations as
Laplace inverse integrals. We prove that the fundamental and the impulse-
response solutions are completely monotone functions and find their asymptotic
expressions for small and large times. It appears that the asymptotic behaviour
of the solutions for ¢ — 0 is determined by the largest order of fractional differ-
entiation o and for ¢ — oo by the smallest order «,,. In all cases an algebraic
decay is observed for ¢t — oo. Some useful estimates for the solutions are also
obtained. In the limiting case m = 0, in which the solutions can be expressed
in terms of the Mittag-Leffler functions, some well-known properties of these
functions are recovered from our results.

MSC 2010: 26A33, 33E12, 34A08, 34C11, 34D05, 44A10.

Key Words and Phrases: Fractional calculus; fractional relaxation; Caputo
derivative; Laplace transform; Mittag-Leffler function; completely monotone
function.
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1. Introduction

We study the multi-term ordinary fractional differential equation

(D2u)(t) + 3 A (DL u)(t) + Mult) = f(t), >0, (1.1)
j=1
subject to the initial condition u(0) = ¢y, where D¢ denotes the fractional

derivative operator in the Caputo sense,
O<ap<..<ap<a<l, \NA>0 j=1,...m meNUO, (1.2)

f(t) is a given sufficiently well-behaved function and ¢y € R is a given constant.
If m = 0 we set as usual Z?Zl = 0.

Let ug(t) and ug(t) be the fundamental and the impulse-response solutions
of equation (1.1), i.e. corresponding to the data f(t) = 0,co = 1, and f(t) =
0(t), co = 0, respectively, where §(t) is the Dirac delta function.

Equation (1.1) is a generalization of the classical exponential relaxation
equation u/(t) + Au(t) = 0. Generalizations of this equation from the view-
point of Fractional Calculus are discussed in [9] and equation (1.1) is in fact a
particular case of the distributed order fractional relaxation equation in the Ca-
puto sense, considered in [9]. The solutions of (1.1), represented in terms of the
so-called multivariate Mittag-Leffler functions, is obtained in [8]. It seems how-
ever that the properties of the functions wug(t) and ug(t) have not been studied
in detail in the literature.

On the other hand, except as solutions of the relaxation equation (1.1), the
functions ug(t) and us(t) appear as time-dependent components in the eigenfunc-
tion expansion of the solution of multi-term time-fractional diffusion equations
on finite space domain, considered e.g. in [7, 2, 4, 6]. Thus, the knowledge of
the behaviour of these functions is essential in the proof of the convergence of
the series representing the solution and in obtaining regularity estimates for the
solution.

In this paper we study the behaviour of the functions ug(t) and us(t), based
on their representations as Laplace inverse integrals.

2. Preliminaries

Here we formulate some definitions and basic facts from Fractional Calculus
(see e.g. [1] or [5] for more details).
Let v € (0, 1]. Denote by J7 the fractional Riemann-Liouville integral:

L ' _T'y—l ) dr
(JT)(t) = p(,y)/o(t ) () dr, 0<y <1,

f(t)v v =0,
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where I'(+) is the Gamma function. Denote by DY and D] the Riemann-Liouville
and the Caputo fractional derivatives of order ~, defined by

(DVF)(#) = (JF) (1), (DY) = (T f)(2).

Note that for v = 1 it holds D' = D! = d/dt.

The Laplace transform of a function f(t) is denoted by L£{f(t)}(s) or f(s).
The Laplace transforms of the operators of fractional integration and differen-
tiation are given by

LIS = s s), 1)
LD fYs) = $T) = ()0, 22)
LD = () =71 0) 2

Recall the definition of the Mittag-Leffler function:
o0 k
z
- g Pe = Eq ) s M > . 2.4
?) kzz[)p(ak+ﬁ)v (2) 1(2), «a,8,2z€C, Ra>0. (24)

Its asymptotic expansion is given by

N—-1 716
=Ny, - . 2.
; (B — k) +O(t™), +00 (2.5)

The following identity for the Laplace transform of the Mittag-Lefller function
holds true
C{ Byt = 2 (2.6)
a,p\—H = ) . .

A function f(t) is said to be completely monotone for ¢ > 0 iff

(=)™ (@) >0, forall n=0,1,....t > 0.

3. Properties of the fundamental and the impulse-response solutions

To solve equation (1.1) we apply Laplace transform and use (2.3). In this
way, for the Laplace transform #(s) of the solution u(t) one gets
R s* YL AjsY 1
u(s) =cop + ™
s(s*+ 300 Ajs® + ) s* DT Ajs® + A

f(s). (3.1)

Therefore the solution of equation (1.1) is given by

t

u(t) = coup(t) + ; ug(t — 1) f(7) dr. (3.2)
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Here ug(t) is the fundamental solution (corresponding to f(t) = 0,¢op = 1) and
ug(t) is the impulse-response solution (corresponding to f(t) = d(t),co = 0) and
they are defined by their Laplace transforms as follows:
R e DD YT R 1
UQ(S) - mj s ’ ’LL(;(S) - m s :
s(s™+ D701 Ajs® + A) S+ DT AN+ A

(3.3)

Next we find representations of ug(t) and us(t) and study their properties.
We work following the method proposed in [3]. Note that in the limiting case
m = 0 (simple fractional relaxation) (3.3) and (2.6) imply that ug(t) and wus(t)
are expressed explicitly in terms of the Mittag-Leffler functions:

uo(t) = Bo(—Xt%), us(t) =t B, o(= M%), (3.4)

If moreover o« = 1 the solutions reduce to ug(t) = us(t) = exp(—At) (classi-
cal exponential relaxation). Therefore, our results generalize some well-known
properties of the Mittag-Leffler and the exponential functions. For example, the
functions ug and ug preserve the complete monotonicity property of the expo-
nential function. In order to prove this, first we find appropriate representations
of these functions.

Theorem 3.1. The functions ug(t) and us(t) have the representations:

uo(t) = /000 e " Ko(r)dr, us(t) = /000 e " Ks(r) dr, where (3.5)
A B(r) 1 B(r)

Kolr) = G e+ BoE 0 = ram e+ soe C

A(r) =r%cosam + Z Ajr® cosam, B(r) =r"sinamr + Z Ajr® sin a;m,
j=1 j=1

Proof. The function wus(t) is the inverse Laplace integral of us(s), i.e.

1 1
t)=-— ot d 3.7
us(t) 270 /BT “ sy DG A%+ A & (37)

where Br = {s; Res = 0, 0 > 0} is the Bromwich path. The function us(s)
has a branch point 0, so we cut off the negative part of the real axis. Note that
the function s* + Z;nzl Ajs% + X has no zero in the main sheet of the Riemann

surface including its boundaries on the cut. Indeed, if s = pe?, with o > 0,
0 € (—m, ), then

m m
Im {s* + Z AjsY 4+ A} = ¢%sinaf + Z Ajo% sina;f # 0,
j=1 j=1
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since sin af and sin o ;6 have the same sign and A\; > 0. Therefore, us(t) can be
found by bending the Bromwich path into the Hankel path Ha(e), which starts
from —oo along the lower side of the negative real axis, encircles the disc |s| = ¢
counterclockwise and ends at —oo along the upper side of the negative real axis:

1 1
t) = — st ds. 3.8
U6( ) 211 /Ha(s) € s + Z;nzl Ajsaj + )\ 5 ( )

Taking ¢ — 0 in (3.8) we obtain

u(g(t) = /OOO 67TtK§(T) dr, (3.9)
Ks(r) = —lIm { !

. 3.10
z sa+z;mjsawm} 10

From (3.10) we obtain the representation of Ks(r) in (3.6).
Applying the same argument, we find the representation for ug(t). By the
use of the relationship

where

sY 4+ 37 Nis%Y 1

z,:nj—l I =-(1- mA , (3.11)

s(s¥+ D 7L  Ajs% +A) s S* A+ DT g + A

we get
1 s+ 30 Ajs A

Ko(r) = ——1 J = 2 Ks(r). 3.12
olr) = —71m {5(50‘ TS IEPYECIDY) I o). (312)
O

Remark 3.1. Representations (3.5) are appropriate for numerical compu-
tation of the solutions.

Remark 3.2. Note that Ky(r) is a probability density function, since it is
positive and [ Ko(r) dr = 1 in virtue of (3.5) and (3.18).

Remark 3.3. Representations (3.5) do not hold only in the limiting case
of exponential relaxation & = 1, m = 0, in which B(r) = 0.

To find the asymptotic expansions of ug(t) and us(t) as t — oo we apply the
following lemma to the representations in (3.5).

Lemma 3.1. (Watson’s lemma) Let K € L'(RY) and assume

K(r)~77 asr— 07,
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with Re{#} > —1. Then

/ K () dr ~ DB+ 1)1 ¢ — 4oo. (3.13)
0

Theorem 3.2. The functions ug(t) and us(t) have the following properties:

uo(t) and us(t) are completely monotone functions fort >0, (3.14)

ug(t) = —Aug(t), t>0, (3.15)
+o toc—l
ty~ml— A t)~ ——, t 1
At~ m At ~m—1
t) ~ ———— )~ ——————, t . 1

Proof. Because of the assumptions (1.2) Ko(r) > 0 and Ks(r) > 0 for all
r > 0. This together with the representations (3.5) implies that ug(¢) and us(t)
are completely monotone functions.

By the property of the Laplace transform

F(0) = lim_sf(s),
we obtain from (3.3)
up(0) = 1. (3.18)
Therefore, (2.3) with v =1 and (3.11) imply

L{u()}(s) = siio(s) — uo(0) = siios) — 1 = —Ais(s)

and, taking the inverse Laplace transform, we obtain identity (3.15).

The behaviour of the solutions as ¢ — 0 can be determined from the be-
haviour of their Laplace transforms as Re {s} — 400, as it is well known from
the Tauberian theory for the Laplace transform. Then (3.16) follow from the
expansions for Re {s} — +o0

~ 1

— o 9] a1 —2a
RIS TS Sy W e v Rk L
1 A
U =-11-= — —1_)\ —a—1 o) a1 —2a—1
to(s) s ( so‘(l—i—zgnzl )\jso‘j"‘—i-)\s_“)) 5 iy +O(s] ),
and

LT} =" T(y), v > 0.
The asymptotic estimates (3.17) are obtained applying the Watson’s lemma
to the representations (3.5). Since the dominant terms in the expansions of
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Ky(r) and Ks(r) for small r are

1 1
Ko(r) ~ a)\mro‘mfl sin agm, Ks(r) ~ W)\mro‘m sin apm, 7 — 0T

applying Lemma 3.1 to (3.5) we obtain (3.17) by the use of the identities (3.13)

and
sinym 1

™ L1 —7)

d

Remark 3.4. We see that the leading terms of the asymptotic expansions
for t — 0 are the same as in the case m = 0, see (3.4) and (2.4). In contrast,
for t — oo, the leading terms depend on «,,. Again, if m = 0 then for the
asymptotic expansions for ¢ — oo we should take a,, = a, A, = 1 in (3.17), and

obtain
t— o 1

ug(t) ~ T —a) ug(t) ~ “NT(—a)’ t — +oo.

The same result could be obtained applying (2.5) to (3.4).

Theorem 3.2 implies that the functions ug(t) and us(t) are positive and
strictly decreasing towards 0 as t runs from 0 to +00. Some useful estimates
implied by Theorem 3.2 are formulated in the next

Corollary 3.1. The following estimates hold true:

0 <up(t) <1, us(t) >0, t>0, (3.19)
T
1
/1Mﬂﬁ<A,T>O, (3.20)
0
M

< >0, 3.21

w(t) < oypa 12 (3.21)

where the constant M does not depend on t.

Proof. Inequalities (3.19) follow from the complete monotonicity of uy and
us and (3.18).
Applying (3.15) and (3.19) we get

T T
A1Mﬂﬁ:—il1ﬂﬂﬁ:1ﬂ—w@»<;

The asymptotic expansion of ug(t) in (3.17) implies for sufficiently large ¢
the estimate

>

C
TLt S b}
un(t) < o
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where the constant C' does not depend on ¢. This together with the fact that
up(t) is continuous and monotonicaly decreasing and (3.18) gives (3.21). 0
Next we give some additional properties of the solutions ug and ug, generaliz-
ing the properties of the Mittag-Leffler functions (3.4). They are obtained from
(3.3) using (2.1)-(2.3) and other well-known properties of the Laplace transform.
The impulse response solution ugs satisfies the equation with the Riemann-
Liouville fractional derivative

m
D%ug + Z /\jDaju(s + Aug = 0,
j=1

subject to the initial condition

m
Jl_aug —I—Z)\jjl_aju(s =1.
7=l t=0
More precisely,
(Jlfau(;)‘tzo =1, (Jlfo‘ju(g)‘tzo =0.

This is a generalization of the well-known property that the function t*~*E,, ,(—At?)
satisfies the equation D“u = Au with initial condition (Jl_o‘u)|t:0 =1
In addition, the following identities hold true
D%ug = —AJ s, DYug = —NJ1 %y, (3.22)

Since by the definition of the fundamental solution ug

m
Dug+ Y \Dug + Aug = 0,
j=1

we obtain from (3.22)

m
up = J' s + 3 N\ Mg,
Jj=1

which is a generalization of the identity

Ba(—M) = J7 (18 By o (— M),

4. Conclusion

In this paper, applying Laplace transform method, we find the fundamental
and the impulse-response solutions of the multi-term fractional relaxation equa-
tion with the Caputo fractional derivatives. The properties of the solutions are
then derived directly from their representations as Laplace inverse integrals. We
prove that the fundamental and the impulse-response solutions are completely
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monotone functions, i.e. the complete monotonicity characteristic for the clas-
sical exponential relaxation is preserved. Asymptotic expressions for small and
large times are also presented. It appears that the asymptotic behaviour of the
solutions for ¢ — 0 is determined by the largest order of fractional differentia-
tion a and for ¢ — +o0o by the smallest order «,,, where an algebraic decay is
observed. Based on the complete monotonicity and the asymptotic estimates
as t — —+oo some estimates for the solutions are obtained. Some additional
properties involving fractional integrals and derivatives of the solutions are also
presented. All properties show that the fundamental and the impulse-response
solutions of the considered problem are generalizations of the Mittag-LefHler
functions E,(—At%) and t*~1E, ,(—At®), respectively, obtained in the case of
simple fractional relaxation.
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ON LOCAL STABILITY OF SOLUTIONS TO THE BELTRAMI
EQUATION WITH DEGENERATION

Melkana A. Brakalova

Abstract

In this paper we consider local stability and regularity properties such as
conformality, asymptotic conformality, asymptotic homogeneity, and weak con-
formality at a point for sense-preserving homeomorphic solutions to the Beltrami
equation, f; = uf,, with degeneration. The coefficient y is a complex-valued
measurable function defined in a neighborhood of that point such that |u| < 1
a.e. Using analytic results, some developed in the author’s thesis from 1988, we
discuss sufficient conditions for local stability involving the complex dilatation
and obtain a result on asymptotic homogeneity.

MSC 2010: 30C20, 30C25, 30C62

Key Words and Phrases: Beltrami equation with degeneration, quasiconfor-
mal mappings, mappings of finite distortion, y—homeomorphisms, local stabil-
ity, weak conformality, asymptotic homogeneity, asymptotic conformality, con-
formality.

1. Introduction

Let f:Q — f(Q) be an ACL sense-preserving homeomorphism in a domain
Q) C C. Then f is differentiable a.e., has complex partial derivatives f, and f;
a.e., and a Jacobian Jf = |f,|? — |fz|> > 0 a.e. One says that f is regular at a
point, if f is differentiable and J; > 0 at that point.

Definition 1.1. Let u be a Lebesgue-measurable complex-valued function
in Q C Cwith |u| < 1 a.e. An ACL sense-preserving homeomorphism f : Q — C
satisfying
fz=uf. ae. (1.1)
is called a py-homeomorphism.

(1.1) with ||g||sc = 1 is called Beltrami equation with degeneration. Solu-
tions to (1.1) include mappings of finite distortion, for which most of the theory

© 2013 IMI — BAS, Sofia pp. 65-76
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of existence, uniqueness, regularity, compactness, etc. has been developed in
the last 15 years or so, see [14]. If ||u|loc < 1, (1.1) is the well-known Beltrami
equation and its solutions are K —quasiconformal mappings. If 4 = 0 a.e. in €2,
the solution is a conformal mapping.

If f is a solution to (1.1) then at a regular point the complex dilatation p ¢

of f is defined as p1y = j} and py = 0 otherwise.
4

The local stability properties for solutions to (1.1), discussed in this pa-
per, are conformality, asymptotic conformality, (asymptotic) homogeneity, and
weak conformality at a point. We assume that the solutions are locally ab-
solutely continuous, have J; > 0 a.e. and satisfy (3.1). These assumptions
will hold throughout the paper. The results apply to mappings of finite dis-
tortion and K —quasiconfomal mappings. For K-quasiconformal mappings local
stability properties have been studied by Belinskii, Gutlyanskii, Lehto, Mar-
tio, Ryazanov, Reich, Teichmiiller, Wittich and, for the more general class of
p—homeomorphisms, by Jenkins, the author and others, see [2, 3, 18, 19, 16,
15,6, 7,13, 12,5, 6, 17, 7, 8, 9, 10, 4].

We normalize the settings so that f is defined in a neighborhood of the origin
U={z:]z] <1} and f(0) = 0.

One says that f is conformal at the origin if

lim 1(2)

r—0 z

= C #0. (1.2)

Conditions that assure conformality at the origin usually measure how close
iy is to 0 in some integral sense.

f is called asymptotically conformal at the point 0 if iy — 0, as z — 0.
Asymptotic conformality at a point does not necessarily imply conformality at
a point and vica versa.

Example 1.1. The function f(z) = z(1 + log|z|) has complex dilatation
2targ z
e

= m. Clearly, p1f — 0, as |z| — 0 but f is not conformal at 0.

ff(2)

An example constructed in [5, 8] considers f conformal at the origin for
which pp = 1/3.

Belinskii [2] observed that asymptotically conformal mappings at a point
satisfy the following more general than differentiability property

f(z) = A(lz])(z + o(]z]) as z — 0, (1.3)
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A(tp)

where lirr(l) m = 1, locally uniformly with respect to ¢ (after possibly an
p— P

appropriate normalization with pre/post composition with Mobius transforma-
tion).
One says that f is (asymptotically) homogeneous at the origin if

1)
20 f(2)
locally uniformly with respect to (.
Such mappings were studied in depth in the works of Ryazanov [17] and
Gutlyanskii and Ryazanov [13], see also the recent monograph [4].

A mapping is weakly conformal at a point if it preserve circles (is circle-
like), i.e.

¢, (14)

max [ f(z)|

|z|=r
m ————--——
r—0 min | f(2)|
|z|=r

=1, (1.5)

and angles between rays emanating from the origin, i.e. for an appropriate
choice of a branch of the argument

lirr(l) [arg f(re??) —arg f(re)| = 0, — 01, (1.6)

uniformly in #; and 63. Asymptotically homogeneous maps are weakly conformal
and, in addition, preserve moduli of infinitesimal annuli, i.e.

t
L 1r2)]

=0 |f(2)]
locally uniformly with respect to t,£ € R. These properties fully characterize
asymptotically homogeneous maps.

=t (1.7)

Below are a few examples of weakly conformal mappings at the origin.

Example 1.2. f(z) = zeiloglogﬁ, [12], has complex dilatation py(z) =
: 2iarg z
ie

1+ 2ilog(e/|z|)
conformal at 0.

. It is asymptotically conformal and homogeneous at 0, but not

Example 1.3. The homeomorphism f(z) = ze’V 19812l has dilatation

—ite arg z

Z) =
py(2) 4,/—log|z| — 1

but not conformal at 0.

. It is asymptotically conformal and homogeneous at 0,
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ieQi arg z

2—iq
It is neither asymptotically conformal nor homogeneous, nor conformal at the
origin.

Example 1.4. f(z) = ze(=" 2] has complex dilatation p(z) = —

627' arg z

.Itisa

Example 1.5. f(z) = z|z| has complex dilatation pf(z) =

weakly conformal homeomorphism at the origin, which is neither asymptotically
conformal nor homogeneous, nor conformal at the origin.

The above examples suggest that, as z — 0, for a mapping homogeneous at
a point, neither |f| nor arg f, can grow too fast. [17, 10].

2. History of results

In this section we provide a historical overview of some results concerning
sufficient conditions for conformaliy, weak conformality and homogeneity at a
point.

Let z be a regular point and « be a real number. Then f, = f, + e 2 f;
is the directional derivative of f in direction a, & € R. We define the directional
dilatation Dy, of f in direction « to be

(2.1)

This notion was successfully used in some of the works of Andreian-Cazacu, see
e.g. [1]. Since

_ ‘fa’z . ’fz + fzeima‘Q . 1+ QRe(:U'feim'a) + ‘:U'f’2

D = = )
G 7R TR TR L—|ugl?
R —2i 2
Dju—1=2 e(pre™™) J2r i (2.2)
1 — |py
Since, for any «, one has that —|us| < Re(ure™2®) < |usl,
1 — 2] + |us|? 14 2[ug| + |pgl?
|y ] |2Mf| <Dy < |y |2Mf| .
1— |yl 1—|pg
Thus
1—|Mf!S f’a§1+‘ﬂf|’
1+ [yl 1= [puyl
1 1
which is equivalent to D, < D¢o < Dy, where Dy = 1+:Mf is the real
— |Hf

dilatation of f. Clearly, Dy > 1 a.e.
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Certain deviations of the real dilatation Dy from 1 in a neighborhood of a
point, equivalently of y ¢ from 0, imply local stability of the solution f. A well-
established result in this direction, in the theory of K —quasiconformal map-
pings, is the Teichmiiller-Wittich-Belinskii theorem.

Theorem 2.1. [3, 18, 19] (Teichmiiller-Wittich-Belinskii) Let f be a qua-
siconformal mapping in U such that f(0) =0. If

Iyl dA.
< 00, (2.3)
4/ L — |yl [2]2

then f is conformal at 0.

Condition (2.3) was originally used in the equivalent form:

// ||2<°°

2.1) is the Teichmiiller-Wittich theorem which
(2)

(
states that (2.3) implies ‘le |f‘zz| | = A # 0. In 1988 the author [6], (see also

[5]) obtained the following extension.

The precursor of Theorem

Theorem 2.2. Let f(z) be a differentiable p-homeomorphism, f : U — U,
f(0) = 0, with complex dilatation pg. If

Cugl? dAL
< 00, 2.4
// T |y 2P @4

then f preserves circles, i.e. (1.5) holds. In addition, there exists a constant
A > 0, such that

dAy,
|f(2)] ~ Aexp | — // DfﬁW as z — 0, (2.5)

lz|<|w|<1

where Dy g is the directional derivative at w = re? | defined in (2.1).
As shown in in [5] and [6], if (2.3) holds then for some constant Ay,

dAy,

exp | — / DfﬁW ~ Aolz|, asz—0. (2.6)

|z|<|w]<1
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Thus Theorem 2.2 implies the Teichmiiller-Wittich theorem in a more general
setting of differentiable y—homeomorphisms. Indeed, from (2.2) and (2.4) fol-

lows the convergence of the integral ~ [[ Djg—1——, as z — 0, which implies

|2 <|w|<1 jw]?”
(2.6). The latter together with (2.5) implies the existence of a constant A such
that lim M =A#0.
z=0 ||

In 1992 Ryazanov [17], and in 1995 Gutlyanskii and Ryzanov [13], studied
properties of asymptotically homogeneous/conformal K — quasiconformal maps
at a point and their applications to the study of symmetric homeomorphisms of
the real line, a notion important in Teichmiiller theory [11].

Theorem 2.3. [17] For a quasiconformal map f of the extended complex
plane onto itself, normalized by f(0) = 0, f(o0) = oo the following are equivalent

1. f is differentiable in the sense of Belinskii at the origin, namely (1.3)
holds.

2. pg(tz) — 0, ast — 0 in the sense of dilatations.

3. There exists the limit

- fED)
iy — 21 =0
as |2'| < 4|z, for any é.
4. Forall( € C
O _,

I )

where the convergence is locally uniform in .

Ryazanov [17] also showed that the module of an asymptotically homoge-
neous mapping can not grow too fast or too slow as z — 0, namely
|
o 1))

il U o Ry |
250 In|2 ’

which can be observed in Examples 1.1-1.5.

In 1994 J. A. Jenkins and the author [7] obtained results for weak conformal-
ity and conformality at a point in the more general case of y-homeomorphisms.

Theorem 2.4. [7]. Assume that f is a p-homeomorphism in U, f(0) = 0.
Let 0 = argz and 0 < ro <1y < 1. Assume that Dsgio € L'(A(ra,m1)), for a =

0 and a = 5, where Dy, is defined in (2.1) and A(rg,m1) = {2 : 72 < |2| <11}
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If
2 L 1Re—20,, .| dA
/ gl” + R Tyl dAs 2.7)
1— gyl E
U
then ‘ITm |f|(z|)| = A # 0 holds and f is asymptotically a rotation on circles.
z|—0 z

Using extremal length techniques, introduced in [16], for estimating arg f,
we can show that if f satisfies the conditions of Theorem 2.4 then arg f =
o(y/log(1/r)), as  — 0. Thus a map like the one from Example 1.3, f(z) =
ze'V 182l potates "too fast” and can not satisfy the conditions of Theorem
2.4.

From Lemma 6.1 in [7] follows the next result.
Theorem 2.5. Assume that f is a p-homeomorphism in U, f(0) = 0. Let

0 =argz and 0 < ry <1y < 1. Assume that Dygio € L' (A(r2,m1)), for a =0
and a = 3, where Dy o is defined in (2.1) and A(rz,r1) = {z : ro < |z| <r1}. If

/ lig? + [Re P pus| dA, (2.8)
L — [y |2]2 ‘
U
and
/ H:U’f|2 - %6_%6/@”’ dA, (2.9)
1— |pgl? |2|2 ’ '

then f is conformal at 0, namely (1.2) holds.

In 2003 V. Gutlyanskii and O. Martio [12] obtained the following two results
on weak conformality and conformality of a K —quasiconformal map at a point.

Theorem 2.6. [12] Let f be a K-quasiconformal homeomorphism in U
such that f(0) = 0. If

sl 04, < (2.10)
’z’2 z oo, .

then f is weakly conformal at the origin.
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Theorem 2.7. [12] Let f be a K-quasiconformal homeomorphism in U
such that f(0) = 0. If (2.10) holds and if the singular integral

é/ gdAz (2.11)

exists in the sense of principal value, then f is conformal at z = 0.

The proofs of Theorem 2.6 and 2.7 rely on properties of K-quasiconformal
mappings such as sequential compactness and boundedness of the dilatation.

In 2009 and 2010 [8, 9] the author obtained geometric sufficient and nec-
essary conditions for weak conformality and conformality at the origin, as well
as analytic sufficient conditions. These results extend Theorems 2.6 and 2.7
to the class of y—homeomorphisms. The proofs rely on analytic estimates of
extremal lengths of curves separating or connecting the boundaries of images
under f of annuli and the opposite sides of images of quadrilaterals formed by
arcs of concentric circles and segments of radii.

Theorem 2.8. Assume that f is a p-homeomorphism in U, f(0) =0 and

that
. dA
lim // Dfﬂ_i_a — 1@ (212)

r—0
r<|z|<1

is finite for « = 0,7/2. Then f is weakly conformal at the origin.

Theorem 2.9. Assume that f is a p-homeomorphism in U, f(0) = 0, and

that
dA
li Dipra—1r
0 // Fote = A2

r<|z|<1

is finite for o = 0,7/2 and o = ag # km/2, k any integer. Then f is conformal
at the origin.

3. Asymptotic homogeneity

Let f be an a.e. regular, locally absolutely continuous solution to (1.1) in
U={z: |z| <1}, f(0) =0, with complex dilatation s is not too close to 1 on
a big set in a sense that there exists a constant Cy = Cp(t) such that

1 A
lim sup // =2 < Cp(t) < 0. (3.1)
r—0 L—[pg|?|2?

r<|z|<tr
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In this section we show that if f satisfies (2.4) then it is asymptotically

homogeneous at the origin. We use approaches and results from [5, 6, 8, 9], in
particular Theorems 2.2 and 2.8.

Theorem 3.1. If

2
/ 1 04, < oo (3.2)
U

|22

then f is homogeneous at the origin, namely 111% f(éz)) = (, locally uniformly

with respect to (.

An equivalent statement is the following

2
[[ s
U

then f is homogeneous at the origin, namely

Theorem 3.2. If

f(z) = A(l2)(z +o(|2]), as z =0,

where lim M
p—0 A(p)

=1, locally uniformly with respect to t.

Proof. As it was pointed out earlier, homogeneity is equivalent to weak
conformality at a point and preservation of annuli (1.7), namely

7(t2)
e =t 3.3)

Weak conformality at a point requires preservation of circles and angles.
Preservation of circles follows from Theorem 2.2 [6] which proof, under the
conditions we consider here, is almost identical to the proof in [6]. One can
show that f preserves angles between rays following the idea behind the proof
of Theorem 2.8. We show that (3.3) holds.

Indeed, according to (2.2) we have that

(Dry lps? + |Re(e P pp)| dA,,
f) 1 _ 2 2°
gl |w|

|z|<|w|<t|2] |z|<|w|<t|2|
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Using Cauchy-Schwarz inequality and (3.1) one has

|Re(e™ 1) dA,, / / gl dAw
L—|usl>  |wf? 1—|ug? w2
|21<wl<t|z] |2|<wl<t|2]

(3.2) implies that locally uniformly with respect to ¢,

2 dA
1'_“{}'”2'10';’ =o(1) as |z] — 0.
|2]<|w|<t|z| !
Therefore
dA
(Do — 1)ﬁ =o(1)
|z|<|w|<t|z]|

as |z| — 0, locally uniformly with respect to ¢.
In addition, (2.5) implies

dA,
F(2)] ~ Aexp | — // Dyot |

lz|<|w|<1
as |z| — 0. It follows that
|f(tz)] dAy // dA,,
~ exp Dig——>5 | ~exp Dig—1+1—5 |,
£C)] P T : [w?
2| <|w|<t|2| 2] <|w|<t|2|

as |z| — 0, locally uniformly with respect to ¢ and therefore (3.3) holds. Since
f is weakly conformal at the origin, the asymptotic homogeneity of f at the
origin, as stated in Theorem 3.1, follows.

(]

In [10] we show, among other things, that if f is asymptotically homogeneous
map at the origin

arg f(re?) = o(logr) as r — 0 uniformly in 6.

A hint to this property could be observed in the earlier Examples 1.2 — 1.4.
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COMMUTANT OF A CHEREDNIK TYPE OPERATOR
ON THE REAL LINE

Ivan H. Dimovski !, Valentin Z. Hristov 2

Abstract

We characterize the commutant of the following Cherednik type singular
differential-difference operator on the real line due to Mourou

At =+ 8 (VOS2 ),

1
where A(z) = |z|?**"1B(2), a > —=, B being a positive C* function on R, and

p > 0. This operator generalizes both Dunkl and Cherednik operators.

MSC 2010: 47B38, 47B39, 47B99

Key Words and Phrases: commutant of linear operator, convolution of func-
tions

1. Introduction

The following first-order singular differential-difference operator on the real
line was considered by Mourou in [6]:

M) = Ly + £ (M-S

) - or-a), (L1)

where A(z) = |z|**1 B(2), a > —%, B being a positive C* function on R, and
p>0

A particular case is the operator
daf
dx

() + [(20 + 1) cotha + (26 + 1) tanh ] W

—(a+B+1)f(—=), (1.2)

Da,,@f(l‘) =

© 2013 IMI — BAS, Sofia pp. T7-84
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known as Jacobi-Cherednik operator [5], where
1
A(z) = (sinh |z])2** (cosh )2t o> 6> —5 pP=a +6+1

The Cherednik operator [2] is a particular case of D, g.
Mourou shows in [6], Theorem 3.6, that there exists a unique invertible
transform V satisfying

d
{ Vo f=AVS (1.3)
V £(0) = f(0)

called intertwining operator, which transforms the differentiation operator D =

d
. into A. He finds also the inverse transform V1.
T

Using these transforms, Mourou defines generalized translation operators
corresponding to the differential-difference operator A:

Definition 1.1. ([6]) The generalized translation operators T,, =z € R,
associated with the operator A, are defined by

Tf(y) =VaVy [V (@ +y), yeR (1.4)

Some of the main properties of the translations 7% mentioned in [6] are:

(i) T° = I - the identity, T°TY =TYT®, AT®=T"A.

(i) T*f(y) = TV f ().

(iii) For any function f satisfying (1.3) the function u(x,y) = T* f(y) is the
unique solution of the problem

{ Amu(:n, y) = Ayu(xa y)
u(0,y) = f(y) '

Let us note that (iii) could be used as a definition of translation operators
associated with A.

2. Right inverse operators of A and their Taylor expansions

Let L be an arbitrary right inverse operator of A in C1(R), i.e. if f € C1(R),
then Lf(x) = y(z) is the solution of the equation

Ay(z) = f(z), @(y) =0, (2.5)

where ® is a given linear functional on C*(R) with ®{1} = 1.

In the general case it is not possible to give an explicit solution of this equa-
tion like it was made by the authors in [4] for the Dunkl operator, a particular
case of A. Here we will find at least the differential equations to be solved. It is
well known that such types of equations have solutions.
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Let us represent y by its even and odd parts, namely y = y. + y,, where

_ y(@) +y(—=) y(z) — y(—x)
y€($) - 5 f

f = fe+ fo. Substituting in (2.5), and equating separately the even and the
odd parts, we get the system

and y,(z) = , and make the same with

o)+ 5 = o) = fo (2:6)
yé(l‘) + pyo(l‘) = fo(x) (27)

for y. and y,. Substituting y, from (2.7) into (2.6) we obtain a second order
differential equation for ye:

" A/ / 2 / Al
vy e — —Jo — e- 2.
Yo+ Ve TP Ye = Jot —fo—pl (2.8)
Similarly we have the following equation for y,:
A/ A//A _ A/ 2
Yo+ ¥t (AQ() + p) Yo = fe+ pfo- (2.9)

It is well known that such second order differential equations have non-trivial
solutions and in the sequel we will use the sum of some fixed solutions y = ye+o
as one of the right inverse operators of the operator A, which will be denoted
by L = L(f). Then all such operators have to be of the form L = L(f)+ ¥{f},
where U is a linear functional on C!(R).

In the general theory of right invertible operators (see Bittner [1], Przeworska-
Rolewicz [7]) an important characteristic of L is its “initial projector”

Ff(z) = f(z) — LAf(x) = ®{f}. (2.10)
It maps C'(R) onto ker A = R, i.e. it is a linear functional ® on C*(R). Ex-
pressing ® by ¥, we obtain
o{f} = f(0) — U{Af}.
Let us note that ®{1} = 1 which expresses the projector property of F. The
simplest case of an right inverse operator is when ® is the Dirac functional

o{f} = f(0).

Definition 2.1. The Appell type functions {A,(z)}°, associated with
the operator A are introduced by the recurrences

Ao(x) =1, and AApii(x) =A,(z), P{A,1} =0, n>0. (2.11)

Lemma 2.1. The Appell type functions have the representation
An(z) = L™{1}(x),
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where L is the right inverse of the operator A.

Proof. By induction: If n = 1, then AA;(z) = Ag(z) = 1 = L°{1}(x) and
therefore A;(z) = L{1}(x). Now, suppose that the assertion is true for arbitrary
n > 0. Then

AApp1(2) = An(z) = L"{1}(z), 2{An1} =0,

hence A, 11(x) = LA, (z) = LL"{1}(x) = L""*{1}(z), which proves the lemma.
a

Lemma 2.2. (Taylor formula with remainder term) If f € C™(R), then

n—1
fl@)=> d{NfIAj(z) + L"(A"f)(z)  and (2.12)
j=0

n—1
TVf(x) =T f(y) =Y _ {T N f}Ay) + L"(T"A"f)(y), (2.13)
j=0

where A;(y) = L{1}(y) are the Appell type functions (2.11), related to the
functional ®.

Proof. Delsarte [3], Bittner [1], and Przeworska-Rolewicz [7] proposed vari-
ants of the Taylor formula for right invertible operators in linear spaces. In our
case the general Taylor formula is the obvious operator identity

n—1
I=) L/FAN 4+ L"A",
§=0
where [ is the identity operator and F' = I — LA. In functional form the above
identity takes the form

n—1

flo)=>_ LFN f(x)+ L"A" f(x),

j=0
where the initial projector F' of L (2.10) is a linear functional ®:
Ff(z) = f(z) = LAf(z) = ®{f}.

F projects the space C'(R) into the space R of the constants. Hence the Taylor
formula with remainder term for the operator A is

n—1
f(x) =) ®{NFIL{1}(z) + L"A" f(x), (2.14)

=0
which gives the result. (2.13) follows from (2.12) if we substitute f(z) by T}/ f(x).
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O
Lemma 2.3. The span of the Appell functions {An}22 is dense in C(R).

Corollary 2.1. If f € span{A,}7°, then

fla)=> O{Af}A;(x)  and (2.15)
j=0
TYf(x) =T f(y) =Y S{T"N [} A;(y), (2.16)
j=0

where Aj = L/{1} are the Appell functions.

Further, we will use only the special case of the last formula, when ®{f} =
f(0). Then it takes the form

TYf(x) =T fy) =Y _ N f(x) Az, (2.17)
j=0
where Aj are constants.

3. General commutant of the operator A

Here we will prove the following theorem:

Theorem 3.1. Let M : C(R) — C(R) be a continuous linear operator with
M : CYR) — CL(R). Then the following assertions are equivalent:

(i) M commutes with the Cherednik type operator A, defined by (1.1), in
CYR), i.e. MA = AM;

(il) M commutes with all generalized translations, i.e. MTY = TYM for
every y € R;

(iii) M admits a representation of the form

(Mf)(z) = @{T" f(2)} (3.18)
with a continuous linear functional ® : C(R) — C.
Proof. (i)=(ii)

Suppose that M commutes with the operator A in C1(R), i.e. MAf = AM f
for f € CY(R). Then, for arbitrary y € R and any function f € span{4,},,
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Taylor formula (2.17) implies

(MTYf)(z) = (MT*f)(y) = M (Z(A”f)(ﬂf)any">

n=0
= 2N )ang” = 3 (A" M S )(a)any”
n=0 n=0
_ Z z)any" = (T*M f)(y) = (TYM f)(z).

Since MTY = TYM is true for the Appell functions {A,}2°, then this is true
for arbitrary f € C'(R). One should simply use approximation by functions of
span{ A, }>° .

(i) = (1)

Suppose MT? = T*M for every t € R. For arbitrary polynomial f(x) reverse
the order in the above chain of equalities as follows:

o0

D (MA™f)(2)akny" = (M(T"f))(x)
n=0
= (T'(M f))(x) = > (N"Mf)(z)arny"-
n=0

The sums have to coincide for every x and hence the coefficients of y™ are equal
for arbitrary n. For n = 1 it follows that

(M(Af))(z) = (MM [)) (). (3.19)

Assuming that (3.19) is true for polynomials, it follows that it is true for arbi-
trary f € C1(R) since f could be approximated by polynomials.

(if)=>(iii)
Let
MTYf(z) =T'Mf(z), VyeR (3.20)
The property TV f(z) = T* f(y) applied to the right hand side of (3.20) gives
(M(TYf)) (@) = (T (M f))(y)- (3.21)

Define the linear functional ® as

{f} == (M[)(0).

Then, substituting y = 0 in (3.21) and taking into account that 7Y is the identity
operator, one has

(M(TY£))(0) = (T°(Mf))(y) = (Mf)(y). (3.22)
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The left hand side is the value of the functional ® for the function
g(z) = (TYf)(z), and hence

(M[)(y) = & {(TYF)(1)} = ©{(T"F)(y)}

using (3.21) and property (i) from Lemma 1. This in fact is the desired rep-
resentation (3.18) of the commutant of Dy with y for x, and with the dumb
variable ¢ instead of y.

(iii)=(ii)

It is a matter of a direct check to show that the operators of the form (3.18)
commute with 7Y for every y € R:

MTY f(z) = @{(T'T"f)(2)} = {(TYT" ) (=)}
=TV {T"f)(x)} = TYM f(=).

This completes the proof. O

Theorem 3.2. Let the operators M and N commute with the operator A
in the sense of Theorem 3.1. Then

MN = NM,

i.e. M and N commute between themselves.

Proof. According to (3.18)
(M[)(z) = @{T"f(z)}  and  (Nf)(z) = @{T"f(2)}.
Then
MN f(z) = 2T @AT" f(2)}} = P @ATT* f(2)} = ©,2ATT" f(2)}.
But using the property

TtTs — st
from Definition 1.1 and the Fubini property
Db, = O, Dy
we get
MN f(z) = NM f(z).
Thus the proof is finished. O

Here we considered only the general commutant of the operator A, but as
in [4] it is possible to consider also the commutant in an invariant hyperplane.
This will be done in another publication.
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EXTENSION OF DUHAMEL PRINCIPLE FOR LINEAR
NONLOCAL INITIAL-BOUNDARY VALUE PROBLEMS

Ivan Dimovski !, Margarita Spiridonova 2

Abstract

Local and nonlocal boundary value problems (BVPs) for the classical equa-
tions of mathematical physics in rectangular domains often are solved by Fourier
method or some of its extensions, intended for the nonlocal case.

We aim to make more effective the Fourier method for general classes of non-
local BVPs for the heat and wave equations in a strip. To this end the method
is combined with an extension of the Duhamel principle to the space variable.
Nonclassical operational calculi, custom-tailored for the specific problems, are
used. Thus explicit solutions of the considered problems are obtained.

MSC 2010: 44A35, 44A40, 35K05, 35K20, 35L05, 35120

Key Words and Phrases: convolution, Mikusinski calculus, operational cal-
culi, Fourier method, Duhamel principle, boundary value problem, wave equa-
tion, heat equation

1. Introduction

The classical Heaviside-Mikusinski operational calculus [10] is intended mainly
to solving of initial value problems both for ODEs and for PDEs. The authors
[4] proposed an extension of the Heaviside-Mikusinski operational calculus for
nonlocal Cauchy problems for ordinary differential equations with constant co-
efficients.

The attempt of Mikusinski [10] to encompass boundary value problems for
linear PDEs with constant coefficients hardly could be considered as successful.
One reason for this is the fact that Mikusinski used his direct operational calculus
only in its one-dimensional variant.

M. Gutterman [7] proposed a multi-dimensional varianl of Mikusinski’s cal-
culus, intended to initial value problems for linear PDEs with constant coeffi-
cient. Nevertheless, as he acknowledges, ”So far our method does not apply to
some mixed problems (such applications would probably demand further im-
provements)”.

© 2013 IMI — BAS, Sofia pp. 85-92
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Here we intend on simple situations to outline a feasible direction in appli-
cation of operational calculus approach to some initial-boundary value problems
for classical equations of mathematical physics: the heat equation and the wave
equation. Instead of exclusively local boundary value conditions, we include a
general nonlocal boundary value condition, determined by an arbitrary linear
functional. We will consider our equations in a finite space domain, a case which
is more involved than the case of an infinite domain, where integral transforms
are applicable.

In order to elucidate our approach at the simplest situation, we will consider
the following two nonlocal boundary value problems.

1.1. Problem 1

Solve the heat equation

up = Ugy + F(x,t), 0<x<1,0<t (1.1)
in the strip G = {(z,t) : 0 < x < 1,0 < ¢t} with the initial condition
u(z,0) = f(x) (1.2)

and boundary value conditions
U(O,t) =0, (I)g{u(&t)} =0, (13)
where ® is a given linear functional in C*[0, 1].

Usually, in the literature the local case ®{f} = f'(1) — hf(1) is considered.
In the general case @ is determined by a Stieltjes integral representation

1
B(} = A1)+ [ F(dae), (1.4
where A = const, « is a function with bounded variation on [0, 1).

1.2. Problem 2
Solve the wave equation
U = Uy + F(x,t), 0<2x<1,0<t

with initial conditions

u(z,0) = f(z), w(x,0) = g(x). (1.5)
and BVCs

u(0,t) =0, ®e{u(§,t) =0 (1.6)

with a linear functional ® in C''[0, 1]

Here we propose a unified operational calculus approach intended to encom-
pass both problems, in order to find their solutions in an explicit form.
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The main features of our approach could be seen in the authors paper [4] and
in more details in Dimovski [3]. Along with the classical Duhamel convolution

t

¢
0+ 0) = [ ol =ru(rar, (1.7
0
we use the non-classical convolution (see Dimovski [2], p. 119)

" 3
(FE 9w =50 { [ oo} (18)
with
3 3
&) = [ fero-mgmdn- [ f(g-z-nl) gl sen(¢—z-mndn, (19

and the composed functional

5 13
B — o, o/ . (1.10)
0

In the operational calculus, we are briefly to outline, the basic roles are
played by the integration operator

ltu(:v,t):/o u(x, 7)dr (1.11)

and the right inverse operator

v . :
Loa) = [“@-9uend- groe{ [-nunnaf

2

0
of the operator 922 on the strip G ={0 <z <1,0 <t}
z

The operator L, satisfies the BVCs (Lu) (0,t) = 0 and ®¢{(Lu)(&,t) =0

and it is uniquely determined by them and the requirement to be a right inverse
2

operator of 9.2 in G.
x
The operator L, exists under the condition ®{{} # 0. Some formal simpli-

fication occurs when we assume

o{c}=1 (1.13)
Then

x 3

L&) = [ o= uiea)de - voc{ [(e-mutcoan} )
0 0

Both I; and L, are convolution operators:

Lu(z,t) = {1} * {u(z, 1)} (1.15)
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and
Lyu(z,t) = {z} * {u(z,t)}. (1.16)

Relations (1.15) and (1.16) will be used frequently in our operational calcu-
lus.

2. Two-dimensional operational calculus
for the operators [; and L,

Instead of convolutions (1.7) and (1.8) we introduce the following combined
two-dimensional convolution

{u(a, )} + {o(z, 1)}

:—CI)go/ [// n+z—-Ct—T)v(€,7)dTd( (2.1)

[ [t =2~ chyeticisontn -y arac] an

It is designed in such a way that for u(z,t) = f(x) ¢(t) andv(z,t) = g(x) (t)
to have

(uxv)(z,t) = (f % g)(0 * v). (2:2)
Lemma 2.1. Ifu(x) € C(G), then
Lyu = {z} % {u(z,t)} (2.3)
and
bu = {1} * {u(z, 1)}, (2.4)

The proof is a simple check.

Consider the convolution algebra (C(G), ) and the linear operators, which
map C(G) into itself. We single out those of them which are multipliers of the
convolution algebra (C(G), *).

Definition 2.1. (Larsen, [9]) An operator A : (C(G) — C(G) is said to be
a multiplier of the convolution algebra C(G), *) if it holds the relation
A(uxv) = (Au) *v (2.5)

for arbitrary u,v € C(G).

Lemma 2.2. Let f € C[0,1] and ¢ € C[0,00). Then the convolution
operators f % and ¢ % are multipliers of (C(G),*) .
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The assertion of this lemma becomes plausible, if we look at (2.2) and using
an approximation argument.

Definition 2.2. Let f € C[0,1] and ¢ € C]0,00]. The convolution mul-

tipliers [f]; == f % and [Plz == ¥ are called partially numerical multipliers
with respect to t and x, respectively.

Important cases of multipliers ate the operators L, and [;, due to (2.3) and
(2.4): Ly = [z]¢, s = [1]4.

Lemma 2.3. The multipliers of the convolution algebra (C(G),*) form
a commutative ring M with a nonempty set N of the non-zero non-divisors of
zero.

Non-divisors of zero are e.g. the identity operator [ and the operators L,
and [;.

The next step is to make localization of 991 with respect to 91, i.e. to form
M
the ring of the multiplier fractions N with M € 9t and N € 9.
Denote by M the ring of the multiplier fractions.

In M could be embedded (C(G), ¥), (C[0,1],%), € (C[0, 00|, >tk) and the num-
ber fields IR and € (see Dimovski [2]).
We introduce the inverse elements of L, and l; in the ring M:

1
T = T 2
Se= 1 (2.6
1
St = 7. (27)
l
2
The elements S, and s; are not identical with 922 and En but they are
z
closely connected with them.
Theorem 2.1. a) Let u € C*(G). Then
0%u
o = Seu— [Be{ul&, )], — S{(1 — 2)u(0,0)} (23)
b) Let u € CY(G). Then
Ou _ su — [u(x,0)]. (2.9)
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Proof. It is easy to verify the identity
82
Log—s = u—a®e{u(€, 1)} - (1 - )u(0,)
Multiplying with S, we get (2.8). The identity (2.9) follows from
lt?;: =u—u(z,0)
by multiplying with s;. a

Formulas (2.8) and (2.9) are basic for our operational calculus.

3. Algebraization of BVPs 1 and 2

Let us assume that Problem 1 has a classical solution u(z,t) € C?(G). Using
formulas (2.8) and (2.9) together with the conditions (1.2) and (1.3), from the
equation

Ut = Ugg + F(2,1)
we get
stu— [f(x)]s = Syu+ F.
Problem 1 obtains the algebraic form

(st = Sz)u=[f(x)]¢+ F (3.1)

which is a linear equation of the first degree for the unknown function u in M.
Its formal solution is

[f (2)]e 1
= F, 3.2
“ st — Sy - 5t — Sy ( )
provided s; — S, is a nondivisor of zero in M. It is clear, that this requirement

is equivalent to an assertion for the uniqueness of the solution.

Assume that there exist a solution for Problem 1 with F(z,t) = 0 and
f(z) = x. Denote this solution by Q(z,t). From (3.2) we get
1
Uz, t) = —F—=—. 3.3
(z,1) S (5 = 5 (3-3)
Then

0? x 03
u(e,t) = 5 { Qe ) D@} + 550 (Ve ) F b)) (34)
is an explicit solution of Problem 1 for arbitrary f € C[0,1] and F € C(G),
provided the denoted partial derivatives exist. Usually, the special solution
Q(x,t) may be obtained by the Fourier method in a form of a series.

1
Example 3.1. Let ®{f} = / f(&)dg, F(x,t) = 0. The corresponding

0
problem is studied in detail by Ionkin [8]. The solution in the form (3.4) is
exibited in Dimovski [2], p. 173-174.
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Next we consider Problem 2, assuming that it has a classical solution u €
C?(@). Applying twice formula (2.9), we get
uy = sp u—s¢[g(@)]e — [f(@)]e.
From (2.8) we get
Uge = Szl

and Problem 2 takes the algebraic form

(s = Su)u = silg@)]e + [f(@); + F. (3.5)
Assuming that s? — S, is a nondivisor of 0, we get the formal solution
St 1 1
= F. 3.6

Let us assume that Problem 2 has a solution Q(z,t) for f(x) = z, g(x)
0, F(x,t) = 0. From (3.4) we get
1
Su(s7 — Sz)
Then (3.4) can be represented in the form

w(z,t) = 5tSs <Q(:c,t) H g(a:)) + 8, (Q(x,t) Zig(x)) + 5.8y (QUa,t) % F(x,1)).

Thus we obtain the explicit representation

o . 0? x
ulw,t) = 5 o (Qa(f i)+ g (A0 Fr@)

+ 92201 (Qz,t) x F(x,t)) .

The special solution Q(z,t), usually can be obtained in a series form by the
Fourier method.

Q(z,t) = (3.7)

Example 3.2. Problem 2 with ®(f) = [} f(€)d¢, g(z) = 0 and F(z,t) =0
is considered in detail by S. Beilin [1]. Solution in the form (3.8) is realized in
author’s paper [5].

Representations (3.4) and (3.8) could be considered as extensions of the
classical Duhamel principle, but with respect to the space variable.
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A HISTORICAL SURVEY ON THE PLACE AND ROLE
OF TASKS IN MATHEMATICS TEACHING

Valentina Gogovska

Abstract: Mathematical tasks are a main tool to achieve educational, practical
and instructional aims of mathematics teaching. In order to achieve long-term, as
well as comprehensive adoption of the prescribed material, it is necessary to solve a
significant number of tasks. Trying to emphasize the significance of mathematical
tasks, it is sufficient to ask ourselves the following question: “Is mathematics
teaching possible without mathematical tasks?” In the beginning we will try to point
out the role of mathematical tasks through history.

Mathematical tasks were the basic tool for strengthening mathematical
knowledge in pre-Greek period. However, over time, tasks were replaced first by
theorems and than by concepts. Therefore, historically there is a certain dynamics
between the set of theorems and set of tasks. Does this mean that with the change of
the position of tasks through history their significance has been lost too?

MSC 2010: 97A30, 97D50

Key Words and Phrases: mathematical tasks, concepts and theorems, axioms,
definitions, didactic tools

1. First section of the paper

The first mathematical texts are the Egyptian papyruses: Rhind and Moscow.
They contain formulations and solutions to specific problems of everyday practice.
In them, rules are determined on solving tasks that can be reduced to solving linear
and quadratic equations and systems of equations as well. The Egyptians managed
to calculate the approximate values of quadratic roots for some numbers. They
learned the formula for the sum of the members of arithmetic progression, as well as
the formula for the sum of squares of sequence of natural numbers. In Egypt, there
is an improvement in approximating to the number pi, from the Babylonian value of
3 to 3.16. The formula for calculating the volume of a pyramid and the volume of a
truncated pyramid with square as its base are determined. Even then, they used the
theorem now known as the Pythagorean and its reverse theorem. However,
mathematics still did not exist as a science. In this period, the Egyptians and
Babylonians successfully answer the question ‘HOW?’; how it is done (calculated)
without answering why it is done.

© 2013 IMI - BAS, Sofia pp. 93-99
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The answer to this very important question is obtained in ancient Greece. In
ancient Greece, accurate was considered only that which could be reasonably
proved. In ancient Greece, systems of concepts and statements regarding these
concepts were formed. The idea for deductive structuring of knowledge played the
main role in these systems of concepts and statements, especially in geometry. The
following took place: grouping of objects with similar characteristics, limiting the
scope of the concept, occurring of definitions, looking into general
characteristics...suddenly theorems are formed... With the occurrence of theorems,
they became sufficient. Right then, ancient Greece began to change.

Mathematics in ancient Greece was rich and comprehensive, more profound and
extensive than any other intellectual activity created previously in Mesopotamia,
ancient Egypt, India and China.

The answer, or at least the attempt to answer the question how would Western
culture develop and look like if ancient Greek heritage was not included in its basis,
would be considerably complicated and rather pointless. The influence that ancient
Greek philosophy, science and art had on the West is impossible to estimate — even
today many consider ‘classical’ philosophy as a synonym to ancient Greek
philosophy, ‘classical’ drama as a synonym to ancient Greek drama, ‘classical’
sculpting as a synonym to ancient Greek sculpting. In fact, the achievements of
those relatively small in numbers people, living in a relatively small area in the
eastern Mediterranean, did not only spread towards the West, but also towards the
East, following Alexander the Great’s expedition, through the so-called Silk Road
which connected Europe to China even during the Roman Empire. It is important to
mention that the influence of Greek culture on India, Middle Asia, even the
Japanese islands was spread in other ways as well.

When the ancient Greeks assumed the leading role in science and culture,
mathematics gained new stimulus and direction for further development. While
mathematical regularities of the ancient Egyptians, Babylonians and Indus were
obtained in empirical manner and adopted without proof, ancient Greeks
implemented the principle according to which mathematical regularities should not
be accepted as true until they were proved. In this period, the inductive method was
abandoned, and the deductive method developed, which had an immeasurable
significance in further development of mathematics and other fields. Parallel with
the development of the deductive method, the need arose for systemization of some
mathematical disciplines, especially geometry. This entire developmental success of
ancient mathematics lasted for several centuries, from VI to Il century BC.

Before the Greeks, mathematics was mainly in the hands of priests. They were
the ‘knowledgeable’ ones who spread knowledge to whom they wanted and to the
extent they wanted. They were the ‘masters’ in engineering and other activities
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where calculations were needed. It is important to mention here that they left their
mark in mathematics.

Unlike them, the Greeks dispersed around the remote shores and islands
developed as small states, and were ruled by wealthy citizens who obtained their
wealth through trade. It is important to point out that the superiority of the
priesthood was felt in lesser degree. In Greece, mathematics passed from the priests
to the wealthy citizens. The first learned Greeks, known as the first philosophers,
travelled through Egypt or Babylon. That was what Thales and Pythagoras did, as
well as many others, including Plato. After these exhausting voyages, the future
scientists could rest and contemplate. To some extent, their contemplation was
conditioned by their status! On the one hand, they were independent from the ones
who gave them knowledge i.e. educated them, thus enabled science to develop
independently from religion; on the other hand, they were not guided by the needs
of their surrounding, but by their own wishes and abilities, seeking answers they
were interested in, but had no practical value, at least, for the immediate
surroundings.

Among the first Greek mathematicians was Thales, a merchant from Miletus
(624-547 BC). Thales was one of the Seven Wise Men of Greece, Phoenician by
origin. He was the first to claim that the soul is immortal and predicted the solar
eclipse of 28th May 585 BC. “Know thyself” and “Nothing in excess” are attributed
to him. Travelling through Egypt, he familiarized himself with geometry and
astronomy. In his old age, in his home he dedicated himself to science and his
students. Thales is considered to be the founder of the so-called lonian school that
marked the beginning of a new age in history, the age of public schools. Thales was
the first to adopt the principle for ‘school available to anyone’. He invited students
from all quarters of the learned world, and told them:” I will teach you everything |
know myself’. The truth behind this statement was verbal, but nonetheless, Thales in
defense of his claim often said: ‘It is like that’. Hence the famous dogmatic sentence
“The teacher said so’ as an answer to the question “Why is that so?” which, at that
time, was often the only basis for proof.

He was the first to form the proposition about the equality of right angles, the
proposition for equality of the base angles of an isosceles triangle and its converse.
He also knew some propositions about similar right triangles. He used denotations
for congruent triangles and similar triangles. Thales managed to solve some
practical geometric tasks, for example, calculating the height of the Cheops pyramid
and the distance of ships from the shore.

Thales determined the height of the Cheops pyramid by using a similarity with
isosceles right triangles. He set up a stick on a flat sand surface and drew a circle
around the base of the stick with a radius equal to the length of the stick. Thales
waited for the moment when the shadow of the top of the stick was on the circle,
that is, when the length of the visible part of the stick was equal to the length of the
shadow. By measuring the stick’s shadow he determined the height of the pyramid.



96

Thales determined the distance of ships from the shore by using the similarity of
some right triangles.

Starting from the first natural numbers and the simplest geometric figures,
discussed as drawings of real-life objects, we can notice gradual accumulation of
knowledge that, at a certain time incited leaps, presented by the birth of new
methods, ideas, procedures, ..., firstly superficially, and then thoroughly with
formed mathematical concepts and statements for their properties.

In ancient India, development of mathematical knowledge was connected with
the creation of transferable symbols in arithmetic and algebra, the decimal number
system, and the application of basic technical procedures in mathematics.

Mathematicians in the Arab world inherited what was created by the Greek and
Indian mathematicians; they introduced some new points but did not manage to find
an applicable symbiosis between the Indian technical procedures and Greek
deduction. The main merit for the development of mathematics lies in the
preservation of the ancient Greek achievements, the heritage of ancient Indian
people and the capabilities that emerged from these in Europe, All this begins to be
taught in Western Europe in the 13" century. Apart from these achievements on
global level, mathematicians from Western Europe, with the help of the Arabs are
responsible for the occurrence of new array of knowledge and ideas regarding
different specific phenomena.

2. Second section of the paper

The tools through which mathematical knowledge can be strengthened are:
concepts, axioms, definitions, proofs of theorems, algorithms, tasks and their
solutions. The concepts are the focal point. The axioms, definitions and theorems
serve to connect different concepts. Therefore, the concepts, axioms, definitions,
and theorems form a structure. This structure can be graphically presented in the
following manner:

In the graph, the dots represent mathematical concepts. The bidirectional
continuous arrows represent axioms. They connect the primary concepts. The
unidirectional continuous arrows represent definitions. They connect each defined
concept to the concept used in the definition. The arrows are directed from the
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defining towards the defined concept. The bidirectional broken arrows represent
theorems. They connect the defining concepts to the concepts we define or the
primary concepts. Proofs can be modeled by ‘constructing’ bidirectional broken
arrows representing theorems. In the graph, tasks, solutions to tasks and algorithms
are not represented. Seeking the answer why is that so, we will look at the
following:

Theorems in principle refer to the entire scope of the concept (contained in the
definitions). Unlike theorems, tasks refer only to separate elements of the scopes of
concepts or the real subsets of those scopes.

At that, these subsets are not formed as a scope to a certain concept. When this
is done, the appropriate tasks become theorems.

Therefore, historically there is certain dynamics between the set of theorems and
set of tasks.

Tasks were the basic tool for strengthening mathematical knowledge in pre-
Greek period. Over time, tasks were replaced by theorems. Since then, tasks are a
didactic tool wherever there is teaching.

Functions of tasks as didactic tool

With the occurrence of theorems, the belief that tasks and solving the same are a
suitable tool to adopt concepts and theorems, consolidate knowledge and develop
skills to reason with axioms, definitions and theorems and thus determine the level
of this knowledge is gradually accepted. For these reasons solving tasks is an
important didactic tool in mathematics teaching.

The content of some non-mathematical tasks, as well as solving tasks as an
activity with appropriate organization, can influence the formulation of important
personal qualities such as: activity or passivity, thoughtfulness or negligence,
increased interest or aversion to knowledge, sense for beauty, diligence or laziness,
etc.

One very important activity for mathematics teachers is seeking answers to the
questions “How”, “Where” and “When” to solve tasks in the mathematics course.

Mathematical knowledge is used in different places, according to its role:

- tointroduce new knowledge and skills (tasks as parts of a given theorem), to
decrease the load of the proof of the theorem or complex procedures

- to detect new knowledge, i.e. solving tasks by introducing new knowledge

- consolidate new knowledge and skills

- to detect skills for solving non-mathematical tasks using mathematical tasks

- to control, asses and consolidate knowledge and skills during oral
examinations and conducting different types of tests or quizzes

- to detect omissions in the students’ knowledge and skills
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In favor of the previously stated - the usage of mathematical tasks to detect
omissions in students’ knowledge and skills, it is crucial that we mention the
necessity of using elementary tasks i.e. tasks from the first type to eliminate the
mistakes made by students. Mistakes most frequently occur because of: poor
adoption of properties, false analogy with some equations, superficial adoption of
theorems regarding equivalence, usually when students perform equivalent
transformations and they are not asked to nominate the theorems they apply,
obtained fixed representations from working with equations, and poor adoption of
properties regarding numerical inequalities.

The best way to correct this type of mistakes is by proper adoption of the theory,
repetition of the definitions, properties and theorems, proper application of the same,
as well as usage of counter-examples.

For the needs of this survey a short questionnaire was prepared. The
questionnaire was distributed to more than fifty successful university and school
teachers, students from the university, and primary and high school students, and in
continuation we will describe the conclusions we reached.

The short questionnaire consisted of 5 questions which are:

1. Which are the tools through which mathematical knowledge can be strengthened?
2. Which are the focal points?

3. What is a mathematical task?

4. Describe the meaning and importance of a mathematical task. How has the role of
mathematical tasks changed through history?

5. How long do your tests last?

The questionnaire facilitated the detection of the situation giving a clear signal
that in our conditions, the methodological knowledge is more declarative than
realistic. To support this, we will mention the most important conclusions:

Almost everyone included in the survey, except two, believe that mathematical
tasks are focal points, and only 50% wrote other tools such as definitions, theorems,
algorithms, tasks, and nobody has given complete answers. Everyone knows to
write some mathematical tasks, but only 50% try to give the definition and only
30% succeed. Everyone knows the importance of mathematical tasks but there is a
big differences in the given answers.

Teachers give and students take tests which last an entire school hour, instead of
short assessments, ignoring the fact of the extent and manner in which “the
deviations from the path of cognition are significant for the students” , as well as of
the process of acquiring cognitive and permanent knowledge.
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The analysis of this questionarie raises many new questions, but the imposed
conclusion is the absence of real methodical skills which are unfortunately average
in almost all mentioned educational institutions. It is important to note that the
changed place of mathematical tasks does not influence their significance.

Trying to emphasize the significance of mathematical tasks, we conclude that
mathematics teaching is impossible without mathematical tasks.
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ON THE MATRIX APPROACH IN THE COMPLEX
ANALYSIS AND ITS GEOMETRIC APPLICATIONS

Milen Hristov

Abstract

The main purpose of this article is to extend the theoretical background
for the computer-aided geometric design by the essential use of the matrix uni-
tary group. Based on the unitary-matrix representation of the field of complex
numbers we consider unitary-matrix curves and unitary-matrix valued holomor-
phic functions of unitary-matrix argument. In this sense basic results are the
unitary-matrix analogues of: the Frenet’s formulas, signed curvature and turn-
ing angle (Theorem 1.2), the complex derivative of a function of one complex
variable (Theorem 1.3) and Cauchy-Riemann equations (Corollary 1.2). We
apply these results to obtain the signed curvature of plane curve, defined by
barycentric linear combination with respect to a fixed triangle (Theorem 2.1)
and as a consequence of a plane rational Bézier curve (Corollary 2.1). Finally
we describe in matrix sense the conformal image of a plane curve and get for-
mula (2.4) for its signed curvature. As an application we consider the conformal
images of a plane rational Bézier curve by Mdbius and Zhukovski-type transfor-
mations. These ideas was motivated by the books [3], [2] and theoretic basics
in [1] and [4]. This article continues author’s works [5] and [6].

MSC 2010: 30C20, 30E05, 51B10, 53A04, 65D17

Key Words and Phrases: functions of one complex variable; unitary group;
plane unitary matrix curves; conformal transformation; rational Bézier curves

1. Unitary-matrix representations of the basic objects of the
complex analysis

1.1. Unitary-matrix representations of the field of complex numbers

We refer to the well known unitary-matrix representation of the field C of
complex numbers, formulated in the following

(© 2013 IMI — BAS, Sofia pp. 100-117
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Theorem 1.1. The field C={z=a+bi:a,b e R,i=+/—1} of complex
numbers is isomorphic to the unitary matrix group

o o a b o . o 0 1 o 1 O __2
[U—{Z_<_b a>_aE+bJ.a,beR,J—<_1 0>,E—(0 1>_ J}.

The isomorphism arises from linear isomorphism between the two-dimensional
real vector spaces C = span{1,i : i2 = —1} and U = span{E,J : J? = —E}.
We give the correspondence between the algebraic operations in C and U in the
following

Corollary 1.1. Let the complex numbers
z=a+bi, 2z =a1+0bii, 2zo2=as+ boi

be represented by the U-matrices

. a b . aq b1 o a9 b2
e

respectively. Then

Re{z} «— itrace{Z}
Im{z} «— —itrace{lZ}

zZ=a—-bi «—— ZT (the transposed of Z)

|z| = Va2 +b? «—— VdetZ
21Ez0 — 1+ 75
2129 —— ZL1Z>

1 1

- VA -1 _ .ZT

z — (@) det 7
1 IR T
29 — Zl(Z2) ~ det 7o Z1.22

z = |z|(cosp +ising) = |z[e¥ «—— Z=+\detZ.E,, E,= (Csiﬁz §;2£>

(trigonometric form of z) (trigonometric form of Z).
We have E,(Ey) = EyEey = Epyey, € = £1. The matriz analogue of:

e De Moivre’s formula is

2 s 2" = \/(det Z)".(E,)" = \/(det Z)".E,,, n € Z.
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e the n-th root is

(V2)p — (VZ), = ¥det Z.Epsoin, k=1,2,... 1.

Proof. All the assertions are proved by direct matrix calculations. O

By means of Corollary 1.1 the algebraic properties and problems in C gen-
erate algebraic properties and problems in U and vise versa. Moreover U is

(e
endowed with two metrics. The standard euclidean metric (9 ) and the spheri-

(o)
cal metric ( 9 ) in C generate U-metrics, denoted by the same letters and defined

as follows:

()
5 (Zl,ZQ) = det(21 — ZQ), Zl, Jy € U, (11)

(o) det(21 — Z2)

9(21,22) = rdeiz/itdenz, “w2eb (1.2)
Both metrics are equivalent over any finite set of U-matrices and are J-invariant:

(e) (¢) (o)

9(Z1,22) = 9(121,122), 9 (Z1,2Zo) (J21,125)

The metric (1.2) is used for infinite sets. Analogously to the complex extended
plane C* = C U oo, we consider the extension U* of U by adding the matrix
at infinity 2 — the analogue of the complex point at infinity (c0). By means
of the stereographic projection of the C-plane over the Riemann sphere O :
22 + y? 4 2% = 2 from its north pole N(0,0,1) and by using Theorem 1.1 one
talks about stereographic projection of U over the Riemann sphere 0. Thus the
matrix at infinity Q = JQ added to U corresponds to the north pole N of O and

(o) 1 (o)
Z1,0) = ———— = Z1,JQ), 7y eU.
AR 1+ det 23 9(32:,39) !

In this way the topology of C (C*) induces a topology of U (U*). For lo-
cal considerations the metric (1.1) usually is used. From geometric point of
view U is an euclidean space with respect to the euclidean scalar product
(we denote it by ”e”) which arises from the same one for the linear space of
vector-positions representing the complex numbers. Concretely if the vectors
7s = (Ts,Ys) represent zs = x5 +1iys, s = 1,2, then the geometric scalar product
.To = X122 + Y1y2 = Re{zlfg}.
By means of Corollary 1.1 for the euclidean scalar product in U we get

(o)
=49

1
7107y = §trace{Z1Z§}, 71,75 € U. (1.3)
This scalar product is compatible with the metric (1.1):
@)
Z1e 7y =det Z; = 52(Z17 O) =: |Z1|%, where O is the zero-(2 x 2)-matrix.
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The angle between 7y, 7o € U is defined as usually by cos Z(Zy,Z;) =
Zl [ ] ZQ

21| Z2|
We call the matrix

ZloZl 21022 ) (14)

P(Zl’ZQ) - < ZQ [ ] Zl Z2 [ ] Z2

U-Gram matrix for the ordered pair (Z1, Z3) of U-matrices. Clearly for any real
linear combination p = p121 + p222, (ps € R, z3 € C,s = 1,2) and its U-matrix
P = p1Z1 + paZ> we have

det P = pp = (p1,p2)T(Z1, Z2) (p1,p2)" - (1.5)

1.2. Unitary-matrix representations of the complex-valued functions

1.2.1. Complex-valued functions of real argument and its U-matrix
analogues. Let J C R be an open interval. We consider C-valued function of
real argument ¢t € J
f:J — C
t —  f(t) =u(t) +iv(t).
From geometric and U-matrix point of view we have the following one-to-one
correspondences

F(8) = ult) + iv(t) 757t = (ult), o(t) 78 F(t) = ( _ZEQ 28 ) (1.6)

We call F(t) in (1.6 ) U-matriz valued function of real argument. In case f(t)
is continuous (i.e. wu(t),v(t) are continuous at once), then in C(z)-plane there
exists the curve

c:z=f(t) <= c:7(t) = (u(t),v(t), t € J,
and in the unitary group U — the matrix curve C : Z = F(t), t € J.
As an example to the centered at zp having radius R circle (open disc)
cilz—z20|=R (¢:|z—2| <R) corresponds U-matrix circle (open disc)
() ~ (9

C:yg (Z, Z()) = \/det(Z — Zo) =R (C g (Z, Zo) = \/det(Z — Z()) < R)
The U-matrix parametric equations of the last ones are

C:Z=2Zy+RE;,tel0,2n), C:Z=2Z+pFE,tel0,2n),pe[0,R).

Further we give the matrix analogues of the basic facts of the differential
geometry of plane curves.
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The differentiation of U-matriz valued function of real argument is defined
by means of (1.6):

F(t) = /(1) + v/ (8) €= (1) = (u/(£),0' (1)) > F'(t) = < _7;?8 5;8 )

is normal
e call the

The vector £ = 7/(t) = (v/(t),7'(t)) is tangent and 7 = (—v'(t), v (t)
to the curve c¢. Thus for the matrix curve C : Z = F(t),t € J
matrices

T(t) = ( _:jjgg Zﬁgg ) and  N(t) = ( —v(t) :}"(” ) — 1.T(1)

2\_/

matriz tangent and matriz normal respectively. This two matrices are orthog-
onal with respect to the scalar product (1.3): T'(t) e N(t) = 0. We call the
pair {T'(t), N(t)} local U-matriz Frenet frame. C"-smoothness is defined in a
standard way. The integration for such matrix functions is defined likewise:

frow- (et i) - (4 )+ (-6 )

=d(t) =C=const

and / bF(t)dt = &(b) — D(a).

The length of the arc of the matrix curve C' : Z = F(t), t € [a,b] is

b t
s(C) = / v/ det F'(t)dt, the function s(t) = / Vdet F'(A)dA
a to

is said to be arc-length parametrization and the values s = s(t) arc-length
parameter. For any matrix curve C' : Z = F(s) parametrized by its arc-length s
one gets det F’(s) = 1 and its matrix tangent and matrix normal are of length 1:
T(s)eT(s)=|T(s) =1,  N(s)eN(s)=|N(s)]” =1.
The last one means that there exists function #(s) so that trigonometric forms
F'(s) =T(s) = Egs), N(s) =IT(s) = Ez Ep(s) = Ep(s)1 =

are valid. The geometric meaning of 6(s) (called turning angle) is well known —
this is the measure of the oriented angle between the Ret-axis and the tangent
vector ¢ to the curve ¢ : z = u(s) + iv(s).

We give U-matrix variant of the well known Frenet formulas for plane curves
in the following theorem.
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Theorem 1.2. Let C : Z = F(s) = ( _zgz; Z((z)) > be at least C?

smooth reqular U-matriz curve, parametrized by its arc-length s € J CR. Then
F"(s) = k(s)JF'(s) (Frenet’s U-matriz formula),

where the function k(s) (called signed curvature of C') is expressible as

u'(s) V(s)
u//(s) 1)"(8) .

Moreover k(s) = 6'(s), i.e. 0(s) = / kE(N)dX, where 0(s) is the turning angle.

S0

K(s) = gtrace{F (s).(JF'())"} = — trace{ F'(s).(JF"(s))"} =

Proof. For the orthonormal Frenet pair {T'(s) = F'(s); N(s) = JT(s)} in
the euclidean 2-space (U, o) it is valid
{ T'(s) = F"(s) = £(s)T'(s) + k(s)N(s)
N'(s) = JT'(s) = —k(s)T ( ) ((s)N(s).
Then £(s) = T(s) o T'(5) = 1(T(s) # T(s)) =
T'(s) = k(s)N(s) = k(s)IT(s) "oy /
) L Ry < Ry F6) =),
The last equality can be rewritten as JF"(s) = —k(s)F’(s). Thus for the signed
curvature we get
k(s) = F"(s) o (JF'(s)) = —F'(s) o (JF"(s))

and applying (1.2) we obtain the expressions for k(s) in Theorem 1.2. To
prove k(s) = 6'(s) we use the trigonometric form given just before and counting
F'(s) = (Ey(s))" = 0'(s)JF'(s) jointly with the Frenet U-matrix formula.

O

It is easy to check by using the function of arc-length parametrization that
the expression for the signed curvature for U-matrix curve

C:Z=F(t)= < u(t) v(t) ) where ¢ is not the arc-length parameter is

—v(t) u(?)

u v

trace{ F" .(JF"\T trace{ F'.(JF"T u” "
ity = tRecelF WY trace P} _ I s
2(det F”)>2 2(det F')2 2(det F”)>2
Now we call the U-matrix curve
1 1
E:E{t)=F({t)+ ——————=N() = F(t) + —————=JF'(t)

k(t)\/det F'(¢) k(t)\/det F'(¢)
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U-matriz evolute for the curve C' : Z = F(t). This U-matrix curve is the
envelope of the U-matrix normals to the U-matrix curve C': Z = F(t).

1.2.2. Complex-valued functions of complex argument and its U-matrix
analogues. Let D be a domain in the complex plane C(z = x + iy) and let
f+D — C
z — w=f(z) =u(z,y) +iv(z,y)
be a function of the complex argument z taking its values in the complex plane

C(w = u+iv). This situation by using Corollary 1.1 and the induced topology
in U can be translated into U-matrix form in a following manner.

Definition 1.1. Let D be a U-matrix domain. U-matrix valued func-
tion of U-matrix argument is the map

F D .U
Z:(_x Z) — W:F(Z):< u(z,y) v(:v,y)>' (1.8)

y —v(z,y) u(z,y)
We denote by FU(D) the set of all the such functions.

—~

From geometric point of view w = f(z) generates the map

u = u(z,y) = strace{F(Z)}

Py = (@, y) =  Ltrace{JF(Z)}

(1.9)

which acts over the points of the domain D C R%*(Owxy) into a point-set in
R%(Ouv). Here Ozy = {O, €1, €} and Ouwv are orthonormal coordinate systems
compatible with the complex planes C(z = z+iy) and C(w = u+iv) respectively.

When u(z,y) and v(x,y) are continuous, i.e. ® is continuous, then F'(Z) is
said to be continuous. In this case there exists the pair of surfaces

{SRe : Czu(az,y),SIm : C:v(:c,y)} (1'10)
in R? with respect to the orthonormal coordinate system Oxzy(.

Conclusion. The complex analysis of continuous functions of one complex
variable is equivalent with each of the following:

(1) the study of continuous maps (1.9 ),

(ii) the study of the pairs of surfaces (1.10 ),

(iii) the study of continuous U-matriz valued functions of one U-matriz
variable (1.8 ).

When u(z,y) and v(z,y) are differentiable with respect to z and y then
there exist the operators of partial differentiations d, and 9,, so that for F/(Z)
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given by (1.8)

/ /
ade:ef< (@) vy(@,y) > ’ ade:ef<
(@, T,y

Moreover for a vector h = (hy, h) in the plane Ozy = {0, &}, &} we have the
derivative of F/(Z) in h-direction at Z € D, corresponding to z =z +iy € C

ou ov
i(xay) i(xvy)
o F def Oh Oh
B (zy) =
,@(m ) @@ )
aﬁ ’y 6% ’y

Thus 0,F = 0z F and O0yF = 0gF. The derivatives of higher order
8I;Syk,SF, (%isq,k,sF are defined likewise.

We denote by:
e C'FU(D) the set of the continuous F(Z) € FU(D),
e C'FU(D) the set of the r-times smooth F(Z) € FU(D), i.e.,
F(Z) € FU(D) so that 6’;Syk_sF € COFU(D), k =1,2,...,7.
Further we give the U-matrix analogue of the complex derivative. In order to
do this we shall consider jointly any vector h= (h1, ha) as the complex number

h = h1 4 the and as the corresponding U-matrix H = < Z; Zz )
- 1

Definition 1.2. The function F(Z) € FU(D) is said to be U-differentiable
at U-point (i.e. matrix) Z, if there exists the following finite limit

F'(Z) = Ual}IrriO[F(Z +H)—F(2)].H

We call the matrix F'(Z) first U-derivative of F(Z) at Z. We call F(Z) U-
holomorphic over D (at the U-point Zj resp.) if F'(Z) exists for all Z € D (Z
in an open U-matrix neighborhood of Zj respectively).

Theorem 1.3. Let F(Z) € FU(D) be U-differentiable at U-point Zy,
corresponding to zo = xg + iyy and Zp = (zo,y0). Then for an arbitrary fived

U-matric H = ( Zl 22) with det H = 1 (i.e. H € SO(2,R)) and its
—h2

corresponding unit vector h= (h1, he) the following formula is valid

F'(Zy) = H.0;F |(

70,%0)"
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Proof. We shall use the standard complex language and the obtain formula
will be translated in a matrix form. So let h = (h1, h2) be an arbitrary fixed
unit vector, corresponding to h = hy +ihy : |h| = 1.

f(zo0 +th) — f(20)
th
~ im u(zo + thi, yo + the) + iv(zg + thi, yo + the) — u(xo, yo) — iv(xo, Yo)
0 t(hy + ihg)

de .
F(z0) 2L lim

Since |h| = 1 by replacing % =h = hy —ihy for f'(zy) we get

— th thy) — th the) —
hbin%u(onr 1,y0+t 2) U($07y0)+i.%i%v($o+ 17yo+t 2) U(xovyo)}.

<?'h1+?'h2> (gv-hwgv-hg)
v Yy |(x0,y0) x Yy |(z0,0)

Thus we obtain 5 5
F'(z0) =T (E i ) |
|(z0,y0)

oh  Oh

Finally by using Corollary 1.1 we translate this result into U-matrix form and
get the formula for the matrix F'(Zp). 0

Now we get the U-matrix form of the well known Cauchy-Riemann (C-R)
equations which are necessary and sufficient conditions for a function F(Z) €
C!FU(D) to be U-holomorphic. This follows immediately from Theorem 1.3
by equalizing the expressions for F'(Z) obtained for the basic vectors €] and &
and their corresponding matrices E and J. In such a way we get the following

Corollary 1.2 (The U-matrix C-R equation). The U-matriz equation
for U-holomorphic F(Z) given by (1.8), which is equivalent to the standard C-R
uly = vl

equations: _Qy}, for holomorphic f(z) = u(z,y) + v(x,y) is
€T

x
r_
=
J.aglF:ag2F <~ J.agQF: —851F.
With an arbitrary U-holomorphic F(Z) in U-domain D defined by (1.8) the
following geometric objects are associated:
!/ /
e the Jacobi matrix of the map (1.9): Jp(x,y) = ( :j,”” Z,y ) ,
z Yy
e the pair of normal vectors
~ roo ~ ro
{NRe: (umauya_l)a NIm = (Ux)vgp_l)}
to the pair of surfaces (1.10),
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e the pair of gradient vectors
ro ~ Iy ~
{Vu = (uy, uy) = H\c?(NRe)v Vo = (v, Uy) = H\c?(NIm)}’
orthogonal to the pairs of level curves for (1.10)
{CRe - SRe N (57 CIm = SIm N 5}

where Il}5 is the orthogonal projection of R3 over level plane 6 : ( = C (C € R)
with respect to the orthonormal coordinate system Ozy(.

In the list below we summarize the geometric behavior of these objects,
based on Corollary 1.2 and the additional condition: F'(Z) # O for all Z € D.

The Jacobi matriz Jo(x,y) of the map (1.9) is invertible in D:

det Jop = det(0g, Fi(y,)) = det F'(Z) = (u] 2+ (u))? = (v )2—1—(1);)2 >0, s=1,2

T Y T

and ® is an orientation preserving conformal map ;

The gradient equality Vv = Vu.J holds, i.e. {Vu,Vv} is positively ori-
ented orthogonal pair: Vu.Vv =0, |Vu| = |Vv|=+/det Jo with respect to the
euclidean scalar product ;

. - 01 0
The vector equality N1ym = NRe.(Jx1) holds, where Jx1 = -1 0 0],
0 0 1

|N>Re’ = |ﬁ1m| =+/1+detJg, cos Z(ﬁRe, ﬁlm) = %;

+ det Jg

The pair (1.10) consists of conjugate harmonic surfaces (the Laplace
equations Au = Av = 0 hold) for which each pair of level curves {Cre, Cim} is
orthogonal.

Finally, U-matrix transcendental functions can be defined by the correspond-
ing power series of U-matrix argument.

2. Rational Bézier curves in the complex plane and its conformal
images by Mobius and Zhukovski-type transformations

The Bézier curves are well known and useful tools in the field of computer-
aided geometric design (CAGD) studying by many authors in this sense (e.g.
see [2] and latest editions). From the view point of the barycentric analytic
geometry of the real projective plane these curves have quite rich geometric
behavior (e.g. see [5, 6]). We are going to consider such curves especially in the
complex plane and its U-matrix representation as in Subsection 1.2.1.
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2.1. Rational Bézier curves in the complex plane and its curvatures

The general construction is the following. Let zp = xp+iyp, £ =0,1,2,...,n
be n+ 1 complex points. Let Z, € U be the matrices, corresponding to the fixed
zp. One takes the (n + 1) Bernstein’s polynomials of degree n

14

Obviously the barycentric identity Y j_, BS(¢) = 1 holds. It is well known fact

that the sequence { B! ()}°%; is uniformly convergent over [0, 1].

Bl(t) = (“)t‘f(l —tn L 0=0,1,2,...,n.

Remark. From now on we use the Einstein’s summation denotation: asb®.
The barycentric linear (shortly: b-linear) combination
co:2(t) = B (t).ze, 0<t<1, (2.1)
is known as standard Bézier curve of power n and basic polygon
o={zg=z¢+ 1y, £ =0,1,2,...,n}

(represented in Bernstein’s polynomial basis). Likewise we call the b-linear U-
matrix combination
By(t).x¢ By(t)-ye

C,: Z(t) = Bi(t).Z, = < —B(t).ye BL(t).zy

> , 0<t<1,
standard U-matrix Bézier curve of power n and basic U-matrix polygon
c={Z,€U,£=0,1,2,...,n}.

Further we consider only the case n = 2 and denote by A the basic triangle
{z02z122} in C and the basic U-matrix triangle {ZyZ1Z5} in U. The curve

C o) = W )z, te[0,1], u> —1, (2.2)

defined by the b-linear combination with functional coefficients

Byt) _ (1-t)

bo(u’t) = BQ(’LL, t) = BQ(’UJ,t)’

_ w.Bi(t)  u.2t(l—1t)
b (u,t) = BQ(Z,t) = Bo(u,t)
b2(u,t) — B%(t) t2

Ba(u,t)  Ba(u,t)

and normalizer Bo(u, t) = BY(t) +w.BL(t) + BA(t) = (1—1,1) (i 7;) <1 , t>
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is called plane rational Bézier curve of order two with normal parametrization.
By replacing zp with Z; in (2.2) we get its U-matrix analog — the U-matrix curve

u £ u X £ u
(C)A D Z(t) = ( —ll))z((u’,?)yi lb’ggugii ) . tel0,1], u>—1. (2.3)

The parameter u controls the geometric shape of the curve (2.2): for u € (—1,1)
the curve is ellipse, for u = 1 the curve is (2.1) — the standard Bézier parabola,
for u € (1, 00) the curve is hyperbola. The geometric behavior of all such curves
with respect to A is well familiar (see [2]). In [5] and [6] associated to these
curves geometric objects and properties are obtained by barycentric calculus.

The curvature of the standard Bézier parabola (2.1) in [5] is introduced. Our
0% f

aim is to express the signed curvature of (2.2). Further the derivatives %, Bz

etc. will be denoted like f , f , etc.. We give the following general result.

Theorem 2.1. Letc, : z = f(t) = *(t)z; be C?-smooth reqular curve,
defined by b-linear combination with C2-coefficients 3(t) : Z?zo BEt) = 1 with
respect to basic triangle A = {zp = xp +iys, € = 0,1,2}. Let C, : Z = F(t) =
BE(t) Zy be its corresponding U-matriz curve by means of (2.3). Then the signed
curvature of c, 18

20(t
kcA (t) = iSA'% )
(det F'(t))2
3 pe
where S, is the area of the basic triangle, §(t) = det ( g pen > for an

arbitrary £ € {0,1,2, (modulo3)} and
. Lo, (0,2) L.
det F(t) = (8%, 5%) T (8% 54"
(0,2)
with T =1(Zy — Z1,Z2 — Z1) being the U-Gram matriz (1.4) for the ordered

matrix pair (Zo— Z1, Za — Z1). The positive sign exists exactly when the ordered
triple (29, 21, 22) is counterclockwise oriented.

Proof. We apply formula (1.7). Since

Yy ¢
F(t) = ( _gzzj gz% > ;

ot _  —Be —ﬁ:€$4> ;: _( B @sys>
JE®) ‘( Bz —pty, ) FO=\ oy, o,

then



112 M. Hristov

and

%trace{p(t)-(JF(t))T} :BZBS det< Te Ye )

Ts Ys

) . .
— S et 2 O™ et [ Tm o Wm
0 gmo gt Tmt1 Ym+1 )
where the values of the summation index m are taken by modulo 3. By using
the barycentric identity Z?:o B4(t) = 1 it is easy to check, that

20 Al a1 32 22 30
det<§0 §1>—det(g1 gQ>—det<g2 g())—:é(t).

Then §(t) is common multiplier for the factors of the last sum and

zo Yo 1

2
1 2 ST Tm  Ym ) _
5 trace{ (). (JF (1)) }_5(t)£det<$m+l ym+1)—5(t)det 2 z; 1

The last determinant is the well known formula for £2.5, , where S, is the area
of the basic triangle and the sign +(—) corresponds to the counterclockwise
(clockwise) orientation of its vertices.

From the barycentric identity for 8%s it follows Z?:o Bg =0 and

F(t) = 8%Z0 — Z1) + B*(Zy — Z1).

By using (1.5) we get det F/(t) as the described in Theorem 2.1 quadratic form
in (3°, 3%). Moreover it is not difficult to see that det F'(¢) is one and the same
for the cyclic index-pairs (0,2), (2,1),(1,0). O

We apply Theorem 2.1 to the curve (2.2) counting its matrix representation
F(t) = Z(t) in (2.3) and concrete §(t) = b'(u,t), £ = 0,1,2. We calculate

BN o
6(t):det( 2 o ) = (19 <z70) .
We represent the derivatives b, 0=0,2in following determinant forms:

62:(t2>°: A 50:((1—:5)2)': Ag

By (B2)?’ By (B2)?’
where
|2t By 20t —1) By
AQ = t2 BQ 5 AO - ‘ (t o 1)2 32
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2 ° . .
4(t) :E22§4 <23) - (A280 — AgAz)

1 2 B
T (B)A \| B

The simplification implies

2
i) = By

For the quadratic form By (u,t) of the curve (2.2) we have
By =2t(1—t)(u—1)4+1, By=2(1—-u)(2t—1), By=4(1—u).
After corresponding substitutions and simplification we obtain §(¢) in the form

Further for the concrete F'(t) = b%(Zy — Z1) + b*(Z> — Z1) from (1.5) we get

2t B
t2 By

)

[t(1 — )Bs + (2t — 1) By — 2Bs].

. Lo, (02) L (0,2)
det F(t) = (b07b2) r (boabZ)T = (BZ)_4(A0’A2) r (AOaAQ)T‘

Thus we proved the following consequence of Theorem 2.1.

Corollary 2.1. The signed curvature for the plane rational Bézier curve
(Z)A, defined by (2.2) is

(w) —8(B2)3(By +u
P a5, B

(80,82) T (80, A)7 |

Njw

2.2. Mobius and Zhukovski-type conformal images of
plane rational Bézier curves

—y(t) x(t)
be C2-U-matrix curve. Let F(Z) € C?FU(D), defined by (1.8) be U-holomorphic
function, generating the plane conformal map ® given by (1.9) with Jacobi ma-

trix Jp. Let ®(C') be the conformal image of C"

ot — pign [ u(E0.80) o).
o)z =o = rzan = (S TG )

We consider the following general case. Let C': Z = Z(t) = < z(t) y(t) >

Theorem 1.3 and Corollary 1.2 imply
F'(Z) = H"0;F = 04 F = —J0g,F,
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F"(Z) = (HP)TO}%ﬁF = (H*)T0%,F = ae%lgF = —8§,§F,

where H,P € SO(2,R) with corresponding unit vectors h = (hi,he), P =
(p1,p2). We note that the main-diagonal (\,) components of the U-matrix
8}%ﬁF are equal to 8%ﬁu = (hy, ha)Hess(u)(p1,p2) T, where Hess(u) is the Hess

matrix of the function u(z,y) and its co-diagonal (/') components are formed
with v(x,y) likewise. Thus we get explicit U-matrices for the derivatives

d=F(2)Z=(H"0;F).Z,
d=F'"(2)2>+F(2).Z = ((HP)TE)}%IEF).Z'Q + (H"0;F).Z.
Counting det & = (det Jg)(det Z) = (det F'(Z))(det Z) and (1.7) we express the
signed curvature for the conformal image ®(C) in the form
trace{®.(J®)T}

Faco) () = o[(det F'(Z))(det Z)]3 24)

We are going to apply the described above to the conformal image of the
plane rational Bézier curve (2.2) with U-matrix representation (2.3) by

I. Mobius transformation and II. Zhukovski-type function.
I. The U-matrix representation of any Md&bius transformation is of the form
W =F(Z)=(AZ+ B)(CZ + D)™*

with matrix coefficients A, B,C,D € U such that T = AD — BC' # O and
U-matrix argument Z. We consider the case: C — invertible and by letting
F(—C7'D) = Q — the U-matrix at infinity and F(Q2) = AC~! this transforma-
tion is bijective over the extended U-matrix group U*. We use Corollary 1.1 to
rewrite F'(Z) in the form

— 7det(clz+D) (AZ + B)(zTCT + DT)

m[ADTZ + BCTZT + ACTz 7T + BDT]

oz ADTZ + BCTZT + ACT (det 2)? + BDT).

To describe the corresponding conformal map ® by (1.9) we express the traces
tr{F(Z)} and tr{JF(Z)}, by counting linearity: tr{P + Q} = tr{P} + tr{@},
tr{ \P} = Mtr{P} and transposition invariance: tr{P} = tr{PT} for the matrix
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trace-function tr : U — R. We get the Md&bius conformal transformation @ in
the form

DT + CBT)Z} + (det 2)*tr{ACT} + tr{BDT}
det(CZ + D)

u=tr{F(2)} = tri(4

_ tr{J(ADT — CB™")Z} + (det Z)*tr{JACT} + tr{JBD”}
B det(CZ + D) '
Now by replacing Z with the U-matrix (2.3) Z(t) = b*(u,t)Z; for the plane

v=tr{JF(2)}

Bézier curve (Z)A with (2.2) one gets its Mobius conformal image

o('¢)) : Z = d(t) = (u(t), v(t)), where

b (u, )tr{(ADT + CBT) Zy} + (det (b (u, ) Z;))*tr{ ACT} + tr{BDT}
det (b (u, t)C'Zy + D)

u(t) =

o(t) = b (u, t)tr{J(ADT — CBT)Z,} + (det (b (u,t)Zs))*tr{JACT} + tr{JBDT}
B det(bt(u,t)CZ, + D) '
As in the proof segments above Corollary 2.1 we have
Z(t) = bo(Zo — Zl) + bZ(ZQ — Zl)
= (B2) 2[Ao(Zo — Z1) + Ao(Zy — Z1))

. .02 .. (0,2)
det Z(t) = (1% 5%) T (0% 5%)7 = (B2) “(A0,A2) T (Mg, Ap)"  (25)

Z(t) = (2o — Z1) + bX(Zy — Z1),

where b® = |:(B2)_2A5] = (By)3 As 2B , $ =0, 2. More precisely we get
As B2
62 _ 1 2—4t(ln|32]). BQ —QBg(hl‘BQD.
(Bg)? t2 By ’
'60: 1 2—4(t—1)(1n]B2]). BQ—QBQ(IH‘BQD.
(By)? (t—1)2 By '
Further for the U-derivatives of F'(Z) we have
detT
F'(Z)= CZ+ D))"
—2detT
F'(2) = ~HEClCZ + D),

(det(CZ + D))
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where T'= AD — BC. The corresponding replacements of F’, F” and (2.5) in
®(t), ®(t) and formula (2.4) lead one to the signed curvature of @((Z)A).

IT. The U-matrix representation of Zhukovski-type function (f(z) = A\z+ ,u,%,
A, 1 € C\{0}) is of the form

1
F(Z)=LZ+ WMZT

for nonzero matrices L, M € U. The corresponding conformal transformation is

u=tr{(L + (det Z)"*MT) 2}

® )y = e {(JL - (det 2)-1IMT) 2}

and the conformal image of the U-matrix (2.3) Z(t) = b*(u,t)Z, for the plane

Bézier curve (Z)A with (2.2) is
o(€): Z = d(t) = F(Z()) = (u(t), v(t)), where

u(t) = b (u, )tr{(L + (det(b*(u, ) Z,)) ' MT) Z,}

v(t) = b (u, t)tr{(JL — (det(b*(u,t)Z,)) 1 IMT) Z,} .
The U-derivatives of F(Z) are the U-matrices
F'(Z) =L~ (det 2)>M(Z*)T, F"(Z) =2(det Z2)3M(Z*T

which substitution, jointly with (2.5) in ®(t), ®(¢) and formula (2.4) express the

signed curvature of @((Z)A).
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Abstract

During the past few decades a significant body of research has been
accumulated worldwide in the area of mathematical knowledge for teaching in
primary schools. Numerous theoretical and empirical research studies have paved
the way towards defining what it is that teachers need to know and be able to do to
produce positive effects on the development of primary school students’
mathematics competencies.

Taking into consideration results from a previous study on students’
mathematics competencies when entering university teacher education studies,
implications on the kind of mathematics courses that need to be developed within
university studies for primary school teachers have been hypothesized in this paper.
A pilot study has been conducted to illuminate the way towards a larger study on the
correlation between mathematical knowledge for teaching built in university
mathematics courses and teacher performance. Initial findings from the pilot study
are discussed in the paper and recommendations for further explorations are
formulated.

MSC 2010: 97B10, 97B40, 97B50, 97B70, 97C70
Key Words and Phrases: mathematical knowledge for teaching, mathematics
course design, university education, primary school teachers

1. Introduction

Research on mathematical knowledge for teaching is based on the assumption
that there is a knowledge base for teaching, “a codified or codifiable aggregation of
knowledge, skill, understanding, and technology, of ethics and disposition, of
collective responsibility” (p.4 in [31]), knowledge which can be represented and
communicated. The conceptualization of the domain of mathematical knowledge
that teachers need to possess and employ in their work with students has been the
focus of intensive scientific research efforts of various groups of scholars, especially
in the last three decades. Schulman’s introduction of the notion of pedagogical
content knowledge ([30], [31]) has created a major impact on the consequent
development of research studies of teachers’ mathematical education. The theory of

© 2013 IMI - BAS, Sofia pp. 118-138
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mathematical knowledge for teaching (MKT), from its early conception by Ball and
her colleagues ([3], [4], [6]) has been revised and transformed through a series of
steps of rigorous check and justification based on development of measures, their
piloting and data analysis ([14], [15] ,[21]), associating teachers’ MKT with student
achievements and with mathematical quality of instruction ([5], [17], [18], [20]).
Argument-based test validation ([19], [27]) has influenced further investigation,
refinement and understanding of the domain ([8], [14], [16]). The understandings of
the nature of MKT which resulted from the above mentioned studies and the
questions raised inspired researchers to contribute to the development of the domain
of MKT by adapting, using and validating the measures outside the U.S. ([10], [11]).
The study of pre-service teachers’ learning to learn to teach by planning and
evaluating instruction as they unpack lesson-level mathematical learning goals (an
example of a sub-construct of MKT) contributes to the development of university
education for mathematics teachers ([24]). In [9], Blémeke and Delaney give an
extensive review of the state of research in the assessment of teachers’ mathematics
knowledge across countries, in which they summarize underlying theoretical
models, develop a model of factors hypothesized to influence the development of
teachers’ knowledge, describe the study design, the key instruments and the core
results on the structure of the knowledge and its relevance to teacher education,
teacher performance and student achievement.

Development and implementation of university mathematics courses for
primary school teachers requires a substantial understanding of the mathematical
knowledge teachers need to employ in their work with students 6-11 years of age.
How teachers use their own mathematical knowledge in conducting classroom
discourse in a community of young learners, in addressing students’ educational
needs by engaging them in genuine mathematics learning, in interpreting students’
productions, in evaluating students’ mathematical knowledge and skills, in lessons
preparation or in appraising curriculum materials, is something that needs to be
established before any meaningful consideration of university course design can
begin. Early efforts for development of topic-specific instructional approaches
aimed at creating effective learning opportunities for future primary school teachers
are discussed in the paper. The research based theoretical framework for MKT is
discussed and analysed as a platform for the ongoing study.

2. Aresearch-based theoretical framework

Testing teacher competence in subject matter and pedagogical skills is not a new
idea; over a century ago tests for licensing teacher candidates were used in the U.S.
([30]). In the last decades of the twentieth century, tests were treated as prerequisites
for entry into teacher education university programs. In comparison to the tests
administered in the late nineteenth century, where approximately 5% of the tests
were assigned to the ‘theory and practice of teaching’, a century later almost 100%
of the test do so, covering topics in organization, preparation and presentation of
instructional plans, management, understanding youth, educational policies and
procedures ([30]). Shulman posed the question “Where did the subject matter go?”
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(p. 5 in [30]) and expanded on George Bernard Shaw’s infamous aphorism “He who
knows, does; he who cannot, but knows some teaching procedures, teaches” (italics
added). Additionally, Shulman questioned the heavy emphasis on pedagogical skills
as attributed to ‘research based teacher competencies’ by policy makers.
Investigators ignored subject matter and used it as a context variable only. Shulman
named “the absence of focus on subject matter among various research paradigms
for the study of teaching as the ‘missing paradigm’ problem” (p.6 in [30]) and
pointed out the seriousness of consequences for both policy and research.

Looking further back in the past, Shulman argues that “content and pedagogy
were part of one indistinguishable body of understanding” (p.6 in [30]). The sharp
distinction between subject matter knowledge and pedagogy, a development as
recent as the second half of the twentieth century, has been questioned lately by
many researchers of mathematics education. In recent years there has been a shift
from only posing questions about teachers’ skills for classroom management or for
using a wide spectrum of teaching methods towards asking questions about what
kind of knowledge are teachers explanations based on, how teachers’ interpret and
address students’ misconceptions, how teachers discuss profound mathematical
ideas, or represent them in a scientifically honest ways appropriate to their students’
cognitive development and to previously experienced opportunities to learn. How
teachers build a subject matter knowledge base necessary to become effective
teachers largely depends on successfully answering the above questions.

Foundations placed within teacher education university programs, coupled with
personal abilities to engage in reflective practices as a means for enhancing future
work present themselves as the most obvious prerequisites. Yet, it is not clear how
students who have successfully passed university courses translate their knowledge
so as to be used in teaching primary school students. Whether an experienced
professional or a young novice, a teacher needs to make decisions in order to
promote the established educational goals, to confront and choose from a multitude
of sources and teaching materials, among which textbooks sometimes burdened
with scientific inaccuracies or with poor mathematical explanations or even with
complete lack of examples illuminating the targeted mathematical ideas. A strong
knowledge base to support any decision making proves to be essential.

2.1. Pedagogical content knowledge

In [30], Schulman proposed three categories of content knowledge for teaching:
subject matter content knowledge, pedagogical content knowledge, and curricular
knowledge. Together with general pedagogical knowledge, knowledge of learners
and their characteristics, knowledge of educational contexts, and knowledge of
educational ends, purposes and values with their philosophical and historical
grounds, they form the knowledge base for teaching ([31]).

Subject matter knowledge, in this case mathematics content knowledge,
includes both the substantive structures and the syntactic structures as defined by
Schwab (cited in [30]). The substantive structures, or knowledge of mathematics as
referred to by Ball ([2]), involve knowledge of the concepts and the principles of
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mathematics as a discipline. The syntactic structures, or knowledge about
mathematics ([2]), involve the set of ways in which validity of the statements is
attested. Teachers are required to represent to their students not only what is true in
mathematics but also why it is true, why it is worth learning about and how it relates
to other mathematical concepts as well as to ideas in other disciplines both in theory
and in practice.

Pedagogical content knowledge (PCK) is described by Schulman as “that
special amalgam of content and pedagogy that is uniquely the province of teachers,
their own special form of professional understanding.”, “... the category most likely
to distinguish the understanding of the content specialist from that of the
pedagogue” (p.8 in [31]). PCK is subject matter knowledge for teaching, including
but not restricting to knowledge of topics taught at certain educational level,
knowledge of various ways of formulation and representation of ideas and
procedures, knowledge of validation processes most appropriate to the individual
learners’ cognitive abilities, as well as knowledge of the most common difficulties
or misconceptions related to the learning of certain topics and the most efficient
ways of addressing them.

Curricular knowledge, according to Schulman ([30]), consists of knowledge of
curricular resources and their alternatives available to teachers, as well as
curriculum materials available to students in mathematics and in other subjects.
Teachers need to be fully aware of curriculum goals at previous, current and latter
stages of education, and the vertical alignment of learning-teaching trajectories’.

In [30], Schulman also suggested three forms of teacher knowledge:
propositional knowledge (research based theoretical principals, practice based
maxims, and norms), case knowledge (knowledge of specific and well documented
events illustrating theoretical, practical and normative knowledge), and strategic
knowledge. In this way Schulman offered guidelines for further research of
knowledge required for teaching, for the design of university content courses for
teachers and professional support programs, and for the development of professional
examinations measuring all categories of mathematical knowledge (subject matter
knowledge, PCK and curricular knowledge) in addition to measuring other
categories of teacher knowledge and actual instructional practices.

Empirical studies linking teachers’ effectiveness in producing student gains as
measured by standardized tests, with the number of university mathematics courses
taken and their level of mathematics sophistication, produced contradictory results,
as discussed by Ball, Lubienski and Mewborn in [6]. What those studies did not take
into account is the nature of teachers’ mathematical knowledge, and how they learn
to use it in their everyday work with students. Successful meeting of the challenges
faced by developers of university programs and of mathematics and methods
courses largely depend on the results from research findings on the nature and
structure of the mathematical knowledge for teaching. University courses which
provide for knowledge growth in teaching are a key component for success.

! Within the theory of Realistic Mathematics Education specific strands of learning-teaching
trajectories have been explored and carefully mapped ([35]).
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2.2. Mathematical knowledge for teaching

Based on the assumption that “if teaching entails helping others learn, then
understanding what is to be taught is a central requirement of teaching” (p. 437 in
[7]), a group of scholars at the University of Michigan focused their research on
teachers” mathematical knowledge necessary for facilitating students’ development
of intellectual resources for not only knowing about, but for actively engaging in
mathematics as one of the fundamental domains of human thought and inquiry.
Organization of the classroom as a mathematical community of learners whose
knowledge of mathematics evolves as students make conjectures and evaluate their
validity as opposed to the teacher merely interpreting students’ claims as correct or
incorrect, according to Lampert ([23]), is one of the desired goals of teachers’ work.
Ball and her colleagues ([3], [4], [8]) approached the research of mathematical
knowledge for teaching by grounding it on examination of actual teaching practices
rather than on examining the curriculum or teachers’ perspective on teaching
mathematics due to the incomplete information each of them provides; one by only
laying assumptions on and the other one by recounting about the mathematical
demands of actual teaching practice. Observations of classroom practices brought to
surface the variety and the depth of mathematical ideas elementary school teachers
needed to know and be sensitive to. The researchers anticipated to see in their
analysis concepts like properties of the decimal number system, operations with
fractions, informal reasoning, and the like. What they uncovered defies conventional
expectations: recurrent prominence of “ideas about similarity, equivalence mapping
among representations, and even isomorphism” as well as “salient issues involving
mathematical language — symbolic notation and definitions of terms ...” (p.97 in
[3]). None of these issues can be revealed by examining the school curriculum; yet,
teachers encounter their appearance in classroom discourse and need to be able to
address them flexibly and productively.

Examples of core tasks teachers attend to in everyday mathematics classes
include, but are not restricted to establishing and facilitating classroom discourse in
mathematical inquiry, representing mathematical ideas to students, interpreting and
working with students’ mathematical productions, determining the validity of
students’ mathematical arguments, offering and appraising mathematical
explanations and justifications, selecting and enacting cognitively demanding
mathematical activities, choosing tasks to assess levels of students’ learning, all of
which are “quintessential mathematical — not pedagogical — questions” (p.7 in [4]).
Ball and Bass ([4]) argue that the work of teaching mathematics is essentially
mathematical work, which unlike doing advanced mathematics research requires
“decompression” or “unpacking” of ideas without losing sight of the mathematical
horizons towards which mathematics education of their students is headed for. The
belief that mathematics teaching is a “mathematically-intensive work, involving
significant and challenging mathematical reasoning and problem solving” (p.13 in
[4]) raises the standards for the mathematical education of teachers.

The initial hypothesis of the structure of MKT included several categories of
knowledge: common content knowledge (CCK), specialized content knowledge
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(SCK), knowledge of content and students (KSC), knowledge of content and
teaching (KCT), and later the domain was conceptualized as including also
knowledge at the mathematics horizons (KMH), and knowledge of curriculum
([16]). CCK, SCK and KMH are purely mathematical constructs; KCS and KCT are
central elements of Schulman’s notion of PCK.

Substantial efforts to design and test measures of teachers’” mathematical
knowledge for teaching elementary mathematics revealed its multidimensionality
([21]). A large pool of survey-based teaching problems hypothetically representing
various components of MKT was generated. Three different forms were piloted and
teachers’ responses were factor analyzed in an attempt to answer the question of
whether there was a single construct which can be called MKT or whether the items
represented several distinct constructs requiring corresponding mathematical
competencies. At the same time the writing of the items served as a way to further
investigate the nature of MKT.

Further revision of the sub-construct of specialized content knowledge (SCK)
was necessitated by the exploratory factor analysis of the responses which revealed
that CCK and SCK did not differentiate themselves and that the subscales
corresponding to each of them did not meet criteria for unidimensionality ([27]).
The new definition of SCK started with including elements like teachers’ ability to
provide students with “decompressed” mathematical explanations and
representations, and progressed towards identifying four major categories:
responding to common student errors, evaluating students’ understanding of content,
knowledge of student developmental sequences, and common student computational
strategies ([16]).

Another sub-construct which needed a redefinition was knowledge of content
and students (KCS), which also did not meet the criteria for unidimensionality.
Cognitive tracing interviews confirmed that respondents (teachers, non-teachers, and
mathematicians) deployed general mathematical strategies to answer the items
meant to represent KCS ([19]). Measurement of KCS was being reconsidered in
terms of abandoning multiple-choice items in favour of open-ended questions ([27]).
A question arises if the key part of the conceptualization of KCS as being distinct
from common content knowledge holds in terms defined by Hill, Ball and Schilling
— teachers having “strong knowledge of the content itself but weak knowledge of
how students learn the content or vice versa” (p.378 in [16], emphasis added). Is it
possible for teachers to prove to have strong knowledge of students’ learning of
mathematics without having strong knowledge of mathematics content themselves?
Due to strong correlation between CK and KCS items, constructing items which
distinguish teachers’ mathematics content knowledge from teachers’ knowledge
about students’ learning of mathematics might prove to be an extraordinarily
difficult undertaking, as was observed by Hill, Ball and Schilling ([16]).

Application of the MKT measures for evaluation of the effectiveness of
California’s Mathematics Professional Development Institutes and the analysis of
the results suggested that program focus on mathematical analysis, reasoning, and
communication was a significant predictor of teachers’ learning; “the more teachers’
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engage in mathematics in ways that afford them opportunities to explore and link
alternative representations, to provide and interpret explanations, and to delve into
meanings and connections among ideas, the more flexible and developed their
knowledge will be” (p.346 in [15]).

In order to provide scientific evidence for the structure of MKT, Ball and her
colleagues ([5]) developed and continued to refine large scale survey-based MKT
measures. Using a measure consisting of CCK and SCK multiple-choice items, Hill,
Rowan and Ball ([20]) found that teachers’ mathematical knowledge was the
strongest teacher-level predictor of student achievement gains in both first and third
grades. The positive effect of teachers’ content knowledge was comparable in size to
student background characteristics like socio-economic status, ethnicity, and gender.
The effect of teachers with higher MKT scores on students’ gain over a course of a
year of instruction persisted when teachers’ content knowledge for teaching reading
was entered in the model, which means that mathematics-specific knowledge, not
general pedagogical skills, is the principal contributor to the effect ([17]).

Based on series of five case studies and related quantitative data, Hill et al.
([18]) showed that there is a significant positive association between levels of MKT
and the mathematical quality of instruction (MQI), defined as a composite of several
components (presence or absence of mathematical errors, responding to students
appropriately or inappropriately, connecting classroom practice to mathematics,
richness of mathematics, and mathematical language). Hill and her colleagues
argued that possible mediating factors like teachers’ beliefs about the nature of
mathematics learning or about the use of curriculum materials were also shaped by
teachers” mathematics knowledge.

Adaptation of the MKT measures for use in Ireland ([11]) and a subsequent
validation study ([10]) resulted in the identification of the need for further
refinement of the domain of KCS.

The research-based theory of MKT addresses the problems of teachers’
knowledge and how this knowledge is held by them; the problem of helping them
learn to use it requires teacher education university programs to offer qualitatively
different mathematics and methods courses for primary school teachers from
traditional ones. The above discussed findings support focusing efforts on the
development of a mathematics curriculum for teachers which does not simply
include topics from fifth grade or eight grade textbooks, but offers treatment of
mathematics authentic to the work of teaching ([21]).

Although much has been done regarding the conceptualization of the domain of
MKT, “existing research on aspects of teacher education, including standard teacher
preparation programs ... is not of sufficient rigor or quality to permit the (U.S.
National Mathematics Advisory) Panel to draw conclusions about the features of
professional training that have effects on teachers’ knowledge, their instructional
practice, or their students’ achievements” (p.xxi in [25]).

3. Primary school teachers’ mathematics education
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Prospective primary school teachers in the Republic of Macedonia conclude
their university education by receiving either a bachelor’s degree in primary teacher
education at the faculties of pedagogy or a bachelor’s degree in pedagogy at the
institutes of pedagogy. There is at least one substantial difference between the two
kinds of university programs. The primary school teaching programs require
students to take at least one course in mathematics (specialized for primary school
teachers) as opposed to the pedagogy programs, with neither mathematics course
requirements nor offerings. At the same time, the percent of secondary school
graduates who take the National Matriculation Exam in Mathematics is in steep
decline (with less than 12 % graduates taking it at the end of the 2012/13 school
year). Yet, both of the above mentioned programs accept secondary school
graduates from general and vocational schools, for some of which mathematics is
not a part of the curriculum past the first year of secondary school. Formal pre-
service teacher education is still based on the remnants of the traditional view that
students know “enough” mathematics when they enter the program, they just “need
to learn how to teach it”. In stark contrast to the current state of teacher education in
Macedonia stands the recommendation of NMAP ([25]) to strengthen the
mathematics education of elementary and middle school teachers by providing them
with ample opportunities to learn mathematics for teaching from an advanced
perspective, beyond the level they are assigned to teach and in a way that connects it
with other important mathematics.

Results from a mathematics entry test administered to primary school students at
the beginning of the semester in which they took the first mathematics course
presented a grim picture: the percent of students who couldn’t answer correctly to
any of the test problems rose dramatically from less than 10% (out of 172 students)
in 2006/07 academic year to almost 45% (out of 58 students) in the 2009/10
academic year ([22]). The test consisted of 15 open-ended items covering primary
and lower secondary school topics in numbers, operations and basic algebra.

The low mathematics achievements of the students entering the primary teacher
education program have made the goal of promoting profound understanding of
mathematics needed for teaching an important part of the design and the
implementation of the mathematics courses. Lampert ([23]) provided an “existence
proof” that the type of learning of mathematics consistent with knowing and doing
mathematics as a discipline is possible in a typical primary school classroom setting
under regular conditions. Attempting the same in a teacher education classroom
setting allows prospective teachers to experience “the intellectually generative sort
of mathematical activities” (p.33 in [23]) expected of them to provide for their
future students.

Another long established practice of teacher education programs is the complete
lack of connection between mathematics courses and methods courses. The only
requirement is that students pass the mathematics courses exams to be allowed to
take the methods courses. University mathematicians teach the mathematics courses
and the methods courses are taught by university pedagogues and there is no
emphasis on the integral relationship between subject matter knowledge and
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teaching. Since students don’t participate in school classroom practice focused on
mathematics instruction until they enroll for the methods courses, at the time they
take the mathematics courses they cannot form any preconception of the depth of
the mathematics knowledge entailed in teaching primary school mathematics. In this
sense, the fundamental distortion of knowledge resulting from the separation of
substance from method as called by Dewey in [12] (referenced in [3]) still persists
within primary school teacher university education. Scholastic knowledge even
when unconsciously assumed as irrelevant to method disregards the fact that “how
an idea is represented is part of the idea, not merely its conveyance” (p.85 in [3]). In
[3], Ball and Bass discuss Dewey’s belief that recognition and creation of “genuine
intellectual activity” in students require teachers to employ methods originating
from disciplinary knowledge.

4. An excerpt from a university classroom learning experience

Mathematics 1 is a course which covers topics in numbers and basic algebra.
Geometry and measurement represent a major part of the Mathematics 2 course.
Theoretically the main goals of the course closely relate to Schoenfeld’s
assumptions on the nature of mathematics and the nature of humans as learners
([28]). The purpose of mathematics instruction is to make provisions for students to
learn to think mathematically, which means not only learning about facts and
becoming proficient with mathematical computations, but also understanding the
ideas and the connections between them, being able to apply them flexibly and
meaningfully in problem solving situations, and adopting the view that mathematics
is highly structured and complex even at the elementary levels. On practical grounds
the course is designed around the idea of a classroom participation structure as
discussed by Lampert ([23]) — an agreement among the classroom participants on
the common grounds for interaction and collaboration including the expectations,
the rights and the obligations.

The goals of the course and the grounds for collaboration in the classroom are
clearly established at the beginning of the semester. Students are responsible for
their own learning and for contributing productively to the learning community they
are constituent members of. During each class meeting homework problems are
assigned by the teacher and are not collected. Computational tasks, problem solving
tasks and assignments requiring students to generate examples of concepts and
procedures learned in the classroom and represent them in various equivalent forms
are equally emphasized. Explicit instruction? is provided with topics deemed to
present substantial difficulties for students. At the beginning of each class meeting
solutions to homework problems are presented and discussed by the students who
wish to do so. Points are awarded to each student who participates in the homework
discussion as well as in the classroom discourse at any point of time, and the total
number of points earned this way carries 10 % of the final grade. The awarding of

2 The term explicit instruction is used in the sense adopted by NMAP ([25]), meaning the
university teacher provides students with clear models for solving a problem type, with
multiple opportunities to practice newly learned strategies and with extensive feedback.
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points does not depend on the correctness of the solution offered; the students are
expected to explain and justify their approaches. The final exam, which carries 30 %
of the grade, consists of questions asking students to write about specific
mathematical concepts or procedures, and illustrate them by employing various
representations.

4.1. Generating representations vs. carrying out calculation

The paper is focused on the classroom practice regarding the topic of division
by rational numbers represented as fractions, and on students’ understandings of the
topic as manifested in their work on the final exams. Two dimensions of MKT are
explored: the ability to calculate division by a fraction and the ability to generate a
representation justifying the calculation procedure, the first representing common
content knowledge and the second representing specialized content knowledge.

During a class meeting in the semester in question, the students (Group 1) were
asked to create a word problem illustrating division by rational numbers as fractions
and to justify the procedure. Up till that point students were engaged in working on
analogous assignments involving addition, subtraction and multiplication of
fractions and in using various representations of rational numbers. After a few
unsuccessful attempts which lead some of the students to come up with examples of
division by a whole number or examples of multiplication by a fraction, there was a
general agreement in the classroom that it is difficult to come up with real life
situations involving division by a fraction. Similar to Ball’s observations in her
interviews with prospective teachers ([2]), students in Group 1 only considered the
partitive model of division. Some students even commented that one cannot divide a
number of chocolates to a fraction of a child. Next, students were engaged in the
process of creation of the following word problem and the justification of the
division by fractions procedure. The idea for the problem emerged as a result of the
students’ answers to the invitation to name a few things that come in sizes of
fractions, and obviously people do not. One of the students pointed to the fact that
water bottles (drinks packages) came in sizes of ¥ liter, % liter, 1'% liters, 1 liter, 2
liters, and other sizes. Students built the problem on that idea.

On a warm spring day a primary school teacher plans to take a small group
of students to a field trip. Each child is to take a small bottle of water (a %
liter in volume). The teacher anticipates that some of the children will drink
their water before the trip ends and will need a refill, so she brings 3 large
bottles of 1 liter volume.

a. How many empty small bottles can the teacher refill?

After depicting the bottles by rectangles and representing the problem by a
number expression, students linked it to the procedure of multiplying the dividend
by the divisor’s reciprocal fraction, commenting that dividing by % means
multiplying by 2 since there are two halves of a liter in 1 liter.
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Next, students worked on the following modification of the problem.

b. Before refilling the students’ bottles, the teacher had already drunk %
liter herself. How many empty small bottles can she refill now?

After establishing that there were 2% liters of water left, the students made a
sketch and modeled the problem by an expression, then solved it in a way to reflect
the pictorial representation, which meant applying the distributive property of
division over addition.
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Students remarked that it was crucial to phrase the question properly so as to
make real sense: How many halves there are in two ones and three quarters? Then,
the answer made sense as well: five and a half halves.

One of the examples created in the classroom involved a ribbon 2% meters long
cut in a third of meter long pieces. The example provided students with the
opportunity to use the number line to represent division by a rational number.
Unfortunately, the number line is persistently being avoided from the mathematics
instruction in the early grades of primary education in Macedonia as there is no
referral to it within the national mathematics curriculum grades I-IV and the state
approved mathematics textbooks. In contrast, one of the main findings of the U.S.
National Mathematics Advisory Panel ([25]) regarding learning processes
emphasizes the ability to represent fractions on a number line as a key mechanism
linking conceptual and procedural knowledge, the second one likely to have a major
impact on students’ problem-solving performance.

Another example was constructed by a student up to the formulation of the
question. It involved 5% containers of party food leftovers. Most of the students still
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had problems formulating the question so as to illustrate a division by fractions
instead of division by a whole number. Commonly used patterns of thinking seemed
to lead the students toward division by a whole number, the reasons of which can be
traced back to the way primary school mathematics textbooks treat the topic of
division. Word problems are always focused on the question of how many elements
in each subset if there are a given number of subsets, and never the question how
many subsets if each is to have a given number of elements.

The next class meeting students presented their homework assignments
involving creating word problems with appropriate representations illustrating
fraction arithmetic. A very few students attempted generating a representation of
division by fractions.

In the previous semester, with a different group of students (Group 2), up till
multiplication and division by fractions, the same sequence of lessons was followed
as with Group 1: various representations of rational numbers as fractions (points on
a number line, area model, a number of equivalent subsets of a set partitioned in a
number of subsets, division of numbers, ratios), comparison of fractions, addition
and subtraction of fractions. In Group 2 multiplication and division by a rational
number as a fraction was worked on only in a manner which promotes
computational skills and the ability to apply those skills to solve word problems.
Unlike with addition and subtraction, students in Group 2 were neither asked
explicitly to generate examples of word problems to represent multiplication and
division by fractions, nor to justify the procedure using pictorial representations.
The approach did not challenge students’ beliefs regarding whether the procedure
for division by fractions constitutes an arbitrary convention to be memorized or a
logical construct which can be justified. The earlier course of actions was motivated
mainly by the national curriculum goals for 1-V grade mathematics, in which
fraction arithmetic is restricted only to addition and subtraction of fractions with
equal denominators, and consequently, the lack of need for teachers to be able to
explain to students why division by a fraction is done via multiplication by that
fraction’s reciprocal. There are reasons to believe that an opportunity to promote
students’ understanding of fundamental mathematical ideas and their representations
was missed.

4.2. An analysis of the results

Evaluation of the course effectiveness means evaluation of the student
achievement gains. Since no entry test was administered at the beginning of the
semester, a comparison of the responses to two items was used to evaluate the
students’ growth in understanding of division by rational numbers as fractions
between the students in Group 1 and in Group 2. The results of the students in
Group 1 are drawn from the midterm exam papers for the first item, and from the
final exam papers on the second item (see the Appendix). The results of the students
in Group 2 are obtained by a short test administered at the final exams. Follow up
interviews were conducted with more than a half of the students in each group who
did not leave any written response to the second item or gave a completely unrelated
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response. Additional data about students’ performances in the course was gathered
in the form of the total number of points earned by the student’s contribution to the
classroom learning community and the student’s overall course grade ranging, from
5 (F, fail) through 10 (A, excellent).

The first item measures students’ computational skills and has no discriminative
power in exposing degrees of students’ understanding. The second item measures
their conceptual understanding in a way which fully illuminates their abilities to
generate an adequate representation and a justification of division by fractions. The
results on the items are given in Table 1.

Table 1. Prospective primary school teachers’ responses on Division by fractions (%)
Groupl  Group 2

(n=28) (n=28) Totals
Item 1. Computational Skills
Correct responses 86 82 84
Incorrect responses 14 18 16
Item 2. Conceptual Understanding
Correct responses
A complete answer (example and justification) 11 0 5
Appropriate example without justification 11 4 7
Incorrect responses
An example of division by a whole number 18 14 16
An example of multiplication of fractions 4 0 2
Erroneous or nonrelated response 50 25 38
No response 7 57 32

More than four fifths of the students in each group computed the quotient of the
given fractions correctly. Yet, only slightly more than a fifth of the students in
Group 1 offered an appropriate example to illustrate division by fractions, and only
half of these examples were supported by a corresponding pictorial representation.
Students in Group 2 had even lesser success in providing a correct example; only
one student generated an appropriate word problem with no pictorial representation.

No significant difference between the two groups of students with respect to
their grades (grouped in grades of fail, lowest passing, middle passing, and highest
passing) was found using the chi-square test, ¢ (3, n = 58) = 3.02, p = 0.39,
Cramer’s V = 0.23. The Man-Whitney U test did not discover a significant
difference in classroom participation points between Group 1 (Md = 2.5, n = 28) and
Group 2 (Md = 0.5, n = 28). The chi-square test (with Yates’s correction for
continuity) showed no significant difference between the two groups of students
with respect to their computational skills, ¢?(1, n = 58) = 0.12, p = 0.73, phi = 0.09.

If students who produced a correct response (complete or incomplete) are
represented as one category, students who offered a representation of division by a
whole number or of multiplication by a fraction as another category, students who
produced erroneous or non-related answer as a third category, and students with no
response as a fourth category, the chi-square test of independent samples shows that
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the difference between the two instructional groups of students with respect to their
success in generating a representation of division by rational numbers as fractions is
significant, ¢?(3, n = 58) = 17.19, p = 0.001, Cramer’s V = 0.55.

Direct logistic regression was conducted to measure the effects of the
instructional approach, students’ final grades, their classroom participation, and their
computational skills on their success in constructing an illustrative example
justifying the procedure for division by fractions. The model was statistically
significant, ¢ (4, N=58) = 13.85, p < 0.01. The model as a whole explains between
21.9 % and 41.4 % of variance, and correctly classifies 94.6 % of cases. As visible
from Table 2, only the students’ overall course grades were significant predictors of
students’ understanding of division by fractions manifested through the ability to
generate an appropriate representation, which might lead towards hypothesizing that
the overall grade correctly identifies students with conceptual understanding of a
specific topic, division by fractions, although it is a compound measure of student’s
procedural and conceptual knowledge of various topics.

Table 2. Predicting correct responses on Generating representation of division by fractions
95.0% C.1. for

B SE. Wald df Sig. Exp(B) Exp(B)
Lower Upper
Instructional 1.87 126 221 1 014 015 013  1.82
group
Final grade 0.82 041 405 1 0.04 2.27 1.02 5.04
Classroom 0.07 013 033 1 057 093 073 119

participation

Sk‘;ﬂ”sp“ta“ona' 1778 122x10° 000 1 100 524x10°  0.00
Constant 2477 1.22x10° 000 1  1.00 0.00
Variables entered on step 1: Instructional group, Final grade, Classroom participation,
Computational skills.

For numerous reasons general conclusions may not be drawn from these
findings, yet they can serve as guidelines for development of a sound approach to
measuring the effectiveness of the course.

4.3. Discussion of the results

These findings suggest that the mathematics instruction offered on the topic did
not result in a significant increase of students’ conceptual understanding. Follow-up
interviews revealed a possible obstacle to students’ learning. The exercise in
generating this kind of an example by oneself was not perceived as a task worth
spending one’s time and efforts; many students simply counted on passing the
course by responding to “easier” questions. This finding closely resonates with
Schoenfeld’s conjecture ([28]) that as a result of their experience in primary and
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secondary school mathematics courses students may develop beliefs regarding the
nature of mathematics and mathematics learning which make them unable to engage
in thinking mathematically in a productive manner. According to Schoenfeld ([28])
the disasters of “well taught™ mathematics courses were students’ beliefs that
mathematics problems are actually tasks that can be solved in a few minutes if the
student understood the material, that is, if the problem required prolonged or deeper
thinking the student is wasting her/his time on something that requires application of
skills they had obviously not acquired from lectures. In other words, previous
experiences with mathematics courses have reinforced students’ beliefs that the
ability to make sense of mathematics is reserved for the few gifted ones, that
mathematics knowledge is “passed down from above” to students as passive
learners whose only goal is to accurately perform the procedures as prescribed by
the teachers or by the textbooks.

Classroom participation points did not proved to be a significant indicator of
students’ conceptual understanding of division by fractions; yet, this finding does
not contradict common sense as they are considered as a partial contributor to
students’ overall achievements in the course. Some of the students engaged in
classroom discourse with the explicit purpose of collecting points on cognitively
less demanding tasks, resisting applying themselves in doing intellectually
challenging mathematics.

The results obtained on the second item are similar to the results obtained by
Ball ([2]) from the interviews with 25 prospective elementary school teachers and
10 prospective secondary school teachers within a larger study. Prospective teachers
were asked to generate a mathematically appropriate representation of 13 divided
by %. Only four of the secondary school teacher candidates and none of the
elementary candidates was able to represent the operation. Forty percent of the
elementary school teachers gave an inappropriate representation among which the
most prevalent was a representation of division by 2 instead of . Prospective
elementary school teachers who were unable to generate any representation believed
that division by fractions could not be represented in a real-life context which
resonates closely to the classroom episode described in section 4.1. Ball, Lubienski
and Mewborn ([6]) also referred to the results obtained by Simon ([32]) as he asked
33 prospective elementary teachers to a write a story problem for which % divided
by ¥ would represent the operation used to solve the problem; 24 students produced
inappropriate representations, with fraction multiplication as the most common
incorrect answer. Similar results regarding prospective teachers’ limited
understanding of multiplication and division by fractions were found by Tirosh et al.
([33]), who reported that prospective teachers held a narrow view of rational
numbers and sparsely connected knowledge of entirely rigid procedural nature.

Although the instructional approach introduced in Group 1 did not prove to be a
good predictor of students’ ability to generate an appropriate example, it was not
very far off. One of the indications that the course treatment of the general topic of

% Under “well taught” mathematics courses Schoenfeld ([28]) meant courses satisfying
widely accepted standards like reaching of curriculum goals, quality of instruction, good
classroom management, and students’ success on standard performance measures.
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rational numbers represented as fractions had positive effects on students’
understanding may be observed through the representations that were used by the
students. Half of students who responded correctly used the number line
representation of fractions — a departure from the usual primary school textbook
treatment of the topic, which is in favor of circular foods in word problems with
fractions. Relying on the possibility of teachers learning about the substance and
nature of mathematics from school textbooks may be unfounded; textbook authors
and commercial publishers may well be bound by policy limitations and
considerations other than scientific rigor and educational research-based evidence.

5. Conclusions

Contemporary education is based on assumptions about the benefits from
student-centered forms of learning and inquiry-based classroom. The corresponding
forms of instruction raise the bar even higher with respect to teacher comprehension.
As members of the scholarly community, teachers have a special responsibility in
communicating profound mathematical ideas to their students and in emphasizing
how these ideas emerge and are validated in the domain. The teachers’ deep
understanding of mathematics as well as their beliefs regarding the nature of
mathematics and the purposefulness of studying mathematics has important
consequences on their teaching practices and their effectiveness. The wisdom of
practice cannot compensate the shortcomings of pre-service education programs;
teachers need a strong knowledge base on which they can build their judgments and
actions.

Mathematicians designing and/or teaching mathematics courses to prospective
teachers have to address possible misconceptions and gaps in teachers’ knowledge
of particular topics, encourage them to deepen their understanding of mathematics
as a human activity and facilitate raising prospective teachers’ self-confidence in
doing mathematics ([33]). Assisting students in the rebuilding of their knowledge of
mathematics as a coherent and highly structured body is a challenge on both
practical and theoretical grounds. University course design and practical
implementation in the university classrooms serve the purpose of enhancing learning
opportunities for students as well as offering them experiences on basis of which
they can model their future instructional approaches and practices.

An effort in attempting a certain instructional approach on a specific
mathematics topic in a university classroom setting and in measuring the effects on
student understanding of the topic has been presented in the paper with the aim of
using this attempt as a step towards designing a more general approach in teaching a
university mathematics course to prospective primary school teachers and in
designing a measure of the course effectiveness. The findings regarding the topic of
division by fractions point towards the need to further differentiate steps in
assigning mathematical tasks which offer students first to revise their understanding
of division by whole numbers, then to analyze and classify word problems involving
fraction arithmetic, discuss various representations of rational numbers and apprise
their appropriateness in illustrating the assigned construct, and then to engage in
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generating a complete set of representations with the aim to explain a concept or to
justify a procedure. For example, the problem Simon posed to prospective students
in his study ([32]) to write three different realistic story problems which could be
solved by dividing 51 by 4 and for which the answers would be 12 %, 13, and 12
respectively, is a valuable instructional step which would have guided students to
rethink the meaning of division before asking them to generate a realistic story
problem of division by fractions. In [1], An, Culm and Wu bring forward the good
practice of Chinese teachers focused on establishing explicit connections between
various models and abstract thinking, and on developing reflection as a critical
learning strategy. Another important clue which has been disregarded in the course
is that it takes time for learners to consolidate the connections made and that after
certain instructional time distance incorporating tasks which require students to
draw from these connections would contribute towards their consolidation.

Adjustments to improve the above described approach are to be made and the
approach may be attempted to other course topics. The process of improvement may
benefit from the model proposed by Hiebert, Morris and Glass ([13]) to treat lessons
as experiments by setting learning goals in terms of students’ thinking, designing
lessons to support achievement of the goals, evaluate the lessons’ effectiveness
using data on changes in students’ thinking and revise the lessons based on the
analysis of the evaluations and on carefully formulated hypothesis for further
improvement.

At the same time, important note is taken from research studies ([29], [36])
which, after reporting success in assisting students in deepening their conceptual
knowledge of mathematics and in adopting the disposition to create classrooms of
young learners actively engaged in mathematical inquiry, found that the effects of
the pre-service intervention did not translate equivalently in novice teachers’ work
with children. Although disciplinary study is absolutely necessary to equip pre-
service teachers with a set of intellectual tools and a disposition to engage in
mathematical inquiry, it proved insufficient in overcoming deeply held beliefs and
attitudes which were incongruent with the epistemological orientation of the
education program. University teacher education developers have to take into
account the intellectual qualities and habits of mind teacher candidates bring to their
studies, and also to accept the responsibility of providing professional support to
novice teachers during their induction years, when innovative practices get
challenged by established traditional school settings ([36]).

Using video-taped classroom segments with primary teachers’ reactions to
salient mathematics emerging in classroom discourse may provide a useful vehicle
in bridging the existing gap between mathematics and methods courses and in
motivating students to apply themselves in becoming mathematically proficient.

Further steps involve constructing comprehensive measures to be applied as pre-
tests and post-tests to evaluate the mathematics and methods courses achievement
gains of students within different university programs leading towards a degree
which allows primary teaching employment, as proposed by Ball, Thames and
Phelps in [8], validating the measures and analyzing the results with the purpose of
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offering theoretical recommendations and practical guidelines in reforming
mathematics education of future primary school teachers.

Translating the MKT measures developed in the USA to evaluate in-service
teachers’ knowledge or prospective teachers’ achievement gains within different
university programs in Macedonia is not plausible for numerous reasons.
Mathematics education, like education in general, is predetermined by many factors,
among which the country’s specific cultural, historical and social settings, nationally
defined curricular goals, traditionally established instructional practices, beliefs,
expectations, and assessment procedures ([1], [26]). Even an extremely careful
adherence to explicit guidelines for adapting teaching knowledge items may result
in an inaccurate measurement, as cautioned by Delaney et al. in [11] and by Delaney
in [10]. Such attempts in adapting the MKT measures requires validation work to be
done ([10]), as would be done in creating entirely new set of measures grounded in
the actual teaching practice in classrooms in Macedonia. However, close
investigation of the MKT measures provides useful resources for the development
of authentic research approaches in mathematics education of primary school
teachers. Another significant source of information and guidelines is provided by the
comparative study TEDS-M ([34]) focused on the outcomes of teacher education
programs in 17 countries around the world, with respect to the acquisition of
knowledge and beliefs. Due to the similarities found in the rankings of countries in
TEDS-M and in TIMSS, a cyclic relationship has been hypothesized, which means
that student achievement may be improved by increasing teachers’ professional
knowledge ([9]). The kind of research outlined above may be attempted only by
establishing collaboration of a multidisciplinary group of scholars: mathematicians,
mathematics educators, cognitive and educational psychologists, teaching experts,
experts in statistical analysis of data, and above all, practicing primary school
teachers.

Some of the principal messages of the National Mathematics Advisory Panel in
its final report [25] are that society needs to “recognize that mathematically
knowledgeable classroom teachers have a central role in mathematics education”
and that “the nation needs to build capacity for more rigorous research in education
so that it can inform policy and practice more effectively” (p. xiv). These messages
hold powerful truths which transcend national boundaries.
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Appendix

1. Perform the following operations and express the resulting fraction in simplest
form.
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2. Create a simple word problem to illustrate division by a rational number
represented as a fraction. Sketch a pictorial representation to link the word
problem to the appropriate number expression and justify the procedure of
division by fractions.
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Abstract

This is a short survey on an open problem posed by Academician Ljubomir
Iliev in his studies on constructive theory of Laguerre functions. It is stated in
notions as the Jensen polynomials and zeros of polynomials and entire functions.
However, the linear differential operator D, introduced by Iliev and involved
in this problem is related to the most popular special function of the fractional
calculus (FC) — the Mittag-Leffler (M-L) function, and the operator itself can be
considered as a special case of the operators of FC and of the Gelfond-Leontiev
(G-L) operators of generalized differentiation. From this point of view, Iliev’s
open problem can be formulated also in a more general setting, related to the
multi-index M-L functions ([15], [16]) and to the operators of generalized FC
([14]).

Together with the problem as stated by Iliev in [12], [13], and its alternative
interpretations, we provide the readers with some additional literature closely
related to techniques and results possibly helpful in understanding and solving
the open problem — the basic among them — by Craven and Csordas [1], [2],
Dzrabashjan [6], Ostrovskii and Peresyolkova [20], Popov [21], etc.

We hope that the provided information would stimulate researchers to try
solving Iliev’s problem, using the tools of the contemporary theory of the Mittag-
Lefler function and of the FC operators.
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1. Preliminaries
1.1. Mittag-Leffler function

For a long time, the Mittag-Leffler (M-L) function
e k

V4
Eop(z) = kz—() Tak+3)’ a>0,08>0, (1.1)

has been totally ignored in the common handbooks on special functions and
existing tables of Laplace transforms, although F, was introduced yet in 1902-
1905 and available in the third volume of the classical Bateman-Erdélyi Project
(7], 1954; and E, 3 appeared in 1953. Recently, the interest in this remarkable
entire function (the simplest one of prescribed order 1/a)) has been enormously
increased in view of its important role in Fractional Calculus (FC) and related
differential and integral equations of fractional (that is arbitrary non-integer)
order and applications in treating fractional order model and systems that de-
scribe the fractality of the real physical and social world better than the integer
order approximations. Thus, the Mittag-Leffler (M-L) function exited from its
isolated life as Cinderella of the Special Functions, to become the Queen-function
of Fractional Calculus ([9]), and has been included as a separate item 33E12 in
MSC 2000. Nowadays, almost each paper on fractional order differential equa-
tions and models involves this special function or its generalizations (a long list
to be found in [15], [16]) and many books on FC have chapters or are entirely
devoted to it, see e.g. [14], [22], [18].

It is then an interesting fact to mention that two of the pioneers of the
contemporary Bulgarian mathematics, had applied the M-L function (although
not mentioning explicitly its name, but using the already adopted notation E,,)
in their studies in the area of Complex Analysis. In 1930, Nikola Obrechkoff [19]
defined a general method of summation (more precisely, a Borel type method
for analytical continuation of complex functions defined by convergent power
series), specified it also for the so-called Mittag-Leffler summation and studied
the asymptotics of the M-L function. Later, since 1969, Ljubomir Iliev [12], [13]
used the M-L function in the constructive theory of Laguerre functions. On the
set of the power series, he defined a linear differential operator D, generated
by means of the M-L function E,(2). It happens that this operator is a
special kind of the Gelfond-Leontiev operators of generalized differentiation [8],
when the multipliers’ sequence includes the coefficients of the M-L function as
a generating entire function. And it is also an operator for differentiation of
fractional (that is arbitrary, not obligatory integer) order o > 0, for which (1.1)
is an eigen-function.
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1.2. Preliminary notions from
the theory of Laguerre entire functions

Definition 1.1. (e.g. [13], Ch. 1). An infinite sequence {a,,} is said to be
an a-sequence, denoted by {a,} € a, if for every polynomial

b(z) =bo+brz+ -+ bpz"
possessing real zeros only, the polynomial
b(z) x {an} = boag + bragz + - - - + bpapz"

has real zeros only. Related definition concerns the so-called 3-sequences, {3,} €
B, if for every polynomial b(z) with only real nonpositive zeros, the polynomial
b(z) % {fn} has real zeros only. Obviously, o C .

For the first time Laguerre (1898) considered special cases of a-sequences,
similar definitions but in different terms were given in a paper by Pdélya and
Schur (1914), revealing some important applications and properties of these
sequences. In Chapter 1 of [13], also in [11], [12], Iliev describes and studies
several other properties, involving the classes L, resp. Lo, of entire functions
which are either polynomials possessing real nonpositive zeros only (resp. real
zeros only), or are limits of such polynomials in every finite domain; including
algebraic characteristics of L1 and Lo, and algebraic and transcendental criteria
for the a- and [3-sequences in their terms (some of them coming also from
Obreshkoft’s works).

The notion for the Jensen polynomials is also introduced: Let the series

f(z) =ao+ a1z +agz* +--- ::’yo—i-%z—kgz +~-+%z"+~~ (1.2)
be convergent in a neighbourhood of z = 0. If D = d/dz denotes the differenti-

ation operator, then the polynomials

Tu(f,2) = f(D) 2" = kzo (Z)W“ = Ju(2), n=1,2,... (L3)
are said to be the Jensen polynomials for the function f(z) (with respect to the
operator D).

2. L. Iliev’s open problem

Below a > 0 is assumed an arbitrary parameter. Let us reproduce the
notations and terminology as stated in Iliev [13], Ch. 2: Constructive Theory
of Laguerre Entire Functions, §2.6, namely:

2.6. Define the linear differential operator D, which acts on the set f of
the power series by the equalities:
Ia(n+1))

8) Da 2" = I'(an)

a>0,n=1,2,...,
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kon _ k-1 n_ _ Lla(n+1)
Pzt =PeDa 2 = Tk + 1)

«

2k D,=DL k=1,2,..., (21)

1
D,.C =0, @:O, C = const,

b) D, Cz" = CD, z", C = const,
c) Do (2" 4 2™) =Dy 2™ + Dy 2™,
where T'(z) is the Euler function.

1. Let (Our Note: Actually, Iliev used a denotation E,(z) for below, but
compared to universally adopted definition (1.1), it should be E, (2)):
1 z 22 %
el = 5 Y T TTea) T Ttk ) T
Since I'(a(n + 1)) /T'(an) — oo as n — oo, the function E, 4(z) is entire.
Moreover, E;1(z) = exp z and

Dy Eoo(2) = Eqlz). (2.2)

Set (Our Note: this is the fractional order analogue of the binomial coeffi-
cients)

<n>a: La(n+1)) n=12..., k=0,1,2,.... (2.3)

k). T(a(k+1)T(a(n—k+1))’
For
F2)=ao+arz+ag? o=t o T2 2 (24)

T(a)  T(2a) ' T(3a)"
the polynomial

Jr?(fﬂz):f(pa)zn:@) WOZT”F(TIZ) ’Y1znl+<;> 722”2+...+<Z> Tns
) ) ) “(2.5)

n=1,2,..., will be called the Jensen polynomial of degree n of f(z) with respect
to the operator D,.

Our Note 1. Observe that for « = 1, (2.4) and (2.5) coincide with (1.2),
(1.3), since '(k+ 1) =kl k=0,1,2,... .

Employing the methods from Ch. 1 (Laguerre Entire Functions) in [13], it
is established that if f(z) is an entire function, then in any finite domain:

lim <Z> Je (f, %) = f(2), where a, = (an)®. (2.6)

n—a \

From (2.5), for the Jensen polynomials with respect to the operator D, of
the function f(2) = Fq,a(2), we obtain for n =1,2,...:
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n n n n n n
5= (7) (7)o (3) ot () =2 (5)
0 a 1 o 2 o n o — k o

(2.7)

If v is a positive integer, then the sequence {I'(k + 1)/T'(a(k 4+ 1))} € a, so
that in this case the zeros of JS(FEa,a,2) are real. The question which is the
domain A,, where all the zeros of the polynomials J$(Eq a,2), n=1,2,..., lie,
for a > 0, [a] # « (that is, for « not integer), remains open.

Our Note 2. Observe a conflict of notations above: the symbols a have
different meanings. Once it is for the notion a-sequence adopted by Def. 1.1 (in
Section 4 we compare with the notion “multiplier sequence”), then in Dy, Eq q,
J¥, A, it is an arbitrary parameter o > 0.

Further, Iliev gives some notations as:

2. Setting .
Grpn=3" (Z) P as0 =12,
k=0 o
he introduces the so-called a-sum and provides related identities. He also notes
that ( my .
D, 2" = lim Erhla=2z"
h—0 h

Finally, in 2.7. Iliev summarizes the open problems posed by his studies in
Ch. 2, [13], and among them the above mentioned one is stated explicitly as
(see p. 43):

Problem 2.5. For (arbitrary, i.e. not integer) o > 0, which is the domain
Aq, where do all zeros of the Jensen polynomials J5(Ega,2), n = 1,2,...,
defined by (2.7) and (2.3), lie ?

3. Fractional calculus and Gelfond-Leontiev operators

3.1. Gelfond-Leontiev operators of generalized
differentiation and integration

In 1951 Gelfond and Leontiev [8] introduced an operation, more general than
the classical differentiation D = d/dz. To clarify the exposition we state the
definition in its simplest form, and details an be seen in Kiryakova [14].

Definition 3.1. Let the function
o
p(A) =) e A (3.1)
k=0

be an entire function of order p > 0 and type o # 0 such that the condition
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tim K74/ or] = (oep)'/? (3.2)

oo
i)=Y met
k=0
analytic in a disk |z| < R, the operation
oo
Dy f(z) = ap P11 (3.3)
=1 Yk

is said to be a Gelfond-Leontiev (G-L) operator of generalized differentiation
with respect to (or generated by) the (entire) function ¢.

holds. For a function

From the theory of entire functions, it is known that (3.2) always holds
but with limsup. However, the condition as in (3.2) yields that there exists

k—oo

klim k=l |%| = 1 and therefore, by the Cauchy-Hadamard formula, the image-
— 00

series (3.3) has the same radius of convergence as the original f(z).

Evidently, if we take o(\) = exp A, ie. if o =1/T'(k+1), k=0,1,2,...,
then the G-L differentiation operator (3.3) reduces to the classical differentiation
Dexp =D =d/dz.

Along with the generalized differentiation, the G-L operators of generalized
integration are consi(igred, of the form:

o k+1
k+1 z
I, f(2) = Z ag Pht1 K vesp. T f(2) = Z ar —, (3.4)
k=0 Tk i Al

and for the generating function p(A) = exp A one gets the classical integration
Iexp = I (of order 1).

In a more general setting, the G-L operators (3.3), (3.4) can be viewed as
Hadamard products by a function

9(z) = Z br2",
k=0

and if by — oo for k — oo as is in the cases by = k, and by = ¢x_1/¢x, the

o0
operation D{g; f} = f(2)xg(z) = 3 axby z¥ can be considered as a generalized

e
differentiation, while for by # 0, k = 1,2,..., its inverse operation I{g; f} =

X a
> ZF 2k should be a generalized integration, or Hadamard product with the

k=0 Yk
o0

“reciprocal” function g.(z) = > 2¥/by.
k=0
Evidently, Iliev’s operator D, is a kind of G-L operator of generalized dif-
ferentiation, related to a M-L function (1.1) as its generating entire function...
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But to make the picture more clear, let us first remind some notions for the
operators of fractional calculus.

3.2. Operators of fractional calculus

Fractional Calculus (FC) is an extension of the classical Calculus, when
differentiation and integration can be done not only integer number of times, but
these operations can be of fractional (i.e. arbitrary) orders. Detailed theory is
available for example, in [23], [14], [22] and in many dozens of newer books. The
most popular definition for integration of arbitrary order a>0 is the Riemann-
Livouville (R-L) fractional integral I, considered as extension of the n-fold

integration I™ via substitution the factorial function n! by the Gamma-function:
4 z

PG = oy = O HOdE — 17 = s [ (- 97 (e
0 0

o (3.5)
c —0)* L f(z0)do.
o 0/ (1 -0 f(z0)d

— after suitable substitution — I%f(z) =

The problem to define then the fractional order differentiation is solved by
composing integer order differentiation and R-L fractional order integral (3.5),

namely: by means of the R-L fractional derivative:
z

Df(z) = D”I”‘“f(Z)Z(d> F(l / (= — &P f(E)dE b, (3.6)

dz n—a)

n—1<a<n, n€N, orits alternative, called as Caputo fractional derivative,

b
I'(n—a)

z

Je-oretige @
0

the latter definition avoiding: 1) the fact strange for classical analysts, that in
general D*{const} # 0, and 2) the appearance of fractional order derivatives in
the initial conditions for Cauchy problems for fractional differential equations
with D% which are physically difficult to interpret. A greater freedom and much
more applications of the fractional derivatives and integrals can be achieved by
involving additional parameters in definitions (3.5),(3.6),(3.7) — thus using the
name Erdélyi-Kober operators, or by replacing the kernel elementary function
K(o) = 0c*"1/T'(a) in (3.5) by means of a suitable special function K (o), say a
Meijer’s G-function or Fox’s H-function — as in the Generalized FC, Kiryakova
[14]. Specially, the Erdélyi-Kober (E-K) operator of fractional integration of
order o > 0 with additional parameters v € R and 3 > 0, is defined by

T1G) = e 0 [t g @

"DAf(=) = "D f(2) =
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1
F1/ (1—0)*"'o" f(z6/P)do; v=0,3=1 giving I Yf(2)=2"T%f(2).
0

Then, the corresponding F-K fractional derivatives are defined by analogy

d
with (3.6) and (3.7), using suitable polynomials of the Euler differentiation i

z
and integer n — 1 < a < n, resp. — the R-L type variant:

(0% a,n—o = d a,nN—o
Dy*f(2) == Dn I5™"f(2) = || ( +7 +]) e fz), (3.9)
and — the Caputo type:
* « a,n—o a,n—o = d .
DY f(z) = 137" Dpf(z) = 177" [ <zz —l—’y—i—]) f(2). (3.10)

j=1
The details of introducing these E-K fractional derivatives and their properties
can be found in Kiryakova [14] and Kiryakova and Luchko [17].
According to their definitions, and to the rules of the FC theory, the R-L
and the E-K operators of integration are resp. right inverse to the R-L (Caputo)
and E-K operators of differentiation, namely:

DA I° f(z) =D 1% £(2) = f(2); Dy I}" £(:) = *D° ;" 1(2) = f(2),
(3.11)
see Kiryakova et al. [14], [17].

A term-by-term application of the R-L and of the E-K operators of fractional
order integration and differentiation to power series f(z) = ag + a1z + a2+ ...,
convergent in disks |z| < R (as considered by Iliev), is an easy task, not requiring
special care about functional spaces (as in the common case theory of FC) and
domains in C, with except the reminder that we determine a unique branch of
arg z (0 < arg z < 27) so to avoid multiplicities in terms as z#. Then it is easy
to see that, for example, the R-L integral has the representation

o 1 Fk+a+1) ;4
I°f(z) =27 Z TR C
that is, very close as form to a G- L generahzed integration.

Let us consider now the G-L operators of generalized integration and dif-
ferentiation with respect to (generated by) the Mittag-Leffler function p(z) =
E, 3(2), that is with coefficients ¢, = 1/I'(ak + 3). In Dimovski and Kiryakova
[5], Kiryakova [14] and later works, we called them Dzrbashjan-Gelfond-Leontiev
operators, in honor to Armenian mathematician Dzrbashjan who was one of the
first to study the 2-indices M-L function with great details and in complex plane.
For a function f(z) = ag + a1z + a2z + ..., analytic in |z| < R, the definitions
are, respectively:
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= ['(ak + 3) k-1

Decp 112) kZ ak—1)+8) "
b s) (3.12)

o k41

Lap 7(2) Z’“ k+1)+ﬁ)z+'

It is proved (see e.g. Klryakova [14], etc.) that these D-G-L operators of the
forms (3.3), (3.4) are representable also as Erdélyi-Kober operators of fractional
integration and differentiation of order o > 0 of the forms (3.8), (3.10), as
follows:

Ing f(z) = 2 1)1 f(2), Dagf(z) =DM =71 f(2), (3.13)
and thus, they can be also analytically continued outside of disks, to starlike
domains with respect to the origin z = 0.

In the special case 3 = 1 the operator I, ; has been studied by Dimovski [4]
as an example of a linear integration operator preserving the space of analytic
functions in starlike domains, for which he found a convolution operator, the
commutant and a convolutional representation of the commutant of a fixed
integer power of I, ;. Later, in Dimovski and Kiryakova [5] we established
similar results for the more general D-G-L operator I, g, and in Kiryakova [14],
Ch.2, a detailed study of the operators D, g, I, 3, was exposed, combined with a
Laplace type integral transformation (called Borel-Dzrbashjan transform, B, 3)
playing the same role in the operational calculus for these operators as the
Laplace transform for the classical differentiation and integration.

For further generalizations, see e.g. Kiryakova [14, Ch.5], [15]. For example,
instead of the M-L function (1.1), we introduced and studied its multi-index
generalization (Kiryakova [15],[16]) with set of real indices a1, ..., ay, > 0 and
517"'7/6m7 m = 172737

k
Eroyay(2) = E™ : . (314
(a1)7(ﬁ1)( ) (Olz) ,31 Z I‘ alk_'_ﬂl) (amk+5m) ( )
called multi-index M-L function. We proved that (3.14) is an entire function
alp Am P
of order p = (a1 + -+ + ayn)~ ! and type (ﬁ) - ﬁp) > 1ifm >

1, and many of its analytical properties as example of H-function and of the
Wright 1 ¥,,,-function. Many special functions appearing previously as solutions
of fractional order differential equations and fractional order models are sjhown
to be very particular cases of this new class of special functions of fractional
calculus, see [16].

Then, similarly to D-G-L operators (3.12), we introduced and studied G-L
operators (3.4), (3.3) generated by the multi-indexr M-L function E ) s,)(2),
that is,
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F(Ozlk + 51) F(amk + ﬁm) k-1
D(ar(k=1) + b)) Tlam(k = 1)+ Bm) ~
S F(Oélk + ﬂl)...F(amk + ,ﬁm) k
Tiny ) f(2) = a 2R
(@) (@) f(2) g%kr@ﬂk+n+ﬁomﬂmﬂk+n+ﬁm
such that D4,y 8,) L(a:),(3:) f(2) = f(2), and appearing as special cases (sim-
ilarly to relation (3.13)) of the so-called multiple E-K operators Dgl/a ))T(nai),

(Bi-1):(0)
1 oy m

Note that the multi-index M-L functions are eigen functions of the D-G-L
operators (3.12), since the following (generalized) differential relation holds as
an extension of (2.2):

Diay),(6) B () (A2) = A Elay), () (A2), A#0,
(as Lemma 4.3 in Kiryakova [15]).

waz():i
- (3.15)

in the generalized fractional calculus, Kiryakova [14].

3.3. New interpretations of Iliev’s operator and problem,
and possible generalizations

The differential operator D, of Iliev, defined by a), b), ¢) in Section 2, and
its linear right inverse integration operator (if we denote it by Z,: Do Z, f(2) =
f(2)), taken of a power series f(z) = ag+ a1z +az2?+ ..., convergent in |z| < R,
have evidently the forms:

.- 1)

Z k—l—l)) - Zakfz + T3 Py

k=
(3.16)
and therefore, they appear to be Gelfond-Leontiev operators of generalized dif-
ferentiation and integration with respect to the Mittag-Leffler function E, o (that
is with = a in (1.1)).
On the other side, the same operators, according to (3.13), can be con-

sidered as Erdélyi-Kober operators of fractional differentiation and integration
(3.9),(3.8) of order a > 0, as follows:

Do f(2)="D}, " 27 f(2)=DY 27 f(2), Ta f(2)=2177."" f(2). (3.17)

Thus, Problem 2.5 can be stated as: to find the domain where all zeros of the
Jensen polynomials J3(Eq.q, 2) lie, if we take in mind that in their definition
(2.5) the operator D, is meant as G-L operator or E-K operator of fractional
differentiation. And possibly, it can be attacked by tools from the theory of
Mittag-Leffler functions and of the fractional calculus.

\_/

The information in next section also suggests that this can be a right way.
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Meanwhile, one can consider Jensen polynomials as in (2.5) but instead of
the operator D, of (3.16), (3.17) to take multi-index analogues as D, o) OT
more generally, D(q, as,....a.), Telated to the multi-index M-L functions (3.14):
Ea,...a) () (2) O B, ) (ar,am)(2). Evidently (by the reasons given
next in (4.2)), for positive integer @ and ay, ..., ayy, all the zeros of the Jensen
polynomials will be real. It is a hypothesis that the techniques to be used to
resolve the open problem for non-integer multi-indices will be quite similar to
those for single non-integer index a. See for example, the paper by Craven
and Csordas [2] devoted to multiplier’s sequences related to special functions
including the mentioned ones.

4. Additional literature that can be related
to the solution of Iliev’s problem

First, let us comment Iliev’s remark (text before Our Note 2.) before to
state his open problem: “If « is a positive integer, then the sequence {T'(k +
1)/T(a(k + 1))} is an a-sequence, so in this case (all) the zeros of the (Jensen)
polynomial J$(Eq,q, 2) are real.”

To avoid or duplicate the notion a-sequence, let us note that many au-
thors use the notion “(Laguerre) multiplier sequence”, see e.g. the paper by
Craven and Csordas [1], available at the website of “Serdica Math. J.”,
http://www.math.bas.bg/~serdica/1996/1996-516-524.pdf, in Def. 2.2
(we are changing the notations to have uniformity of exposition):

“A sequence A = {ay,}72, of real numbers is called a multiplier sequence if,

n
whenever the real polynomial b(z) = biz* has only real zeros, the polynomial

k=0
n
Ab(2)] = 3 apbpz® also has only real zeros.” Then, in their papers Craven
k=0
and Csordas, similarly to Iliev and to many other authors on this topic (e.g. [1],
[2], [3], etc.), present several criteria for a sequence to be a multiplier sequence,
or find new ones.

It sounds worth for the occasion of this memorial conference, to cite also
Craven and Csordas’s words in beg. of [1]: “In this century, the Bulgarian
mathematicians have played a prominent role in several areas of mathematics
and, in particular, in the theory of distribution of zeros of polynomials and en-
tire functions. The theory of multiplier sequences commenced with the work
of Laguerre and was solidified in the seminal work of Pdlya and Schur. Subse-
quently, this theory gained prominence at the hands of renowned mathematicians
as Iliev,... and Obreshkov, just to mention a few names.”

On the other hand, the use of the notion multiplier sequence sounds much
closer (1) to the topic of the Gelfond-Leontiev operators of § 3.1, where the



150 V. Kiryakova

(G-L) operators of generalized differentiation are created by means of multiplier
sequences involving coefficients of entire functions as exp z, M-L function, etc.

The above mentioned Iliev’s observation is based on the fact that in case of
integer o > 0, the sequence

A=Aar} ={k!/T(a(k+1)} ={T'(k+1)/T(a(k+ 1))} € , (4.1)
that is, it is a multiplier sequence. Then, the Jensen polynomial J$(Eq q, 2)
can be represented as a Hadamard product of multiplier sequences and the

polynomial b(z) = (1 + 2)" having real zeros only (n-tuple zero z = —1) in the
following way, starting from (2.7):
n

X B MNa(n+1) n—
In (Boa, 2) = kzzo Fla(k + D)0 (a(n — k+ 1)~ k

1))
a(n + Zak Qp— - <k> "k — const A x Ax (14 2)™ (4.2)

I'(n+ 1
Practically, the open problem posed by Iliev, Problem 2.5 can be separated
in two parts:

2.5.1. If there are some ranges of values for & > 0 not integer, so A = {a}} =
{k!/T'(a(k + 1))} will be still a multiplier sequence (that is an a-sequence)?

2.5.2. If (when) this sequence A = {ay} is not a-sequence, then is it possible
to describe the domain where the zeros of the Jensen polynomials J$(Eq q, 2)
do lie?

Specially, for the first part 2.5.1, all traces lead to some very subtle results
from the theory of Mittag-Leffler functions Ey o(2), Eq g(2), related to distribu-
tions of their zeros, asymptotical behaviour, etc. (and in this way, also connected
somehow to the instruments of fractional calculus).

From this point of view, we would like to attract the readers attention to
some additional literature which can be useful to go further in understanding
and resolving the problems 2.5.1 and 2.5.2.

A. The remarkable recent paper by Craven and Csordas [2], where the au-
thors expose a great amount of information and results, relating rather wide
classes of special functions to the problems for Laguerre multiplier sequences.
There the discussions are in the rather general setting of the Foz- Wright func-
tions p¥,, called special functions of fractional calculus in the sense of Kiryakova
[16], Podlubny [22], etc. Let us emphasize on the passage from [2], p.110: “These
problems appear to be new and are ostensibly difficult. While at the present time
we are unable to solve them, we wish to call attention to them and to related
questions ...”, and specially to §2 there: Multiplier sequences and the Mittag-
Leffler function. In that paper, Example 2.6 (p.113), the authors stress on the
same fact as Iliev, but written in other words, referring to Pdlya: that the M-L
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function E, (%) belongs to the class of the so-called Laguerre-Pdlya functions,
when o = 2,3,4,.... And for the case of not integer «, they refer to Example
2.8 (p.114) and to the paper by Ostrovskii and Peresyolkova [20], p.284. Also
the paper of Popov [21] is mentioned (see Remark 2.10, p.114).

The discussion in [2] can be useful also for attacking the extension of the
Iliev’s problem to the case with multi-index Mittag-Leffler functions (3.14) from
§3.3, since these functions are the most representative case of the Fox-Wright
functions ,¥, (p = 1,q = m), according to Kiryakova [16], and even the hyper-
Bessel functions [14, Ch.3] are considered as more particular cases. The paper
finishes with a rather general Conjecture 3.17 on the Fox-Wright function, and
its References include items by Dzrbashjan (as [6]), by the Bulgarian author
Obrechkoff, and by many well-known authors working in the field of fractional
calculus.

B. The important paper by Ostrovskii and Peresyolkova [20]. Tt is essentially
based (again) on the book by Dzrbasjan [6], discusses some earlier results by
Wiman (1905), whose proof sounds incomplete, and provides results for the
zeros of the M-L function E, 1(z) when, e.g. 0 < a < 2. Observe that this
paper [20] is essentially referred to in Popov [21].

C. Several recent papers on distributions of the zeros of the Mittag-Leffler
functions, most of whose authors work basically in fractional calculus, as the
very recent paper (2013) by Hanneken, and earlier ones by Mainardi, Gorenflo,
Luchko, Hilfer, Diethelm, etc., and from the References list of [2].

The links between the cited papers from Sect. 4 come to confirm the sug-
gested relations between Iliev’s problem (Sect. 2), the topics of Gelfond-Leontiev
and fractional calculus operators (Sect. 3) and the special functions of fractional
calculus.

Acknowledgements: This paper is performed in the frames of the Bilat-
eral Research Project ” Mathematical modelling by means of integral transform
methods, partial differential equations, special and generalized functions” be-
tween Bulgarian Academy of Sciences and Serbian Academy of Sciences and
Arts (2012-2014).
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ISOMETRIES BETWEEN FUNCTION SPACES

Hironao Koshimizu !, Takeshi Miura 2, Hiroyuki Takagi 3
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Abstract

Let A and B be complex-linear subspaces of C'(X) and C(Y'), respectively,
where X and Y are compact Hausdorff spaces. Suppose that for each distinct
points x,y € X there exists f € A such that f(z) # f(y). Under an additional
assumption on the Choquet boundary Ch(A) of A, we prove that if S is a real-
linear isometry of A onto B, then there exist an open and closed subset K of
Ch(B), a homeomorphism ¢: Ch(B) — Ch(A) and a unimodular continuous
function u on Ch(B) such that

{U(y)f(¢(y)) ye K

u(y)f(é(y)) ye€ Ch(B)\ K
for all f € A.

MSC 2010: 46E15, 46E25
Key Words and Phrases: functional analysis, function spaces, isometries

1. Introduction

Let C(X) be a complex Banach space of all complex-valued continuous func-
tions on a compact Hausdorff space X with respect to sup-norm ||-||. A normed
linear subspace A C C(X) is called a function space on X provided that A con-
tains the constant functions and separates the points of X in the following sense;
for each distinct points z,y € X there exists f € A such that f(z) # f(y). An
isometry S between function spaces A and B is a map, not necessarily linear,
S: A — B that satisfies |S(f) — S(g)|| = ||f — g|| for all f,g € A. The study of
isometries between function spaces has a rather long history. In 1932, Banach
obtained what is so called the Banach-Stone theorem for compact metric spaces
X and Y. Stone has proven that the result holds for compact Hausdorff spaces
in 1937.

Theorem 1.1 (Banach-Stone theorem). If S: C(X) — C(Y) is a sur-
jective, complex-linear isometry, then there exist a homeomorphism ¢: Y — X

(© 2013 IMI — BAS, Sofia pp. 154-158
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and a unimodular, continuous function u: Y — {z € C : |z| = 1} such that

S(f)(y) = uw(y)f(@(y)) for all f € C(X) andy €Y.

The Banach-Stone theorem has been generalized in several directions (see
[1, 2, 5, 10, 11]). One of important results on isometries was proven by Mazur
and Ulam [8].

Theorem 1.2 (Mazur-Ulam theorem). Let E and F be (real or complex)
normed linear spaces. If S: E — F is a surjective isometry, then S — S(0) is
real-linear.

It is obvious that the shift S — S(0): E — F of S from the Mazur-Ulam
theorem is a surjective isometry. Thus the description of real-linear isometries
is an essential role in the study of surjective isometries.

2. Main results

Definition 2.1. Let A be a function space on a compact Hausdorff space
X and A* the dual space of A, that is the set of all bounded, complex-linear
functionals on A with the operator norm. The unit ball Ajof A* with the weak
*-topology is a compact and convex set, and thus A} has extreme points. Let
Ext(A7) be the set of all extreme points of Af. Then the set {x € X : §, €
Ext(A7)} is called the Choquet boundary of A, and is denoted by Ch(A), where
0z is a point evaluation, i.e. §,(f) = f(z) for all f € A. Then

Ext(A]) ={ad; : « € T and € Ch(A4)}.

Definition 2.2. A function space A is said to be triple separating, if
for each triple of distinct points z,y,z € Ch(A) there exists f € A such that

f(a) = 1and [F()], [£(2)] < 1/V2.

Example 2.1. Let A be a function space on a compact Hausdorfl space
X. If A is closed under multiplication, then A is triple separating. In fact,
if z,y,z € Ch(A) are distinct points, then there exist fi, fo € A such that
fi(x) =1 = fo(x) and fi(y) = 0 = fa(2); this is possible since A separates the
points of X. Then f = f;fo € A satisfies f(x) =1 and f(y) = 0= f(z). Hence
A is triple separating.

Example 2.2. Let T={z€C:|z|=1}and A={az+be C(T):a,be
C}. Then A is a function space on T with Ch(A) = T. We see that there is no
function f € A such that f(1) = 1 and |f(i)|,|f(—i)| < 1/v/2. Consequently A
is not triple separating.
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Theorem 2.1. Let A and B be triple separating function spaces. If S is a
real-linear isometry of A onto B, then there exist an open and closed subset K
of Ch(B), a homeomorphism ¢: Ch(B) — Ch(A) and a unimodular continuous
function u: Ch(B) — T such that

{U(y)f(¢>(y)) yeE

S —
DO =\ awi7@m) vecnm)\ £

forall f € A.

Proof. Define the map S,: B* — A* by
S«(m)(f) = Ren(S(f)) —iRen(S(if))  (ne B*, feA).

Then S, is a surjective, real-linear isometry with respect to the operator norm.
Hence Si(Ext(B7)) = Ext(A}) and thus for each y € Ch(B) there exist & € T
and € Ch(A) such that S.(d,) = ad;. Such o € T and z € Ch(A) are
uniquely determined; in fact, if S.(dy) = apds,, then af(xz) = aof(zg) for
all f € A. Taking f = 1, a = «p, and thus x = zg, since A separates the
points of underlying space. As id, € Ext(B}), S«(id,) = (0, for some § € T
and z’ € Ch(A). Therefore Si((1+4)dy) = ady + [F0, by the real-linearity of
S,. Since \/5_1(1 +1)dy € Ext(B}), there exist v € T and z” € Ch(A) such
that S*(ﬂ_l(l +4)dy) = Y., and consequently 2y, = ad, + B5,. This
implies that v/2vf(z") = af(x) + Bf(2') for all f € A. If we take f = 1, then
V27v = a+ 3, and thus /2 = |1 + @p3|, where - is the complex conjugate. As
@B € T, we have a3 = 44 and hence 3 = #i«. This implies v2v = (1 £4)a,
and therefore (1+1i)f(2”) = f(x) £if(2) for all f € A. We assert that = = 2;

for if x # 2, then 2" # x and 2" # 2’. By the triple separation of A, there
exists fo € A such that fo(2”) =1 and |fo(x)],|fo(z)] < 1/\[ Thus

2=[1+i|=|folz) ifo(z')] < |folx < — 2

V2= 1+i| = [folz) £ ifo(a”)] < |fo(@)] + |fo(a")] \f+\f V2,

which is a contradiction. Hence, x = 2/, and consequently S (id,) = £iS,(dy).
Set K = {y € Ch(B) : Si(idy) = iS.(0y)}. Then S.(id,) = 1S.(d,) for

y € K, and S,(idy) = —iS4(dy) for y € Ch(B) \ K. The rest of proof is similar

to the case when S is complex-linear, and we omit it. See for the detail [7]. O

As a direct consequence of the Mazur-Ulam theorem and Theorem 2.1, we
can describe all surjective isometries between triple separating function spaces,
which extends [1, 2, 3, 9, 10].

Corollary 2.1. Let A and B be be triple separating function spaces. If
S is an isometry of A onto B, then there exist an open and closed subset K
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of Ch(B), a homeomorphism ¢: Ch(B) — Ch(A) and a unimodular continuous
function u: Ch(B) — T such that

u(y)f(é(y)) yeFE

u(y)f(#(y)) y€Ch(B)\E
forall f € A.

If function spaces are not triple separating, there is another type of surjective
isometry.

Example 2.3. Let A = {az+b € C(T) : a,b € C}. Asseen in Example 2.2,
A is not triple separating. The following eight maps are all surjective, real-linear
isometries on A;

az+ b daz+pb, Naz+pb, Aaz+ pb, Aaz+ ub,
\bz 4 pa, bz 4 pa, bz 4+ pa, bz + pa,
where A\, u € T. This is easily verified, since ||az + b|| = |a| + |b].

Acknowledgements

The second, third and fourth authors were partly supported by the Grant-
in-Aid for Scientific Research.

References

[1] J. Araujo and J.J. Font, Linear isometries between subspaces of continuous
functions, Trans. Amer. Math. Soc., 349 (1997), 413-428.

[2] K. deLeeuw, W. Rudin and J. Wermer, The isometries of some function
spaces, Proc. Amer. Math. Soc., 11 (1960), 694-698.

[3] A. J. Ellis, Real characterization to function algebras amongst function
spaces, Bull. London Math. Soc., 22 (1990), 381-385.

[4] R. J. Fleming and J. E. Jamison, Isometries on Banach Spaces: Function
Spaces, Chapman & Hall/CRC, 2003.

[5] W. Holsztyniski, Continuous mappings induced by isometries of spaces of
continuous functions, Studia Math., 26 (1966), 133-136.

[6] K. Jarosz and V. D. Pathak, Isometries and small bound isomorphisms
of function spaces, In: Function Spaces (Edwardsville, 11, 1990), 241-271,
Lecture Notes in Pure and Appl. Math., 136, Dekker, 1992.

[7] H. Koshimizu, T. Miura, H. Takagi and S.-E. Takahasi, Real-linear isome-
tries between subspaces of continuous functions, Submitted.



158 H. Koshimizu, T. Miura, H. Takagi, S.-E. Takahasi

[8] S. Mazur and S. Ulam, Sur les transformationes isométriques d’espaces vec-
toriels normés, C. R. Acad. Sci. Paris 194 (1932), 946-948.

[9] T. Miura, Real linear isometries between function algebras, Cent. Eur. J.
Math., 9 (2011), 778-788.

[10] M. Nagasawa, Isomorphisms between commutative Banach algebras with
an application to rings of analytic functions, Kodai Math. Sem. Rep., 11
(1959), 182-188.

[11] W. Novinger, Linear isometries of subspaces of continuous functions, Studia
Math., 53 (1975), 273-276.

1 Yonago National College of Technology
4448 Hikona, Yonago, Tottori 683-8502, JAPAN

e-mail: koshimizu@yonago-k.ac.jp

2 Department of Mathematics
Faculty of Science, Niigata University
Niigata 950-2181, JAPAN

e-mail: miura@moath.sc.niigata-u.ac.jp Received: September 15, 2013

3 Department of Mathematical Sciences, Faculty of Science
Shinshu University, Matsumoto 390-8621, JAPAN

e-mail: takagi@math.shinshu-u.ac.jp

4 Toho University, Yamagata University (Prof. Emeritus)
Chiba 273-0866, JAPAN

e-mail: sin_eil @yahoo.co.jp



Complex Analysis and Applications '13
(Proc. of International Conference, Sofia, 31 Oct.-2 Nov. 2013)

ABOUT THE SOLUTION OF THE FRACTIONAL
COULOMB EQUATION

Yanka Nikolova

Abstract

In this paper the Riemann-Liouville operator for fractional differentiation
is applied to treat a generalization of the Coulomb wave equation. By means
of the Frobenious method, the fractional Coulomb equation is solved and the
solution is obtained in power series form. It is shown that this solution contains
the regular solution of the classical Coulomb equation as a particular case.

MSC 2010: 26A33, 44A99, 35R11, 44A10, 44A15

Key Words and Phrases: Riemann-Liouville fractional derivative; Kummer
functions; Kummer equation; differential equation of fractional order

1. Introduction

The equation
d? d
zd—zz—k(v—z)d—i{—ay:o (1.1)
is called the confluent hypergeometric equation, or the Kummer equation. By
means of the power series method (Frobenious’ method), two linearly indepen-
dent solutions of (1.1) can be found (see [10]) as y1 = F(«a,7v,z) and y2 =
()'7F(a—~v+1,2 —7,2), where

Fla,v,z) = 2‘6 n('(zév);n oy £0,1,2, . (1.2)

is known as the confluent hypergeometric function, or simply, the Kummer
function. The notation («), in (1.2) is for the Pochhammer symbol

(@), =T(a+n)/T(a) =a(fa+1) - (a+n—1).

Since this function appears as a special case of the generalized hypergeometric
function, it is often written in the form 1 Fj(c, 7, z). The Kummer function is a
single-valued entire (analytic in the whole z-plane) function.

© 2013 IMI — BAS, Sofia pp. 159-165
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If we set y = €*/2277/?w(z) in the Kummer equation (1.1), it takes the form

d>w 0% 1
— — —|w=0. 1.3
d22+[ +<2 ) ( >22]w (13)
Simple substitutions as m = 1= and o = 2 + m — k, transform the equation
(1.3) into
d>w 1k -m?
— —— 4 - =0 1.4
dz? L z * 22 = (14)

known as the Whittaker equation. From (1.2) and the relation between the
equations (1.1) and (1.4) it follows that, if 2m is not an integer, the two linearly
independent solutions of (1.4) at the point z = 0 are (see e.g.[10]):

My, (2) = 2Y/2Fme22F(1/2 + m — k, 1 + 2m, 2) (1.5)
and
My,—m(z) = 2/> e *2F(1/2 —m — k,1 — 2m, 2) (1.6)
known as Whittaker functions. The functions (1.5) and (1.6) are single-valued
analytic functions for —7 < argz < 7.

In this paper we aim to solve the fractional order differential equation of the

form
220 D2y () + (22% 4 ax®™ + b)y(x) = 0, (1.7)

where > 0,0 < a < 1, a,b € R and ¢D2?* is the Riemann-Liouville fractional
derivative of order 2. The reason to deal with the equation (1.7) is that it
appears as a fractional generalization of the Whittaker equation (1.4). Indeed,
if weset « =1,a = —2nand b = —m(m +1),m = 1,2, ..., the equation (1.7)
reduces to the equation

dy 2n  m(m+1)

dz? ! x x? =0 (18)
also referred to as the Coulomb wave equation, see e.g. [2].

Because of the symmetry property of the solutions (1.5) and (1.6) with
respect to the parameter m, we restrict ourself on determining the fractional
analog of the regular solution of (1.8). For this purpose we apply the Frobenious
method [6] for solving the equation (1.7). Some physical applications of its
particular case - the regular solution of (1.8) can be also discussed.

2. Preliminaries

Fractional Calculus (differentiation and integration of arbitrary order) is
nowadays one of the most intensively developing areas of the mathematical
analysis. Its fields of application range from biology through physics and elec-
trochemistry to economics, probability theory and statistics. The fractional
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derivatives provide an excellent instrument for modeling of the memory and
hereditary properties of various materials and processes. The half-order deriva-
tives and integrals (semi-derivatives and semi-integrals) prove to be more useful
for the formulation of certain electrochemical problems than the classical meth-
ods [1]. The modeling of diffusion in a specific type of porous medium is one
of the most significant applications of fractional derivatives [8],[4]. Recently,
fractional differentiation and integration operators are also used for extension of
the temperature field problem in oil strata [3],[6]. In special treats as [5],[7],[9]
the mathematical aspects and applications of the fractional calculus are exten-
sively discussed. For the purposes of this paper we adopt the Riemann-Liouville
fractional derivative of a function f(x) of order a > 0, defined by

dn

0D () = Sl " f(a)],

where n > 0 is positive integer such that n — 1 < a < n and

1 x
OD;(”_a)f(x) — T o) /(1; _ T)(”_a_l)f(T) dr
0
is the Riemann-Liouville fractional integral of f(x) of order n — a.
Let us mention that for a > 0, x > 0 and 3 > —1, the fractional derivative

of the power function z? is given by

F(/B + 1) lﬁ—a
FB—a+1) ’
that in the particular case § = 0 and 0 < « < 1, in contrast to the classical
calculus, implies

ODgiﬁ = (21)

x*O{

Dl = —.
0Fe I'l—a)

3. Fractional Coulomb Equation

Theorem 3.1. Let 0 < a <1, x > 0, a,b € R and p be such that

Fla+p+1) . ,
——— + b= 0. If the equation (1.7) has a solution
T(—a+p+1) ] the eq (17)
given by convergent power series, then the solution has the form

p—a>—1and

y(@) =Y arla, p) hre, (3.1)
k=1

where the coefficients satisfy the recurrence relations

a(a p) [F(Qa +p+1)

T(p+ 1) + b] +aai(a,p) =0 (3.2)
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and for k > 3,
L'(ka+p+1)
(k—2)a+p+1)

ax(a, p) [I‘( + b} + aag_1(a, p) + ag_o(a, p) = 0. (3.3)

Proof. Following the basic idea of the power series method, we search the
solution of the equation (1.7) in the form (3.1). Inserting (3.1) into (1.7) and
taking into account (2.1), we obtain

- Tkat+p+1)  pasp
;“’“(O"p)r((k —atp+1)

o0
+ Z ap—o(a, )zt
k=3

o0
+a Z a1 (a, )zt
k=2

o
+b Z ar(a, p)zFatr =o.
k=1
Rearranging the terms in the above equality, we get

> C(ka+p+1) 0r,
;ak(“’p)r((k “2a+p+1)"

+lan_a(e, p) + aax_1(a, p) + bag(a, p)]zFtP

I'(2a+p+1) 9
+as(a, p)—————— + aai(a, p) + bas(a, p)|z2*t?
[az(a, p) T(p+1) 1(a; p) 2(a, p)]
Fla+p+1)
—— 1 b| a1(a, p)x*TP = 0.
{F(—a%—p—i—l) i(a:p)
The latest equation implies directly the recurrence relations (3.2) and (3.3)
and thus the statement is proved. O

4. Coulomb Wave Equation

Consider the Coulomb wave equation (1.8) that evidently is a particular case
of the fractional equation (1.7) as a = 1, a = =21, p = m, m = 1,2,..., and
b= —m(m+1). If we choose a;(1,m) = 1, then according to (3.2) it follows
that anl'( 0

nl{m + n
a2(lm) = S S T DT 1)~ mt1 (41)

In this particular case the recurrence formula (3.3) becomes
(k —1)(k +2m)ag(1l,m) = 2nag_1(1,m) — ap—2(1,m), k> 3. (4.2)
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According to the notations Aj,, used in [10] for the coefficients in the
power series representation of the regular solution of (1.8), it becomes clear
that ar(1,m) = Agtmm, k> 1. Hence the solution (3.1) of the fractional equa-
tion (1.7) reduces in this particular case to the regular solution of the Coulomb
wave equation of the form

[e.¢]
y(@) = Fu(n,2) = Cu(m)a™ " Y Agma® 0, (4.3)
k=m+1
where Am—i—lam = 17 Am+27m = mL_i_l;

(k‘ + m)(k‘ —-—m — 1)Ak,m = 277Ak:—1,m - Ak_27m, k>m+2 (4.4)

and

o) = 2me” T (m + 1 4 in)|
mATl) = T'(2m +2)

(4.5)

The series representation (4.3) of the solution provides a convenient way for
numerical evaluation of the solution. Another option for numerical evaluation
of the solution of the equation (1.8) is to apply its expansion in terms of the
Kummer confluent hypergeometric function (1.2),

F(n, ) = Cp(n)z™ e ™ @ F(m + 1 — in, 2m + 2; 2ix). (4.6)

5. Numerical study of the real and complex regular
Coulomb wave equation

The real and complex Coulomb wave functions F,,(n, z) and G, (7, ) ini-
tially defined for m - nonnegative integral, n - real and z - real, positive, are
widely used in problems of nuclear physics. The solutions of the Coulomb wave
equation (1.8), where x > 0, —oo <n < oo, m=0,1,2,..., are the regular and
irregular Coulomb functions F,(n,z) and G,,(n,z), respectively. The physi-
cal problems for propagation in a ferrite or solid-plasma circular area call for
the well-behaved function at the origin. We examine two cases: 1) m = £0, 6,
—o<n<oo,x>0;2)m==20,6n=ik, —co <k <o0,d >0, z=—id,
& > 0 corresponding to fast and slow waved.

The numerical evaluation of the real function F,,(n,z) and its zeros can
be done through the expansion of F,,(n,z) in terms of the Kummer confluent
hypergeometric function (4.6).
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Fig. 5.1: Coulomb wave function F,(n, z) versus x

for n = 0,+1,+6 in case m = —0,6

SN

Fig. 5.2: Coulomb wave function F,(n,z) versus x

Fig. 5.1 and 5.2 show that the functions oscillate with the growth and
depend strongly on the change of m and n. If m and 7 decrease (increase) the
oscillation accelerates (slows down). Their values are restricted approximately
within the interval [—1,1], for any = and n. If n > 0 ( n < 0) the values of the
initial extrema of F,,(n, x) are larger (smaller) than 1 and tend to it when the
number of extremum grows. Thus, F,(n, z) is a real function with twice smaller
argument varying in a limited interval which is an advantage with respect to
the complex Kummer function.

The Coulomb wave functions have applications to certain propagation prob-

lems.

for n =0,+1,46 in case m = +0,6
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COMPARISON BETWEEN THE CONVERGENCE
OF POWER AND GENERALIZED MITTAG-LEFFLER SERIES

Jordanka Paneva-Konovska

Abstract

In this paper we consider a family of the three-index generalizations of the
classical Mittag-Leffler functions, introduced by Prabhakar. We consider series
in such type of functions in the complex plane and study their convergence.
More precisely, we determine where the series converges and where it does not,
where the convergence is uniform, which the domain of convergence is, what the
behaviour of the series is ”near” the boundary of the domain of convergence, and
on itself. Along with this, we state analogues of the Cauchy-Hadamard, Abel
and Fatou theorems for the power series. Finally, we compare the obtained
results with the classical ones for the widely used power series.

MSC 2010: 40A30, 33E12, 31A20, 30D15, 30B30, 30B10

Key Words and Phrases: Mittag-Leffler functions and generalizations, series
in generalized Mittag-Leffler functions, convergence and divergence, Cauchy-
Hadamard, Abel and Fatou type theorems

1. Introduction

Let E, ; denote the Prabhakar generalization (see [13]) of the Mittag-Leffler
(M-L) functions E, and E,_ g, defined in the whole complex plane C by the power
series:

o0 k
El,ﬁ(z) = Z 1“(05]3&6)2" a, 3, veC, Re(a)>0, (1.1)
k=0 :

where () is the Pochhammer symbol ([1], Section 2.1.1)

Mo=1, Mr=v(y+1)...(v+k—-1).

© 2013 IMI — BAS, Sofia pp. 166-173
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For -y = 1 this function coincides with M-L function E, g, while for v = 8 =1
with E,, i.e.:

E! E!
a.1(2) =2 r ak:+1 a.pl?) = =2 r ak+ﬁ

k=0 k=0
(1.2)
with a, 8 € C, Re(a) > 0.
Consider now Prabhakar’s generalization for indices § = n with integer
n=0,1,2,.. 1e

k

S G
EY = - No. 1.
an(2) kgo T(ak+n) k' a,y€C, Re(a)>0, neNy (1.3)

Depending on « and n, some coefficients in (1.3) may be equal to zero. This
is possible only when n = 0 or « is a non-positive integer. In the first case the
coefficient with k£ = 0 is equal to zero, whereas in the second case (1.3) reduces
to a finite sum, i.e. polynomial.

So, given a number -, suppose that some of the coefficients in EJ ,,(z) are
equal to zero, that is, there exist numbers p, M € Ny, such that the functions
(1.3) can be written as follows:

El, p Ve 2P El, p Ve 2P 4
- - . (1
ZZFak+n) o szak+n) ERE)

More precisely, as it is seen above, if « is different from zero, then p = 1
for n = 0, whereas p = 0 for each positive integer n. In the case v = 0, the
following remark can be made.

Remark 1.1. If v =0, then the functions in (1.3) take the simplest form
1. EJ ,(z)=0forn=0,
2. Egn(z) =

1
f e N.
) or n
Furthermore, an asymptotic formula for ”large” values of the indices n is
valid as follows, for a proof it could be seen in [10].

Theorem 1.1. Let z,a,v € C,n € Ny, Re(a) > 0,7y # 0. Then there exist
entire functions 04 , such that the generalized Mittag-Leffler function (1.3) has
the following asymptotic formula

Eg,n(z) = F(OE;)imzp (1 + Qg’n(z)) , (1.5)



168 J. Paneva-Konovska

where 0} n(2) — 0 as n — oo, with a corresponding p, depending on the index
n. Moreover, on the compact subsets of the complex plane C, the convergence is
uniform and

61 ()= 0 <anm>) (n €N). (1.6)

Remark 1.2. According to the asymptotic formula (1.5), it follows that
there exists a positive integer Ny such that the functions (1.3) have no zeros for
n > Ny, possibly except for the origin.

Remark 1.3. Each of the functions in (1.3) (n € N), being an entire
function, not identically zero, has no more than a finite number of zeros in the
closed and bounded set |z| < R. Moreover, because of Remark 1.2, no more
than finite number of these functions have some zeros, possibly except for the
origin.

2. Series in generalized M-L functions

In this section we recall briefly some results on the convergence in the com-
plex plane of series in generalized M-L functions, like these in (1.3). These are
results quite analogous to the ones for the classical power series. The same
type convergence theorems have been earlier obtained for series in some other
special functions, for example, for series in Laguerre and Hermite polynomials,
by Rusev ([14]), and resp. by the author — for series in Bessel functions, their
Wright’s 2-, 3-, and 4-indices generalizations, and also more general multi-index
(in a sense of [3], [2]) M-L functions (see e.g. [5]-[9]).

Setting
Bo(2) =0, EQ(2)=T(n) " B ,(:), meN,
~ Flap+n) ,_
B = N g ), o (140, (20)
p

(with the corresponding values of p), we consider the series in these functions,
respectively of the form:

S anB (2), (2.2)
n=0

with complex coefficients a,, (n =0,1,2,...).

Finding their disks of convergence, we study the series behaviour inside the
found disks and ”"near” their boundaries, as well as on the boundaries, giving
theorems of Cauchy-Hadamard, Abel, as well as Fatou type.
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3. Cauchy-Hadamard and Abel type theorems

In the beginning, we state a theorem of Cauchy-Hadamard type and a corol-
lary for the series (2.2), considered above.

In what follows we use the notation D(0; R) and C(0; R) respectively for the
open disk centered at the origin with a radius R and its boundary, i.e.

D(O;R)={z:]2| <R, z€C}, C(0;R)=0D(0;R)={z:|2| =R, z € C}.

Theorem 3.1 (of Cauchy-Hadamard type). The domain of convergence
of the series (2.2) with complex coefficients a,, is the disk D(0; R) with a radius
of convergence R, where

R= <lim sup ( |an| )1/n> - . (3.1)

n—oo

More precisely, the series (2.2) is absolutely convergent on the disk D(0; R) and
divergent on the domain |z| > R. The cases R = 0 and R = oo fall in the
general case.

Thus, the considered series (2.2) converges in a disk, like in the theory of the
widely used power series. Analogously, inside the disk, the convergence of the
discussed series is uniform, i.e., the following corollary, similar to the classical
Abel lemma, holds.

Corollary 3.1. Let the series (2.2) converges at the point zo # 0. Then it
is absolutely convergent on the disk D(0;|2o|). Inside the disk D(0; R), i.e. on
each closed disk |z| <r < R (R defined by (3.1)), the convergence is uniform.

The very disk of convergence is not obligatory a domain of uniform conver-
gence and on its boundary the series may even be divergent.

Let zp € C, 0 < R < 00, |29| = R and g, be an arbitrary angular domain
with size 2¢p < 7 and with a vertex at the point z = zp, which is symmetric
with respect to the straight line defined by the points 0 and zp and d, be the
part of the angular domain g,, closed between the angle’s arms and the arc of
the circle with center at the point 0 and touching the arms of the angle. The
next theorem refers to the uniform convergence of the series (2.2) on the set d,
and its convergence at the point zg, provided z € D(0; R) N g,,.
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Theorem 3.2 (of Abel type). Let {an}52 be a sequence of complex num-
bers, R be the real number defined by (3.1) and 0 < R < co. If .]?(2, a, ) 1is the
sum of the series (2.2) on the domain D(0; R), and this series converges at the
point zy of the boundary C(0; R), then:

(i) The following relation holds

hHZl flz a,v) Zan a.n(20); (3.2)

provided z € D(0; R) N ge,.

(ii) The series (2.2) is uniformly convergent on the domain d..

The details of the proofs concerning the series (2.2) (including the equality
(3.2)) could be seen in [10], except for the uniformity and Corollary. The ideas
of the last ones go analogously to the [11].

4. Fatou type theorem

Let {a,}22, be a sequence of complex numbers with lim sup (|a,|)"/™ = R71,
n—oo
o0

0 < R < oo and f(z) be the sum of the power series ) a,z" on the open disk
n=0
D(0;R), i.e

= ianz”, z € D(0; R). (4.1)

Definition 4.1. A point zg € 9D(0; R) is called regular for the function
[ if there exist a neighbourhood U(zo; p) and a function f € H(U(z0;p)) (the

space of complex-valued functions, holomorphic in the set U(zp;p)), such that
7 (2) = f(2) for z € U(z0; p) N D(0; R).

By this definition it follows that the set of regular points of the power series
is an open subset of the circle C'(0; R) = 0D(0; R) with respect to the relative
topology on dD(0; R), i.e. the topology induced by that of C.

In general, there is no relation between the convergence (divergence) of a
power series at points on the boundary of its disk of convergence and the reg-
ularity (singularity) of its sum of such points. For example, the power series
[e.e]
> 2™ is divergent at each point of the unit circle C'(0; 1) regardless of the fact

n=0
that all the points of this circle, except for z = 1, are regular for its sum. The
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(0.)
series Y. n 22" is (absolutely) convergent at each point of the circle C'(0;1),
n=1
but nevertheless one of them, namely z = 1, is a singular (i.e. not regular) for
its sum. However, under additional conditions on the sequence {a,}>, such
a relation does exists (see for details Fatou theorem in [4], Vol.1, Ch. 3, §7,
7.3, p. 357), namely, if the coefficients of the power series with the unit disk of

convergence tend to the zero, i.e. lim a, = 0, then the power series converges,
n—oo

even uniformly, on each arc of the unit circle, all points of which (including the
ends of the arc) are regular for the sum of the series.

Propositions referring to the properties discussed above have been estab-
lished also for series in the Laguerre and Hermite polynomials, as well as in
Mittag-Leffler systems (see e.g. [14], resp. [12]). Here we give such type of
theorem for the Prabhakar systems as follows.

Theorem 4.1 (of Fatou type). Let {an}32, be a sequence of complex
numbers satisfying the conditions

lim a, =0, limsup ( |an| )™ =1, (4.2)

n—oo n—o0

and F(z) be the sum of the series (2.2) on the unit disk D(0;1), i.e.
F(z) =) anE] ,(2), =€ D(0;1).
n=0

Let o be an arbitrary arc of the unit circle C(0; 1) with all its points (including the
ends) reqular to the function F. Then the series (2.2) converges, even uniformly,
on the arc o.

The Proof follows the lines of this one for the Mittag-Lefller functions, using
the asymptotic formula (1.5) (for details, see [12]). ]

5. Special cases

In particular, as it has been discussed in the Introduction, for v = 1 the
Prabhakar function E 8 defined by (1.1), coincides with M-L function E, g,

ie. Eéﬂ(z) = E, 3(2) (see (1.2)). So in this case the series (2.2) takes the form

i anﬁén(z) = i anﬁam(z), (5.1)
n=0 n=0

with complex coefficients a,, (n =0,1,2,...).
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Such a kind of series were studied in details e.g. in [11] and [12], but all the
obtained results concerning them follow as particular cases from the preceding
sections, as well.

6. Conclusion

We emphasize that the results obtained for the series (2.2) are the same as
these for the power series (4.1). As it is well seen, they have one and the same
radius of convergence R, and are both absolutely and uniformly convergent on
each closed disk |z| <7 (r < R). More precisely, if each one of them converges
at the point 2 of the boundary of D(0; R), then the theorems of Abel type hold
for both series in one and the same angular domain. Finally, if {a,}%, is a
sequence of complex numbers satisfying the conditions (4.2), and all the points
(including the ends) of the arc o of the unit circle C(0;1) are regular to the
sums of both considered series, then the series (2.2) and (4.1) converge even
uniformly, on the arc o.
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CERTAIN CLASSES OF FUNCTIONS WITH
NEGATIVE COEFFICIENTS, II

Donka Pashkouleva

Abstract

The aim of this paper is to obtain coefficient estimates, distortion theorem,
and radii of close-to-convexity, starlikeness and convexity for functions belonging
to the subclass St(n,a, 3) with negative coefficients.

MSC 2010: 30C45
Key Words and Phrases: univalent, convex, starlike functions

1. Introduction

Let S denote the class of functions of the form:
f(z) :z—l—Zakzk (1.1)
k=2

which are analytic and univalent in the open unit disk U = {z : |z] < 1}. Let
S* and C be subclasses of S that are, respectively, starlike and convex.

A function
~ Zf”(Z)} zf"(2)
z)=C <— R<L1+ > , zeU. 1.2
/) T e (12
Let S, be a class of starlike functions related to C defined as
Zf’(Z)} zf'(2)
z)eS, < R > —-1{, zeUl. 1.3
fle) € % etz (13)
Note that _
fEC <= z2f'(2) €8, (1.4)
A function f of the form (1.1) is in Sp(«) if it satisfies the analytic charac-
terization:
zf'(2) } zf'(2)
R4 —ap > -1, —-1<a<l, zel. 1.5
SRR (15)

The function f € C(a) if and only if zf'(z) € Sp(«).
(© 2013 IMI — BAS, Sofia pp. 174-180
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By 6’5, 0 < B < 0o we denote the class of all G-convex functions introduced

by Kanas and Wisniowska [1]. It is know that [1] f € 55 if and only if it satisfies
the following condition:

(5o

We consider the class 53, 0 < § < o0, of S-starlike functions [2], which are

, z€U, p>0. (1.6)

associated with the class Cg by the relation

feCh = zf'(z) € S} (1.7)
Thus, the class S is the subclass of S, consisting of functions that satisfy
/ /
%{Z;(S;)}>ﬁ Z}f(g)q), zeU, >0. (1.8)
For a function f € S, we define
Df(z) = [(2)
/
Dy = TEOETE by (1.9)

D"f(z) = D(D"'f(z)), neN={1,2...}

It can be easily seen that
D'f(z) =2+ —— ) w2 (neNo=NU{0}). (1.10)
n=2

For >0, -1 < a <1 and n € Ny let S(n,«,3) denote the subclass
of S consisting of functions f(z) of the form (1.1) and satisfying the analytic

condition
(D) Y |AD )
g% Df(2) }>5 (=)

We denote by T' the subclass of S consisting of functions of the form

(1.11)

f(2) :z—iakzk, ar > 0. (1.12)
k=2

Further, we define the class Sr(n, «, 3) by
Sr(n,a,8) =S(n,a,3)NT. (1.13)
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2. Coefficient estimates

Theorem 2.1. A necessary and sufficient condition for the function f(z)
of the form (1.12) to be in the class St(n,a, 3) is that

o0

S+ - @+ (5) wsi-a (2.1)

k=1
where —1 < a <1, >0 andn € Ny.

Proof. Let (2.1) holds true, then we have

(1+5)§:(l€—1) (T{)nlakl
< k:io — <1l-aqa.
1—Z<1J2rk> |a|

k=2
Then f(z) € Sr(n,a, 5).
Conversely, let f(z) € Sr(n,«a, 5) and z be real, then

o0 E+1\" B > E+1\" _
1—%/{:(2) apzt1 Z(k—l) (2> apzF1

k=2
—a>p
(e’e} n — [e/e] n ?
1+k b1 Z k+1 k-1
1-— kE_Z <2> apz 1— — T apz

Letting z — 17 along the real axis, we obtain the desired inequality (2.1).
Remark 1. If f(z) € S(n, «, ) the condition (2.1) is only sufficient.

Remark 2. Let the function f(z) defined by (1.12) be in the class St (n, a, 5).

Then
11—«

< k> 2. 2.2
ap >~ k+1 [ el ( )
K1+5) — (a4 8) (o
The result is sharp for the function
11—« k

f(z) =2— = 2 (2.3)

1+ ) o+ 9] (3
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3. Growth and distortion theorems

Theorem 3.1. Let the function f(z) defined by (1.12) be in the class
Sr(n,a, 3). Then

: 1— 2\" "

DG 2 - s (5) P (3.1)
and .
' 1— 9\ i

L e € I (32

for z € U, where 0 < i < n. The equalities in (3.1) and (3.2) are attained for
the function f(z) given by

)=z — 2—1;?—6 (g)n 22, (3.3)

Proof. Note that f(z) € St(n,«a, 3) if and only if D'f(2) € St(n, o, 3) and
that

: 2 (k1Y

D’f(z)zz—é(?) apzt. (3.4)
Using Theorem 2.1 we know that

3\"' = (k1)
92— 2 vl <1- .
( a—i—ﬂ)(z) Z( 5 >ak_1 a (3.5)

k=2
that is, that
(k1Y l—a [(2\""

—_— < — | = . 3.6
;( 2 )ak_Q—a—l—,B(i%) (3:6)

It follows from (3.4) and (3.6) that

i — (k+1Y l—a (2\"
DIzl - kS (5) ez lel- 52 (B) R 6
k=2

a+pf
and
: (k41 l-a (2\""
7 2 2
Finally, we note that the bounds in (3.1) are attained for the function f(z)
defined by ‘
D'f(z) L—a (2)7 (3.9)
Z)=z2——— | > 22 ,
2—a+p06\3

This completes proof of Theorem 3.1.
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Corollary 3.1. Let the function f(z) defined by (1.12) be in the class
Sr(n,a, ). Then

-« 2\", 5 1-« 2\"
- - - (= < < - . 3.10
- gmaos (3) BE i@l 5255 () B G
The equalities in (3.10) are attained for the function f(z) given by (3.3).
Proof. Taking i = 0 in Theorem 2.1, we immediately obtain (3.10).

4. Radii of close-to-convexity, starlikeness and convexity
A function f(z) € T is said to be close-to-convex of order p if it satisfies
Rf'(z) >p, 0<p<l, z€U. (4.1)
Theorem 4.1. Let the function f(z) defined by (1.12) be in the class

Sr(n,a,B). Then f(z) is close-to-convex of order p (0 < p < 1) in|z| <
where

_ g Q=R+ B) = (a+ B+ )" 7
Tl—rl(naa757p)_1%f{ 2"]{3(].—05) )
k>2. (4.2)

The result is sharp, with extremal f(z) given by (2.3).

Proof. We must show that |f'(z) — 1| <1 —p for |z| < ri(n,a, 8, p) where
ri(n,a, B, p) is given by (4.2). Indeed we find from (1.12) that

/() = 1 < kag|z*.

k=2
Thus |f'(z) = 1| <1—pif

[e.e]

Z <1ﬁp) aplzF < 1. (4.3)

But, by Theorem 2.1, (4.3) will be true if

() et < LD~ (o
2n(1 — )

that is, if

R e

Theorem 4.1 follows easily from (4.4).
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Theorem 4.2. Let the function f(z) defined by (1.12) be in the class
St(n,a, B). Then the function f(2) is starlike of order p (0 < p < 1) in |z| < 7o,
where

1
L J 1= PR+ B) — (a+ Bk +1)" | FT
= = f
T2 rg(n,a,ﬁ,p) H’:‘: { (k‘—p)(l—Oé)2n )
k>2. (4.5)
The result is sharp, with the extreme function f(z) given by (2.3).

Proof. It is sufficient to show that
2f'(2)
f(2)
where ra(n, a, 3, p) is given by (4.5). Indeed we find again from (1.12) that

—1| <1—p for |z] <ran,a,fB,p)

[e.e]

(k — D)ag|z"*
2f'(z) 1‘ < kZ;

f(2) = k—1
1-— aiz
Thus (2)
zf'(z
fo =i
if .
Z <I;__Z) aplzlFt < 1 (4.6)
k=j—+1

But, by Theorem 2.1, (4.6) will be true if

(Eo2) s < BUED e o0k 1,

that is, if

(1= p)k(1+8) — (a+ Bk + 1) | =1
< (k= )1 — a2 J7 k2w

Corollary 4.1. Let the function f(z) defined by (1.12) be in the class
St(n,a, ). Then f(z) is convex of order p (0 < p < 1) in |z| < r3, where

(1 — p)[k(1 + B) — (a + B)](k + 1>”}k11
k(k—p)(1 —«a)2n ’

rs = 7"3(77,, a7ﬁ7p) = Héf{

k>2. (4.8)
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The result is sharp with extremal function f(z) given by (2.3).
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THE CONTRIBUTIONS OF ACADEMICIAN LJUBOMIR ILIEV
TO THE EDUCATION IN MATHEMATICS IN BULGARIA

(IPUHOCHUTE HA AKA/. JIOBOMUP NJIMEB
3A OBYYEHUETO IO MATEMATUKA B B'bJITAPUS)

Donka Pashkouleva (Jonka 2K. ITamxkysesBa)

Abstract

In 1936 Academician Ljubomir Iliev graduated in Mathematics from the
Sofia University “St. Kliment Ohridski”. After specialization for 2 years with
Academician Nikola Obreshkov and defending a Doctorate dissertation in 1938,
he became a teacher in Third Sofia Male Gymnasium. During the period 1941
— 1947 he was an Assistant Professor in the Sofia University, and during 1947
— 1952, an Associate Professor and a Deputy Dean of the Faculty of Natural
Sciences and Mathematics there. He wrote 233 scientific publications and 9
publications for the education in Mathematics. Out of them 4 are textbooks
for the secondary school, and 5 are for university students. Also he published
3 books with mathematical problems. He also translated 2 textbooks — one on
Methodology of Geometry and another on Geometry. He set and solved new
mathematical problems as well. He also published methodological articles in the
journal of the Society in Mathematics and Physics. To the proposed report I
enclose a full list of all the scientific publications of Academician Ljubomir Iliev,
as well as a list of his publications on education in Mathematics.

MSC 2010: 01A70, 97-30, 97A30

Key Words and Phrases: education in mathematics, textbooks, elementary
mathematics, higher education

1. Buorpacduysu maHHMN

Axan. Mnues e pogen B rpan Bemuko Twproso ma 07 (20) anpun 1913 r
BapbpinBa BeqnkorbspHOBCKaTA MbiKKa TuMHa3ns. [Ipe3 1936 r. 3apbpiinBa Ma-
remaruka B CY ,Cs. Ki. Oxpuncku® karo crunenguant Ha Ponjga 3a 1apoBuTi
Maagexku. JIBe roguuu cnenuaausupa npu akazd. Hukona O6pelkos u 3aiiura-
Ba J0KTOpCKa aucepranuga (or crap tun) B Codusa npes 1938 r. [Ipes nepuoga
1938-1940 r. paboru xaro yumren B Tpera coduiicka mbxkka ruvuasus. [Ipe3

(© 2013 IMI - BAS, Sofia pp. 181-203
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1940 — 1941 r. e XywmbonroB crunenguanT B MIOHXeH, KbIeTO COENUAIA3APA
npu [lepon u Kapareomopu. IIpes 1941-1947 e acucrenr 8 CV, a nmpe3 1947-1949
[. — 9aCTEH MOIEHT B Chinus yuuBepcuteT. [Ipes 1949-1952 r. e moment, a mpe3
1949 — 1951 msnwaHSBA I THXKHOCTTA, 3aMECTHUK-AeKaH Ha [IpumpogomaremMaTn-
geckust daxyarer #Ha CV. Ilpez 1952 1. e uzbpan 3a npodecop u PBLKOBOIUTE
Ha Karegpara no Bucm aranuz mpu [Ipuponomaremarnaeckus gpakynrer uHa CV.
ITpes 1957 r. crasa mokTop Ha Haykute (oT HOB Tum). [Ipe3 1958 r. e u3bpan 3a
anen-kopecnongeaT na BAH, a npe3 1967 — 3a akagemuk (eficTBuTeIeH 4IeH )

na BAH.
2. Ilybawkanum m Jipyra Hayd4Ha JeiiHocT Ha akaj. JI. Uiaues

Axaj. Wnnep nma 0610 233 mHayunu nybjMKammum, CIIUChK HA KOUTO MPU/Ia-
ram otzaenno. IIbpBara nybukanus e mpe3 1938 r. B memcko cnucanune. Hanucan
e 001110 3 mounorpadun. Aka). nnes ¢b3j1aBa HIKOJIKO CIUCAHUS, KOUTO YTBbP-
JKIaBaT ObJATapCKaTa MaTEMATHUIECKA KHUKHIHA II0 CBETA!

o cu. ,Cepauka“ (1974)
e Temarngna nopeaurna ,llamcka“ (1975)
e vonorpadudHa nopeauna ,,Azoyku” (1980)
Axaj. Unues e muoHep u OCHOBATE HA KOMIFOTHPHOTO Zej10 y Hac. [IbpBusar

U3YUCIUTE/IEH TIeHT'bD € Ch3JaeH KbM MHcTuTyTa o maremaruka #a BAH mpes
1961 r.

3. YHUBeEpPCUTETCKN YUeOHUIIM U CPaBHEHUE C JIPYTU aBTOPHU

Axat. Wanes pazpaborBa yHUBEPCUTETCKU yUEOHUIIM B HAY IHUTE JTUCIIUILIN-
HU apuTMeTuKa, ajaredbpa m rpuronomerpusd. [Ipumaram OTI€/HO I'bJIEH CIUCHK
HAa U3 I€HUTE YIeOHWUITN, HA TTPEBeJeHUTe YIeOHUTIN U JPYTU HAYTHU MOMYIsIp-
HU TTyOTUKAIUH.

4. Ananus3 Ha yuebHukKa no ajredpa

To3u yuebHUK e BTOpa KHUTA OT €IHA MTOPeIUIla IoMaraja mo ejleMeHTapHa
MaTemMaTHka. B Tasm nopeguia Bamwsat omie kuurute  Apurmernka’, [ L1annmer-
pus”, ,Crepeomerpust” u ,I'puronomerpust’. Te ce npunpy:xasar u or CoopHUKA
OT 3aJIa9H TI0 eJleMeHTapHa MaTeMaThKa, KOUTo e m3faaen mpe3 1955 T

B yuebuuka 1o anrebpa ca W3J0KEHU CUCTEMATUYIHO OCHOBHUTE BBLIIPOCH OT
eJleMEeHTapHaTa aaredpa:

anrebpudH U3pasu;

YpaBHEHUS U HEPABEHCTBA,

CUCTEMU YPABHEHUS;

KOMOMHATOPHKA;

MIPOTPECH;

pelliaBaHe Ha JUHEHHN YPABHEHUS B [T€JU THCIA.
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APUTMETWHA

He ce coabpxkar raasure 3a mokazarTesna u gorapurmuana dyakimg. Te ca
M3JI0KEHN B KHUTATA, ,ApuT™MeTnKa” ¢Jiej] BbBEXKIaHe Ha HPAITMOHAJHUTE TUCIA.
[Mpu mamucBameTo Ha KHUraTa ,Asrebpa’ ca m3moa3Banu ydeOHuiure Ha Ho-
BocesioB ,,CIeruaJieH Kype o ejieMeHTapHa ajirebpa’, m3gamen mpes 1951 1., u
LAurebpa Ha eyleMenTapauTe (DyHKIMN’, n3aagen npe3 1952 r. Hapes ¢ BbBex ta-
HETO Ha AJTeOPUYHUTE TTOHATHHA, BKIIOUUTEHO ,,IPbCTeH U ,10Ji€”, HABCIKbIIE
ce IPOKapBa W PA3BUTHETO Ha NOHATHETO ,pyHKIwms . OIle 0T €JHOUWIEHUTE Ce
3aI04YBa PA3IVIEKJAHETO HA M3PA3UTE KATO PYHKITUN.
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Vuaebuukbr ,Anrebpa’ ce cheron or BhBejeHue U 4 1yaBu. BbBemenunero e
MTOCBETEHO HA, MHOXKECTBATA. Pa3riemann ca OCHOBHWTE YMCIOBU MHOXKECTBA:

® ECTECTBEHU YUC/IA;
® TIeN UNCIIA;

® DAIMOHAJHN TUCIIA;

® DeaTHU YnCa;

B MmHoOxkecTBOTO Ha peajiHUTe YHuCIa ca JedUHUpPAHU MOHATUSTA ,PABHO,
HI0-TOJISIMO”, | [T0-MaJIKO”, KOUTO ca HoHATHg-peaanuu. O0bpHATO € BHUMAHUE
HAa CBOWCTBATA ,PA3IOJIOKEHOCT HA YUCJIOBHU 10JeTa’ U ,[LIHLTHOCT B IOJIETO HA
pallMoOHAJIHUTE W peajHuTe dncaa’. Pasriesano e u ChOTBETCTBUETO W MEXKY
YUCJIOBU 1 TOYKOBU MHOZKECTBaA.

Yact II'ppBa ,,Aaredbpuynu n3pas3m’ ce cbCTOU OT 3 TJIABU.

['naBa [IbpBa ,Muorowienn” 3amouBa ¢ aHAJIUTUIHU U3Pa3H, T'bKJIECTBEHU
npeobpalzyBamus, rpadUKN HA MHOTOYW/IEHN, TEOPEMA 33 ThKJIECTBEHOCT Ha MHO-
TOYJICHH, ﬂeﬁCTBI/IH C MHOTOYJIEHU.

B nennst yuebuuk ,,Anrebpa” ca ciaeaBaHu W3BECTHU JOTOrAaBa METOAWKH. B
IPEAroBOpa aBTOPHLT OTOEA3BA, Y€ CH3HATESHO HE € PA3BUTA TEOPUSATA BHPXY
[IOJIETO Ha, KOMILIEKCHUTE YUC/Ia, KaKTO € mpu HoBoceoB, 3aoTo e ncKaj aa e
Ce YCIOXKHSIBA MATEPUATHT.

Kaxkro 6e mocoueno mo-rope, riiasa [Ispea ot yuebuuka ,Anrebpa”’ e mocee-
TeHa Ha MHOTOWIeHuTE. TyK ChIO METOAWKWTE Ca CTaHIapTHHU. leopeMuTe 3a
T'bKIECTBEHOCT HA MHOTOWIEHH, JEHCTBUATA C MHOTOWICHN, (DOPMYJIATE 33 ChK-
paTeHO YMHOXKEHHNE, HAKON OCHOBHU THXKJAECTBA W Pa3JlaraHETO Ha MHOIOYJICHU
Ha MHOXKUTEJIN C3 U3JI0XKEHN CTerHaTo u KopekTHo. Hampumep B § 16 ce cucrema-
TU3NUPAT PA3JINIHUA HAYUMHU 3a Pa3jlaraHe Ha €JUH MHOTOYJICH Ha MHOXKHUTECJIN. Ha
OpaKTUKa Pa3/laraHCeTO Ha €AMH MHOI'OYJICH Ha MHOXKHUTEJIN C€ U3BbPIINBa 9pPeE3
pa3jamaHn KOM6I/IHa]_[I/H/I Ha T€31W HAa4YUHU.

Ero kou ocHOBHUM HauwHM 33 pasJaraHe ce npejarar B § 16:

(1) m3nacsaHe HA OO MHOKHTE PEJ, CKOOM;

(2) rpynmpane Ha HAKOJKO 9I€HA WM NPEJCTABAHETO HA HAKOW OT 9JICHO-
BETE KATO CYMU;

(3) orgenstHe HA TOYEH KBAAPAT;

(4) meron Ha HeompeeIeHNTe KOShUITUEHTH.

[Ipu mokasBaHe HA TEOPEMUTE 33 THXKIECTBEHOCT HA MHOTOWIEHU € W3MOJI3-
Bad METOAbLT Ha MaTEMaTHUYCCKaTa HMHAYKIOWA.

['nasa Bropa e noceerena ua mapobuu parumona au u3pasu. Tyk ce BKIIOUBAT
BUJOBE PALMOHAJHU U3Pa3d U JCHCTBUA C THAX.

B rnasa Tpera ,Mpanuonasan mu3paszu” ocBeH npeodpasyBaHe HA M3Pas3u,
ChJIbPXKAIY PAJIUKAIN, € JTaJEHO U U3CIe/BAHE Ha UPANUOHAIHU (DYHKITIH.
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Yact Bropa ,,YpaBHeHuss 1 HepaBeHCTBA”

[naBa YersbpTa € mocBerena Ha ypaBHeHusTa. Pa3riekaaT ce anredpudnm,
IPOOHYU W MPAIMOHATHU yPABHEHUs. 1 bPCAT Ce PelieHus B MOJeTO Ha PEAJTHUTE
gncsa. V3cienBa ce BbIPOCa 33 €KBUBAJIEHTHOCT HA JiBe ypaBHeHusd. Pasriex-
nar ce cucremu ypapHenus. [Ipu perraBanero Ha HEPaBEHCTBATA CA [AJEHU MHO-
ro MPUMEPH, B KOUTO HEPABEHCTBA, CA PEIEHU 110 YUCTO APUTMETHUUEH HAYWH.
O0bpHATO € CeprO3HO BHUMAHUE HA €KBUBAJEHTHOCTTA HA HEPABEHCTBATA.

B rnasa Ilera ,YpaBHenusi u HepaBeHCTBa OT wbpBa creren’ orbejs3BaMe,
Y€ TPU W3CTAeIBAHETO HA PEIeHUSTa Ha TapaMeTPUUYHU YPAaBHEHUS OT M'bpPBa
CTEIEH € JaJleHa U MeOMeTPUIHA HWHTepIpeTalis. 3acTblleH € U BbIPOCHT 3a
peraBaHe Ha JIMHEWHU ypaBHEHUs B objacTTa Ha neante dncia. Pasraenanu ca
HSIKOW YaCTHU CJyJan Ha pelaBaHe Ha JUHEHHN cucTemMu ypasHerus. CbIno Taka
€ [OCOYEeH METOJI 33 PeIllaBaHe Ha CUCTEMU YPAaBHEHUs Bb3 OCHOBA HA TOHSITHETO
~EKBUBAJIEHTHOCT .

['napa Illecta e o3aryiaBena ,YpaBHEHUs W HEPABEHCTBA OT IO-BUCOKA CTeE-
nen”. Hapesn ¢ kBajparHuTe ypaBHEHHUS Ce Pa3lJIeXK/aT U YPABHEHUS, CBEXK /1A~
1y ce K'bM KBasipaTHu. CbINO Taka ca pelieHd U NpPalMoHAJHE HEpaBeHCTBa. B
naparpad 40 ca mocodeHn U HAKOU 3a0eIeKUTESTHN HEPABEHCTBA.

YHact Tpera ,,KombunaTopuka’” Bk/I0UYBA KAKTO CheaAnHEHUS 0€3 TOBTO-
peHusd, TaKa U CheJUHEHUs C MIOBTOPEHUSI.

Yacr Yersbpra ,Jlporpecun” BrAMOUYBA apuTMETHYHA, M€OMETPUUHA U
Oe3KpaifHo HaMaJIsIIa TeOMeTPUYHA TTporpecust. IHTepec TpecTaBIIBaT U apUT-
METUYHU PENUITN OT IIPOW3BOJIEH Pel.

5. ApUTMeTUYHU PEeaANI OT TIPOU3BOJIEH pej

Heka f(z) =ax+0b, f(0)=0 f(1)=a+b f(2)=2a+0,..
+=f(0), f(1), f(2), ... e apuTMeTnaHA TIPOTPECHsT C PAZIUKA .
Karo mpasu ToBa mabmarogenne, JI. Mnnes maBa ciemHaTa medWHUATIHAS:

Hedbunnuma 1. Axo f(x) = ax + b, a # 0, pemumara f(0), f(1), ...,
f(n — 1) napuuame apuUTMETUIHA IIPOrPECHS.

Heka fi(z) = aox® +a1xF~'+.. . 4+ ap_12, a # 0 e TPOU3BOJICH HOIHHOM OT
creren k.

Hedunnims 2. Peguunara or aucna fx0), fr(1), ..., fx(n — 1) napuuame
N-4JIEHHA apUTMETUIHA Iporpecust 0T pej k.



186 D. Pashkouleva

Heka a1, as, ..., a, e Hakaksa pegura ot ancaa. ObpasyBame:

Aal = a2 — aq
Aag = a3z — ay

Yucnara or peaunara Aay, Aag, ..., Aa,—1 HApUYIaME IbPBY PA3JAUKN HA PeJin-
mnara ai, az, ..., Qn.

AHajioruyHo 4mciaaTa 0T BUIA,
A%a,, = A(Aay,) = Adyir — Aan,

HapWIaMe Pas3JIuKW OT BTOPW Pej W BTOPW PAa3jJWK{ Ha PEINNaTa a1, 43, ...,
.-
Pazsmka ot k-tu pen waum k-ra pasiuka HapudamMe

AFka,, = Ak_lamH — AFlg, .

Teopema 1. Peduyama om nspsume pasiuky Ha e0na aPUMMEMUBHA Npoe-
pecus om k-mu ped e apummemuuna peduua om (k — 1) peo.

Cunencrsue 1. k-mume pasauxu Ha edna apummemusna peduya om k-mu
ped ca NOCMOAHNU.

CaencrBue 2. Pasaurume om (k— 1) ped na edna apummemuuna peduya
om k-mu ped npedcmasam apummemusHa npoepecus.

Caeacrsue 3.

Aai +Aas+...+Aa, =a, +1—aq. (%)

ITpunoxkenns:

Ipumep 1. Axo fi(z) = (z + 1)¥+1, ob6pasysame apurmernanaTa peama
ot (k+ 1)-Bu pen ¢ (n+ 1) wnena

1k+1’ 2k+1’ cel (n _|_ 1)]6-‘1—1‘

Cwraacuo (*) nmame
n

STOART = (n+ )M -1

m=1
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OTTyK ce omydaBa

(n+ 1) =Ct 1S+ CF Skt + ..+ Cl S+ n+ 1

ITpumep 2. Heka ¢(x) u f(x) ca nse dynkunu, raka de f(x) = p(z+h) —
o(z) 3a dbuxcupano h u Besko x. Pasrnexgame pequnara ¢(x), o(x + h), ...,
©(z +nh). Pemunara ot nupeure i pasauku e f(z), f(x+h, ..., f(x+n — 1h).

Ot (*) crensa, 1e
fx)+ fle+h)+...4+ f(x+n—1h) = p(x + nh) — p(x).
Ha ce ramepn cymara Ha

A=sinx +sin(z+h)+ ... +sin(x +n — 1h).

h
[Tomarame p(x) = cos (ac - 2), f(z) = —2sinzsin 5 Jlecro ce crura j0
dopmynara
sin W sin (2 +n — 12
= 2 ( 2), h # 2kw, k — usio.
sin 2

2

6. 3akiaroueHue

Busmno ot ropemssoxkenoro, akaj. VaneB mMma CbINECTBEH TPUHOC 3a pPa3-
BUTHETO Ha 0OydeHmero 1o Maremarunka B bbarapus. Ot npod. Usan Tonos
pazbpax, ge u jgocera Toif m3MOM3Ba yuebHmKa ,,Anredpa’ B paboraTa cu ChC CTY-
nentu. Jlopu u Jja He ce YeTe B Is/IaTa I'bJIHOTA WJIH C OChbBPEMEHEHH METOJIUKH,
60 rosMHU cjies] HAITMCBAHETO MY, TO3U YUeOHUK OIlle HOCH I10J133 Ha CTYJIEHTH U
[IPEIOIABATETH.
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IIpunoxkenne 1 — CriucbkK Ha HAYyYHUTE MyOauKarnum Ha akad. Uauen
(Application 1 — List of Scientific Publications of Acad. L. Iliev)
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[1] Uber die Nullstellen gewisser Integralausdriicke. Jahresber. Dtsch.
Math.-Ver., 48 (1938) (9/12), 169-172 (German).
1939
[2] Several theorems on the distribution of zeros of polynomials. Jubilee
proc. of physical-mathematical society, part 11, 1939, 60-64 (Bulgarian).
[3] Uber die Nullstellen einiger Klassen von Polynomen. Tohoku Math. J.,
45 (1939), 259-264 (German).
1940
[4] On the zeros of some classes of polynomials and entire functions. Sofia,
1940, 28 p. (Bulgarian). 1942
[5] Some elementary criteria for indecomposability of one polynomial of 3rd
degree. J. Phys.-Math. Soc, 27 (1942), No 9-10, 294-298 (Bulgarian).
[6] Uber trigonometrische Polynome mit monotoner Koeffizientenfolge. An-
nuaire Univ. Sofia, Fac. Sci., 38 (1942), No 1, 87-102 (Bulgarian, Ger-
man summary).
1943
[7] Einige Probleme iiber nichtgleichmaessig gespannte ebene Membranen.
Annuaire Univ. Sofia, Fac. Sci., 39 (1943), No 1, 251-286 (Bulgarian,
German summary).
[8] Uber das Gleichgewicht von elliptischen Membranen. Annuaire Univ.
Sofia, Fac. Sci., 39 (1943), No 1, 409-426 (Bulgarian, German summary).
[9] Book of mathematical problems (with A. Mateev) Sofia, 1943 (Bulgar-
ian).
[10] Uber trigonometrische Polynome mit monotoner Koeffizientenfolge. Jah-
resber. Dtsch. Math.-Ver., 53 (1943), 12-23 (German).
1945
[11] Algebra. Textbook for 6th class of secondary school (with L. Chakalov
and A. Mateev). 1st edition, Sofia, 1945 (Bulgarian).
[12] An integral property of functions of two variables (with H. Ya. Hristov)
Phys.-Math. J., (1945), No 5-6, 37-40. (Bulgarian).
[13] On some problems in the education in mathematics in Bulgaria. Phys.-
Math. J., 29 (1945), No 1-2, 48-52 (Bulgarian).
[14] Uber die Verteilung der Nullstellen einer Klasse ganzer Funktionen. An-
nuaire Univ. Sofia, Fac. Sci., 41 (1945), 31-42 (Bulgarian).
1946
[15] Algebra. TeXtbook for 5th class of secondary school (with N. Obrechkov
and I. Nedyalkov). Sofia, 1946 (Bulgarian).
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[16] Analytisch nichtfortsetzbare Potenzreihen. Annuaire Univ. Sofia, Fac.
Sci., 42 (1946), No 1, 67-81 (Bulgarian. German summary).

[17] Uber ein Problem von D. Pompeiu. Annuaire Univ. Sofia, Fac. Sci., 42
(1946), No 1, 83-96. (Bulgarian, German summary).

[18] Book of mathematical problems with their solutions (with A. Mateev).
Sofia, 1946 (Bulgarian).

1947

[19] On a boundary problem. Proceedings of National Assembly of Culture,
3 (1947) , No 1, 81-88 (Bulgarian).

[20] Uber die in der Umgebung der Abzisse der absoluten Konvergenz einer
Klasse Dirichletscher Reihen zugehorige singuldre Stellen. Annuaire
Univ. Sofia, Fac. Sci., 43 (1947), No 1, 239-267 (Bulgarian).

[21] Book of mathematical problems with their solutions, part 1 — algebra,
part 2 — geometry (with L. Chakalov and A. Mateev). 1st edition, Sofia,
1947 (Bulgarian).

1948

[22] Uber die Verteilung der Nullstellen einer Klasse ganzer Funktionen. An-
nuaire Univ. Sofia, Fac. Sci., 44 (1948), No 1, 143-174 (Bulgarian).

[23] Examples of the development of math. analysis which show the nature
of mathematical creativity. Annuaire Univ. Sofia, Fac. Sci., 44 (1948),
No 1, 83-103 (Bulgarian).

[24] Beitrag zum Problem von D. Pompeiu. Annuaire Univ. Sofia, Fac. Sci.,
44 (1948), No 1, 309-316 (Bulgarian).

[25] Analytisch nichtfortsetzbare Potenzreihen. C. R. Acad. Bulg. Sci., 1
(1948), No 1, 25-28 (German).

[26] Beitrag zum Problem von D. Pompeiu. Bull. Sect. Sci. Acad. Répub.
Pop. Roum. 30, (1948). 613-617 (German).

[27] Sur une classe de fonctions a zeros reels. C. R. Acad. Bulg. Sci., 1
(1948), No. 2-3, 15-18 (French).

[28] Uber die Verteilung der singuliren Stellen einer Klasse Dirichletscher
Reihen in der Umgebung der Konvergenzgeraden. C. R. Acad. Bulg.
Sci. , 1 (1948), No. 2-3, 19-22 (German).

1949

[29] Zur Theorie der schlichten Funktionen. Annuaire Univ. Sofia, Fac. Sci.,
45 (1949), No 1, 115-135 (Bulgarian).

[30] Application of a theorem of G. M. Goluzin on univalent functions. Dok-
lady Akad. Nauk SSSR (N.S.), 69 (1949), 491-494 (Russian).

[31] Anwendung eines Satzes von G. M. Golusin iiber die schlichten Funktio-
nen. C. R. Acad. Bulg. Sci., 2 (1949), No 1, 21-24 (German).

[32] Ganze Funktionen mit lauter reellen Nullstellen. C. R. Acad. Bulg. Sci.,
2 (1949) , No 1, 17-20 (German).
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[33] Sur un probleme de M. D. Pompeiu. Annuaire Univ. Sofia, Fac. Sci.,
45 (1949), No 1, 111-114 (French).
[34] Uber die Nullstellen einer Klasse von ganzen Funktionen. C. R. Acad.
Bulg. Sci., 2 (1949), No 2/3, 9-11 (German).
] 1950
[35] Uber die Abschnitte der schlichten Funktionen, die den Kreis —z— |
1 konvex abbilden. Annuaire Univ. Sofia, Fac. Sci., 46 (1950), No 1,
153-159 (Bulgarian, German summary).
[36] Uber die Newtonschen Niherungswerte. Annuaire Univ. Sofia, Fac.
Sci., 46 (1950), No 1, 167-171 (Bulgarian, German summary).
[37] Lectures on elementary algebra (textbook for correspondent students at
the University). Sofia, 1950 (Bulgarian).
[38] On finite sums of univalent functions. Doklady Akad. Nauk SSSR
(N.S.), 70, (1950), 9-11 (Russian).
[39] Sétze iiber die Abschnitte der schlichten Funktionen. Annuaire Univ.
Sofia, Fac. Sci., 46 (1950), No 1, 147-151 (Bulgarian).
[40] Uber die 3-symmetrischen schlichten Funktionen. Annuaire Univ. Sofia,
Fac. Sci., 46 (1950), No 1, 161-165 (Bulgarian, German summary).
[41] Uber die Abschnitte der 3-symmetrischen schlichten Funktionen. C. R.
Acad. Bulg. Sci., 3 (1950) (1951), No 1, 9-12 (German).
1951
[42] Algebra. Textbook for 10th classes of secondary school (with L. Buneva
and D. Shopova). 1st edition, Sofia, 1951 (Bulgarian).
[43] On three fold symmetric univalent functions. Dokl. Akad. Nauk SSSR,
N.S., 79 (1951), 9-11 (Russian).
[44] Uber die Abschnitte der 3-symmetrischen schlichten Funktionen. C. R.
Acad. Bulg. Sci., 3 (1951), No 1, 9-12 (German, Russian summary).
[45] Uber die Abschnitte der schlichten Funktionen. Acta Math. Acad. Sci.
Hung., 2 (1951), 109-112 (German, Russian summary).
1952
[46] Theorems on triply symmetric univalent functions. Doklady Akad. Nauk
SSSR (N.S.), 84 (1952), No 1, 9-12 (Russian).
[47] Schlichte Funktionen, die den Einheitskreis konvex abbilden. C. R.
Acad. Bulg. Sci., 5 (1952)(1953), No 2-3, 1-4 (German).
1953
[48] Analytically noncontinuable series of Faber polynomials. Bulg. Akad.
Nauk., Izv. Mat. Inst., 1 (1953), No 1, 35-56 (Bulgarian).
[49] On triply symmetric univalent functions. Bulg. Akad. Nauk., Izv. Mat.
Inst., 1 (1953), No 1, 27-34 (Bulgarian).
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[50] Series of Faber polynomials whose coefficients assume a finite number
of values. Doklady Akad. Nauk SSSR (N.S.), 90, (1953), No 4, 499-502
(Russian).

[51] Book of problems in algebra, part 1, for 4th and 5th classes of secondary
school (with A. Mateev and P. Stambolov), 1st edition, Sofia, 1953 (Bul-
garian).

1954

[52] Textbook of elementary mathematics — algebra (with Sp. Manolov), 1st
edition, Sofia, 1954, (Bulgarian).

[53] Trigonometrische Integrale, die ganze Funktionen mit nur reellen Null-
stellen darstellen. Bulg. Akad. Nauk., Izv. Mat. Inst., 1 (1954), No 2,
147-153 (Bulgarian).
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[54] Theorem on the univalence of finite sums of triply symmetric univalent
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(Russian).

[55] Book of problems in elementary mathematics (with L. Chakalov, A.
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[56] On the difference quotient for bounded univalent functions. Dokl. Akad.
Nauk SSSR (N.S.), 100 (1955), No 5, 861-862 (Russian).

[57] Uber trigonometrische Integrale, welche ganze Funktionen mit nur reellen
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[58] Some results on the investigations of the distributions of zeros of entire
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[59] On the analytic noncontinuability of power series. Thesis, Sofia, 1957
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[60] Ein Satz tiber analytische Nichtfortsetzbarkeit von Potenzreihen. C. R.
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[63] On the analytic noncontinuability of power series. Annuaire Univ. Sofia,
Fac. Sci., 52 (1959), No 1, 1-22 (Bulgarian).
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192 D. Pashkouleva
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wer series. Sofia, Bulg. Acad. Sci., 1961., 70 p. (Bulgarian).

[73] Fifth congress of Austrian mathematicians. Phys.-Math. J., 4 (1961),
No 1, 71 (Bulgarian).

1962

[74] Penetrating of mathematics into other sciences. J. Bulg. Acad. Sci., 7
(1962), No 1-2, 43-52 (Bulgarian).

[75] Colloquium on Theory of functions and functional analysis in Bucharest.
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Pures Appl. (Bucarest), 8 (1963), 349-351 (German).
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B oOs1acTTa Ha 00yYEeHHMETO TI0 MaTeMaTuKa
(Application 2 — List of Acad. L. Iliev’s Publications
on Education in Mathematics)

Nznanenu yue6Huru (Published Textbooks)

Jlektuu no esemeHTapHa ajarebpa, yaeOHUK 3a CTYIEHTUTe-3aJ0UHNAIN B
Yuusepcurera, Codus, 1950, uza. ,Hayka u uskycrso®.

Enemenrapra Mmaremarnka — aarebpa (3aemno ¢ gor. Co. Manosios), I-Bo
nznanune — Codusg, 1954 1., II-po uznanme — Codug, 1956 ., uzj. ,Hayka
¥ U3KYCTBO",

CBopHEK OT 3a7a9u IO eJIeMEeHTapHa MaTeMaTnka, (3aeHo ¢ akas. Ja-
kanos, gor. Marees, nom. Manosos), Codwus, 1955 r., mu3n. ,Hayka n
M3KYyCTBO®.

COopHUK OT pelleHn 3aa9u o0 MaTeMaTnka, dact 1 — agrebpa, gact 11
— reomerpus (3aemHo ¢ akan. Jakanos u gom. Marees), I-Bo u3nanme
~ Codms, 1947 r., II-po uznanne (B equn tom), Codus, uzm. ,Hayka n
n3kycTso®, 1950 r.

COopHUK OT pemeHu 3a7a4u 1Mo MaremMaTuka (3aeaHo ¢ gom. Marees),
Codms, 1946 r.

Anrebpa 3a VI ksac Ha rumuasumure (3aegHO ¢ akayl. Jakasaos m o100,
Mareen), Codus, nzx. ,Hapomna npocsera®, usngasina B HAKOJIKO U314~
HnQe.

Asrebpa 3a X kiac vHa equanute yumauma (3aeano ¢ JI. Bynesa n /1.
[Tonosa), Codust, uza. ,Hapojna npocsera’, nsJisizia B HIKOJIKO W31~
HUS.

Anrebpa 3a V kiac Ha rumuasuuTe (3aenHo ¢ akaz. O6Gpemkos n H.
Hensinkos), Codust, usn. ,Haponua mpocsera’.

Coéopuuk ot 3ajauu 1m0 ajarebpa, gact I 3a IV u V kiac vHa cpenanre yun-
aumia (3aenuo ¢ gor. Marees u I1. Cram6onos), Codust, uza. ,Hapomma
npocreTa’; U3JdA3b1 B 2 U3IaHUS.
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IIpesenenu yuyebnunu (Translated Textbooks)

[1] Meronuka ua reomerpusita ot H. M. Beckun (mpeBoj oT pycku, 3ae1HO
¢ akaz. Yaxanos u mor. Marees), Codust, u3n. ,Hapomua mpocsera.
[2] Teomerpus (3a yuuresnckure uacruryTtu) or B. B. KyTyzos (mpesoz ot
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apysxectsBo n B Jahresbericht der Deutschen Math. Vereinigung; nybankysann
METOAUYHHU CTATUN B CIIMCAaHMETO Ha q)I/I3I/IKO-MaTeMaTI/IquKOTO APYZKECTBO.
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PSEUDO-DIFFERENTIAL OPERATORS OF PRINCIPAL
TYPE, SUBELLIPTIC ESTIMATES FOR SCALAR
OPERATORS AND FOR THE 0-NEUMANN PROBLEM
AND SOME APPLICATIONS

Peter R. Popivanov

Dedicated to the 100th anniversary
of my teacher Professor Ljubomir Iliev

Abstract

This survey talk deals with pseudodifferential operators of principal type
including their local (non) solvability and subelliptic estimates. The main results
are due to L. Hormander, Y.V. Egorov, L. Nirenberg, F. Treves, N. Lerner, N.
Dencker. In the second part we discuss Catlin’s results on subellipticity of the
0-Neumann problem for (0,¢),1 < ¢ < N—1 forms in CV.

MSC 2010: 35505, 35H20, 35A07, 32127, 32WO05, 32W25

Key Words and Phrases: pseudodifferential operator, operator of principal
type, local solvability, regularity in Sobolev spaces, subelliptic estimates, 0-
Neumann problem, loss and sharp loss of regularity

1. The starting point of the general theory of linear partial differential
operators (PDO) and pseudodifferential operators (i)do) is the famous Hans
Lewy example

ou ou ou 1
pre + za—xz +i(x + w;g) = f'(x3), feC', nearO. (1)

Then a distribution solution u € D' near 0 exists iff f(x3) is analytic near 0.
Another interesting example is the Mizohata operator P = 8?: + ib(x1) £2
where b € C*, x1b(z1) > 0 for z; 75 0 The operator P is locally nonsolvable

in D'. More precisely, put B(z1) f b(s)ds and consider the Fourier integral
operator (FIO)

(K f)(w2) = / / / expli(za — y +iB(s))] f(s,y)dés ds dy.

(© 2013 IMI — BAS, Sofia pp. 204-209
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Then the PDE Pu = f is locally solvable at 0 in Schwartz distribution class iff
(K f)(x2) is real-analytic at x3. Starting from those examples, we can sketch the
theory of do of principal type. Let pQ, be the corresponding principal symbol
of P and a = R(zp?,),b = I(2p?,) for z € C. Let 7(t) be the nondegenerate

bicharacteristic of a (i.e. it exists) passing through the characteristic point
p? = (2°,£° # 0) of p?,. Denote h(t) = b(z(t),£(t)). Obviously, al, = a(z?,£).

Condition (¢). For each z € C! \ 0 if h(t1) < 0 for some ¢;, then h(t) < 0
for t > t1. It is sufficient to check (¢) for only one value zp # 0. ((¢) is due to
Nirenberg-Treves).

Theorem 1. ([11]) Condition (1) is necessary for the local solvability of P

at 20,

Condition (P). For each z € C! \ 0 the function b conserves its sign along
the bicharacteristics v of a.

Theorem 2. ([1]) (P) is sufficient condition for the local solvability of P
with sharp loss of regularity equal to 1.

In 1994 Lerner [13] found counterexample to the sufficiency of () for local
solvability with loss of one derivative in the Sobolev classes (n > 3).

Below we formulate the interesting result of Dencker of 2006.

Theorem 3. ([8]) assume that the 1do of principal type P satisfies (1).
Then P is locally solvable at x° with Ioss of 2 derivatives in Sobolev classes.
Thus,

lullo < C ([IP*ulla—m + lJul|-1), Vu € C§°(w), (2)
w > 2Y, where P* is the Lo adjoint operator to P.

Definition 1. A classical m-th order ¥»do with principal symbol p?, (z, ) is
called subelliptic if there exists a constant 0 < § < 1 such that for each compact
set K CC €2 and for each real s one can find a positive constant C'x s for which
one has:

lulls—1 < Cks ([[Pulls—mts + ulls—1) , Vu € Cg°(K). (3)
Here H® equipped with the norm ||.||s is the classical Sobolev space.
One can see that 6 = 0 = p0, #0, while 0 < 6 <1 = Ve PO (p°) # 0 for

) (p°) = 0. The number ¢ is called loss of regularity in comparison with the
elliptic operators.

Theorem 4. ([9],[11]) A classical v»do with principal symbol p, is subel-
liptic with sharp loss of regularity 0 < 6 < 1 iff for each (x,§) € T* ~\. 0 there
exist no-negative integer j(z,¢) and z € C' \ 0 such that

Hiy oy S(2p°)(2,6) =0 for 0<1<j—1,
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H, 0 () (2, €) # 0.
If j is odd then H. §R( oS S(2p?) > 0; if pP(x, &) # 0 we put j(x, &) = 0. Moreover,
sup j(z,&) = ——. The symbol H, stands for the Hamiltonian vector filed of

(2.6) 1—4
the real-valued function a.

for some k € N.

k
Remark 1. Evidently, 6 —
emar viden y, k_"_l
ko +1
k+1— S hot2

If condition (P) is satisfied, then kg is even, where

Theorem 4 implies that if
ko
ko+1

. Consequently, the losses of regularity form a sequence converging

for some kg € N, then (3)

holds with § =
ko
ko +1

5 =

Remark 2. Consider the linear DO with non-C* smooth coefficients P =
Oz, +1Q(21)0s,, where
Qx1) = |z1 — a1|™ -+ o1 — A | 21| |1 — by |7 -+ oy — bl
a1 < rlpo1 <0<by <o < by,

and the powers «j,3; are either 0 or arbitrary numbers greater than 1. Put
M =% a;+ > 0j, M > 1. Then one obtains local subelliptic estimate in Ly

with § =

Ml Therefore, the operator R = 0, + |£1|*0y, is subelliptic in Lg

with sharp loss of regularity § = a )
a+1

a > 1. Certainly, ¢ is arbitrary number

in (1/2,1), i.e. in contrast with the previous case, the loss 0 is “continuous”.

2. An interesting application of the subelliptic estimates is that to the
regularity of the O-Neumann problem in pseudoconvex domains in CV. Thus,
for f € C1(CV) the operator

of af
0 d 2, —
f= Z & a* (axﬁ 8y]>

We shall work with (0, q) forms and we shall use the operator 9,. Certainly,

if ¢ = 1 each smooth differential form is of the form
N

F=) ®dz, OF =) 0%;Adz.
1

Let Q c CV be a pseudoconvex domain with smooth boundary 9. Then,
for each p € 0 there exists a neighbourhood of p on which 91 is given by
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r(z) = 0,dr(p) # 0, r — smooth. 9 is pseudoconvex if for each vector field
N N
L= Zaj(z)a%j tangential to 9 (i.e. Zaj(z)aa—;j(z) = 0) we have that
! N9 1( )
a;(z
32’]' 0z, J

dk(z) > 0.
k=1
J.J. Kohn studied the complex Laplacian

‘:’q == 5(1_1 5;71 + 5;; 5(1 : L?O,q) (Q) I L%O,q) (Q),

where 8?; is the unbounded adjoint in L? operator of the non-bounded closed
operator 8_q in Hilbert space having dense domain in L%O 0 namely

D(@y) = {u € L (), dyu € L3 1))}

The problem of solving of the equation Oyu = f, wu, f € L%O 9 () is called

0-Neumann problem.

Definition 2. Let p € 99Q. The 0-Neumann problem verifies a subelliptic
estimate on the compactly supported (0,¢) forms D9 in Q, 1 < ¢ < N —1, if
there exist € > 0,C > 0 and a neighbourhood U > p such that

lulle < C (|0ullo + |[0*ullo + [[ullo) , Yue DONUNQ), ueD@;). (4)

N -
Remark 3. The smooth (0,1) form ) ®;dz; defined near p lies in D(05)
1

iff Z‘bj% = 0 on the set r(z) = 0. If w is compactly supported in 2 :
(Ogu, w) = ||0ul|? +||0*u|[>. The subelliptic theory for the -Neumann problem
in C? developed by J.J. Kohn in [12] is rather different from the same theory in
CN, N > 3 developed by Catlin [2], [4]. D. Catlin proposed a geometrical N’s
condition for the validity of (4). It turns out that a crucial role in characterizing
(4) is played by the notion “order of contact” at the point p € 9 among 92
and the complex analytic varieties of dimension 1 < ¢ < N — 1. The main
novelty here is due to D’Angelo [6], [7], who considered not only the order of
contact of 92 with complex analytic manifolds of dimension ¢ but with complex
analytic varieties as well. The latter have singularities, of course. In the two
above mentioned papers the so-called ¢-type d’Angelo A,(p) was introduced
and it was shown that A,(p) is not semicontinuous function of p. D. Catlin (see
(2],[3],4],[5], mainly [3],[4]) proposed another version of the g-type D’Angelo,
denoted by Dy(p). Here is the definition of Dy(p):

Let V; be a complex analytic variety of dimension ¢ and the point p € 9%2.
Consider S V,, where S € GN=4+1 1 < ¢ < N—1, GN=9%! being the complex
Grassmanian manifold of dimension N — g+ 1. One can prove that in generic
position SV, consists of finitely many complex curves v, k = 1, ..., P, such
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that max (v(royk)/v(vk)) is a constant. The symbol v(f) stands for the order

of vanishing at 0 of the map f (in our case 7;(0) = p). In generic position
this number does not depend on the plane S and it is called generic order of
contact between 00 and V, at the point p, denoted by 7(V,,p) > 0. Then

Dy(p) = SUp ((Vgsp))-

q

Theorem 5. ([3],[4]) Consider the bounded pseudo convex, C'*°-smooth
domain Q C CV. Then the 9-Neumann problem is subelliptic near the boundary
point p for the (o, q) forms iff Dy(p) < oo.

Theorem 5 will be illustrated by the following example of D. Catlin [5], valid
on the (0,1) forms in C3.

Example 1. Suppose that
r(z) = 2Rzz + |25 2 + |27 — f(23)22* + |229(23)|%, ™M1 >2,m2 > 2,m12 €N

(5)
defines a pseudoconvex domain in C3, f(0) = g(0) = 0, f, g are analytic func-
tions for Rz3 < 0. We can take:

a) f(Zg) = Zg; 9(23) = Zg with A = % € <O7 1)7 p,q € N;

b) £(¢) = exp () 9(0) = exp (S ):

f,q are flat at ( = 0 and analytic for R¢ < 0,0 < p < ¢q. Evidently, log|f| =
Alog |g|. Assume that Q = {r(z) <0}, 0 € 9Q = {r(z) = 0}.

1 1
In both cases the estimate (4) is valid near 0 with ¢ € y—
2mims’ 2my

(m1=2ms=2—¢c€(0,1)).

In case a) the optimal £ > 0 is rational number. In case b) for each ¢ € (0, 1)
there exists a domain €2 C C? such that ¢ is the optimal loss of regularity in (4)
for appropriate real positive p and q.

Moreover, if ¢ is rational, one can choose the domain 2 to be defined by (5),
where f = 28,9 = z1. There is a smooth pseudoconvex domain in C? defined
by (5) and such that (4) holds for all 0 < & < gy but fails for £ = gy. J.J. Kohn

proved (4) with e = 1/2 for strictly pseudoconvex domains in 1963.

To complete this paper, we propose the following classical example. The
operator of principal type:

2k
a) with symbol &; 4 iz?¥|¢] is subelliptic with § = CTEE
b) with symbol & + ix%k+l|§ | is locally nonsolvable but hypoelliptic and

2k +1

belliptic with 6 = ——
subelliptic wi YL
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¢) with symbol & — ix%k+1|§ | is neither subelliptic, nor hypoelliptic, but it
is locally solvable having infinite dimensional kernel.
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THE INVARIANT SEQUENCES
OF FEW DISCRETE TRANSFORMS
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Abstract

In this paper, we will expose the algorithms for constructing the invariant
sequences for a few discrete transforms. Such sequences are their fixed points and
therefore they are of the special concerning. Especially, we consider binomial,
invert, Catalan and Hankel transform of a number sequence. Additionally, we
include invariants of Riordan array. Indicated considerations are illustrated by
examples.
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1. Introduction

An invariant (fixed) point of a transform is a point that is mapped to itself.
It is such point that remains unchanged when transform is applied to it. Some-
times, there are a lot of such points which, in that case, form an invariant set
of a transform. It is an interesting problem to determine such set.

The invariant sequences for inverse binomial transform were studied by Z.H.
Sun in [7]. Here, we will discuss a few another transforms.

Let S be the linear space of real sequences, i.e.,

S={{an}: aneR (VneNy)} .
A transform T on S is given by
T = {Tn}nENo 1 S§—=S8

such that
T(a)=0b (a,beS8): Ty,(a)="by (n € Np).

Definition 1.1. A sequence e is invariant with respect to the transform 1T°
if
T(e)=e.

(© 2013 IMI — BAS, Sofia pp. 210221
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Definition 1.2. A sequence f is signed invariant with respect to the
transform 7' if

To(f) € {£fn} -
Especially, we say that f is strictly signed invariant if T,,(f) = —f,, (Vn € N).

Definition 1.3. The ordinary and the exponential generating function for
a sequence {ay} are defined by

Az) = Z anz”, Ax) = Z %x".
n=0 n=0

2. Invariants of the binomial transform

The binomial transform of a sequence a is the sequence b given by

n

b=Bin(a): by=Y (Z) ar  (neN). (2.1)

k=0

Theorem 2.1. The sequences e = {e, } which are invariant of the binomial
transform satisfy the recurrence relation

1 S /n+1
o (h )

k=0

Example 2.1. Starting with eg = 1, we get that the sequence of Bernoulli
numbers

{B,} ={1,-1/2,1/6,0,—1/30,0,1/42,0,—1/30,0,5/66,0, —691 /2730, ...},

is invariant for the binomial transform.

The inverse binomial transform is defined by

b=Bina): b, = zn:(—w—k (Z) a. (2.2)

k=0

Example 2.2. A few signed invariant sequences of the inverse binomial
transform are

{z_n}’ {nFn—1}7

where F), is nth Fibonacci number (see [7]).
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3. Invariants of the invert transform

The invert transform is given by

b =Invert(a) : b, =

1 _1a0 (an + Z bn_kak) (TL € No).
k=1

If A(z) is the ordinary generating function of the sequence {a,}, then the gen-
erating function of the transformed sequence {b,,} is

_ Al
B(x) = 1= A(z)

Theorem 3.1. The invert transform has only trivial invariant sequence.

Proof. If e = {e,} is an invariant sequence for the invert transform, then
it is valid

en = 7 _160 (en + ; en_kek> (n € Np). (3.3)

Hence
€0

en eg = 0.

- 1-— €0
Consequently, applying (3.3) for n = 2, we get e; = 0. By mathematical induc-
tion, we prove that this is the zero sequence. Really, for n = 2m, we have

1 2m m—1
_ 2 _
€y = 1= o (62m + Z €2m,k€k) = 2 Z €om—kek + €, = 0.
k=1 k=1
Since eg = - -+ = e;—1 = 0, we conclude that e,, = 0. O

4. Invariants of the Laguerre transform

The Laguerre transform of a sequence is defined by

n
n! (n
b=Lag(a): b, = Z il (k)ak.
k=0
If A(x) is the exponential generating function of a sequence, the Laguerre trans-
form of that sequence is the sequence whose exponential generating function is

Br) = —— A(+2).

C1l—=x 1—=x

The inverse Laguerre transform of a sequence is defined by

b=Lag ‘(a): by = Z(—1)"—’f%: (Z) a.
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Theorem 4.1. A sequence {a,} is a signed inverse Laguerre invariant if
and only if its exponential generating function A(x) satisfies the condition

Alr) = ——A(-2).

1—=x r—1

Proof. By conditions, we have
= z™ 1 T 1 = ag T \k
ZGHH_A(JU) N l—xA<x—1> N l—mkz_ok!<a:—1>

=) =t — — (-1) (—x)
Z 17 (1= )kt Z L, < >

k=0 k=0 "
Sy n On—k p(—1—n+k n
= -1 -1
S(Eerasor ()
= _EE
S )
Hence
- nl (n n _
o= 3 (o= G (Lag @) men, ()
k=0 . n
wherefrom the invariant property follows. a

Theorem 4.2. A sequence {ay} is a signed inverse Laguerre invariant

sequence if and only if {(2an+1/(n + 1) —ay)s} (s € R) is the sequence of the
same type.

Proof. Suppose that {a,} is a signed inverse Laguerre invariant sequence.
Let us consider a sequence defined by b, = rpt1an4+1 — Spayn. Now, it is

B<$) = Z Z Tn-&—lan—l-l Z Snan
n=0
We can easily recognize A(x) if we take Tn+1 =1/(n + 1) and s, = s, where r
and s are two constants. Hence
r— ST aor

Bla) = ——Alz) - =~ .

T

By a simple change * — z/(x — 1), according to the Proposition 4.1, we find

B( < ) —(T_S)x_r(l—x).A(x)—aorwgl .

r—1 T
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If we are looking for an invariant sequence, there is no solution. But, if we take
opposite sign, we get

_(r—sxA(m)_W> :(r—s)x—rA(w)jL@’

x xT T T

wherefrom we conclude that signed invariant sequence exists for r = 2s. a
Here is a practical method for the construction of such sequences. From
(4.4), for m € N, we find

2m—1 2m

ST (- (2]7:)! (2;11> er =0, eamyr = ;Z(_l)k@m];l)! <2mk+ 1) o

k=0 k=0
wherefrom
1 3 9
el :ia()’ 63:—56104-5(12,... .
By induction it can be proven that es,+1 can be expressed by even indexed
elements eq, eo,...,e9,. That is why we are free to choose those members.

Example 4.1. If we choose the initial subsequence eo, = Fy (k € Np)
(F} - the kth Fibonacci number), we find the signed inverse Laguerre-invariant
sequence:

{0,0,1,9/2,1,-275/2,2,49343/2, 3, —25897293/2, 5, 15873708070, 8, .. .}.

5. Invariants of the Catalan transform

The Catalan transform of a sequence is defined by

b:Cat(a):bn:Zn: b (2"_’“)% (n € N).

n—=k

The Catalan numbers, with general term C),, are defined by

Cp = <2"> (5.5)

n+1\n

They have ordinary generating function
1—v1—4x
c(x) = —

If A(z) is the generating function of a sequence, the Catalan transform of
that sequence is the sequence whose generating function is

B(x) = A(zc(x)).
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Theorem 5.1. A sequence e is the invariant sequence of Catalan transform
if its elements satisfy the recurrence relation:

1k n+2—k
e"+1_nz_:2n+2—k<n+l—k>ek’

with any inital value eg.

Example 5.1. If we choose the initial value eg = 1, we find the sequence
whose the first part is given by

{1,-1/2,-5/6,1/8,7/60,1/9,5/56, 17 /576, —539/6480, —197/900, .. .}.

6. Invariants of the Hankel transform

Hankel matrices are attached on a class of the structure matrices and they
have a fundamental role in the different areas of mathematics and technics. They
are often applied in numerical mathematics and theory of orthogonal polyno-
mials (see [3], [4]). Vice versa, the orthogonal polynomials can be used for the
computation of Hankel determinants in the closed form (see [1],[6]).

Definition 6.1. Let a = {ag,a1,aq9,...} be a sequence of reals. Hankel
matriz of the order n, denoted by H,, is the upper left n x n sub-matrix of H:

Hn = [az+]] 0<i,j<n’
The determinant of matrix H,, is called Hankel determinant of the order n:
h,, = det H,,.

Hankel transform of sequence a = {ag, a1, as, ...} is the corresponding sequence
of Hankel determinants h = {hg, h1, ha,...}.

Example 6.1. Hankel transform of Catalan sequence (5.5) is {1}.

Example 6.2. Hankel transform of the sequence of central binomial coef-
ficients {(Qn) }neNo is the sequence h = {2"},,en, -

n

It is known that the Hankel transform is invariant under the binomial and
invert transform [5]. Here, we will consider quite different problem.
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6.1. Invariant sequences of the Hankel transform

We will expose the algorithm for constructing nontrivial Hankel-invariant
sequences, i.e. the sequences which satisfy

H(a)=ua.

Let us start with a real number hg = ag # 0. Since

ap a ar(1+ax
h1 = 0 ! = a] ~ aoag—a%:al <~ a2 = ¥
ap as ag
We choose a1 ¢ {—1,0}, what provides ag # 0.
Further,
ap a1 a2 1
_ _ _ 2 2
ho=|a1 a2 a3 |=ay & a4=— <CL(]CL3 — 2a1az2a3 + az(1 + a2)).
a2 az a4 a

Here, we notice that a4 is a quadratic function of asz. To avoid ay4 # 0, we
consider the equation

aoa;% — 2aqaza3 + az(1 + a%) =0.

In order to get a4 # 0, we choose

05 ¢ {0, ajaz + +/(ag + ajaz)as } ,
ao

In general, we consider a, = Hp(a). Introducing the vector column by ¢, ; =
l[ak ags1 - ak+n]T, applying determinant expansion over the last row, we can
write

0<j<n

n—1
ha = asphn-1 4+ ank(=1)""* det [en-1).
k=0

ik
Hence
hp = h — hp—2a3,_ 1 + p( ) + q1( )
n = Nn—102n n—202, 1 T P\Gg, a1, .. .,0a2p-2)02n—1 T q1A0, A1, - - -, G2n—2),
where p and g1 are two polynomials of ag, a1, ..., as,—2. By invariant condition
hy =ap (k=0,1,...,n), we can write
1 2
Aop = a an—2a3, 1 — p(aog,at,...,azn—2)a2,—1 — q(ag,as,...,az;m—2) ),
n—1

where ¢ = q1 — a,. Choosing

+ \/p? + 4qa,—
aon—1 ¢ {07 P P 40n=2 }a (6.6)

202

we assure that ag, # 0 for every n € N.
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Remark 6.1. If we choose a priori the subsequence {as,—1}, the criteria
(6.6) is hard for checking, so we are not able to guaranty that we can construct
infinite Hankel-invarinat sequence in this way.

Example 6.3. Starting with initial values fo = 1 and fo,—1 = F,, (n € N),
we will get the Hankel-invariant sequence:

111 117533 _ 180219522060429
={1,1,2,1,7,2, —~ .S
f { b B 77? ? 2 73? 8 757 224 787 }

Example 6.4. Starting with initial values ag = 1 and ag,—1 =1 (n € N),
we will get the Hankel-invariant sequence whose the first members are integers,
but not all:

141243035489
a={1,1,2,1,7,1,50,1,4592, 1, — ... .}.

Example 6.5. Taking by = 1, by,_1 = 2-®*1 (n € N), we will get the
Hankel-invariant sequence whose the first members are:

1 3135 1 1897
={1,-,2,2,2 = Ny

Remark 6.2. In the previous examples we have constructed a few Hankel-
invariant sequences. So, we obtained

hg(a) = 2, hz(b) = —.

The matrix Hy(a) + Hz(b) is of the Hankel type, but the sequence a + b is not
Hankel-invariant because of

ha(a) + ha(b) # ha(a + b).
From the other hand, it is valid

det(Haz(a) - H2(b)) = agbo,
but the matrix Ho(a)H(b) is not of the Hankel type.

7. Riordan array and group

We shall use the notation a,, to denote the general term of the integer se-
quence {ay, }n>0 where a,, € Z. The ordinary generating function of the sequence
an is the power series

f(z) = Z anz”, with an = [2"]f(z), (7.7)
n=0
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where the operator "] extracts the coefficient of ™.

Definition 7.1. If f(z) is of the form
Z fe ™ (fo=0, f1 #0),
then the compositional inverse of f(x) is the power series
u= iukajk =f(z): f(u)=ux.

Obviously, then we have f(f(z)) = x. The sequence {u,} with generating
function u = f(x) we call the series reversion of the sequence with generating
function f(z).

The study of integer sequences often involves looking at transformations
that send one integer sequence into another one.

Definition 7.2. For a pair of generating functions g(z) = > ;2 grx® and

flz) =302, frx® where fo = 0, fi # 0, the Riordan array R = (g, f) is an

infinite lower-triangular matrix whose k-th column is generated by g(z)f(z)¥,

l.e.

R=1[rjx : rjx=["](g9(z)f(z)F) (J, k € Np). (7.8)

Example 7.1. The first columns are
5,0 = G5, T],I—Zg] ifis T]Q_Zgj szz kS JGNO)'
=0

Lemma 7.1. For any fixed k € Ny, it is valid
(z)
nk:v =g(x 7";“:1: r“:L' —7. 7.9
> Yt = St
Example 7.2. Putting g = 0 (k < 0), in more concrete case, we have
(9(x),z) =M = [mjk] :+ mjr=gj—r  (J=k)(€No). (7.10)

Definition 7.3. The Riordan group is a set R of infinite lower-triangular
matrices, where each matrix is defined by a pair of generating functions.
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The group law is given by
(g,f)*(h,l):(g'(hof),lOf), (711)

where o denotes the composition of functions.

Lemma 7.2. The identity and the inverse in R are given by

r=a et = (), (7.12)

gof

where f s the compositional inverse of f.

Lemma 7.3. IfR = (g, f), and a = (ag,a1,...)T is an integer sequence
with ordinary generating function A(x), then the sequence Ra has ordinary
generating function g(x)R(f(m))

Example 7.3. The binomial matrix B is the following Roirdan array

B= ()]0 = (251 50)

More generally, B is the element

B" = (1 —1m:z: 1 —xmzc) - {(Z) m”—k} nk>0

The inverse B~ of B™ is given by

(e 1)
1+mz  1+mzx/
7.1. Invariants of the Riordan group

Definition 7.4. The a-shifting transform of a lower triangular matrix M
is the matrix M, = [i; %] such that

Hi1g = —0, ik =-—mjk+1 (J=k+2)  (j,k€No).

Example 7.4. For n = 3, we have

moo 0 0 0 moo 0 0 0

mio Mii 0 0 ~ —a mii1 0 0
M = = M, =

mgog m™mor Moz 0 —mip —a moy 0

mgy M31 M3z M33 —Mmoy —Mm21 —a M33

Theorem 7.1. If M = (g(z),z), then M, = (1-(a—1)z —z9(2),2).
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Proof. The first column of M, has the following generating function:

g(x) = Zﬂj,oﬂfj =1—(a—1)x—xg(z).
=0

In general, to the kth column, we can join the generating function

Gi(z) :Z,u,j’kxj = %G (x) (k=0,1,...).
j=0

Corollary 7.1. The function

1—(a—1)z
9@ =57
has the property
M, = M.

Corollary 7.2. If the function g(x) has the property

9(2)(1 = (a = Dz —zg(x)) = 1,
then

(9(x),2) " = (9(2), ).

Definition 7.5. The (a,b)-shifting transform of a lower triangular matrix
M is the matrix M, = [j151] such that

Pit1j = =0, it = —b,  pjsk = —mipk (K <J) (4, k € No).

Theorem 7.2. If M = (g(z),z), then

My, = (1—az—(b— 1)a? — x2g(x),x).
Corollary 7.3.  If the function g(x) has the property
g(:c)(l —ax — (b— 1)3:2 — ng(:r)) =1,

then
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ON A GENERALIZATION OF CONTIGUOUS WATSON’S
THEOREM FOR THE SERIES 3F;5(1)

Medhat A. Rakha ', Arjun K. Rathie 2, Ujjwal Pandey >

Abstract

The aim of this research paper is to establish explicit expressions of
a/7 b? C7
3Fy .
Ha+b+i+1), 2c+j

fori=0,£1,£2,...,45; 7 =0,£1,£2.

For i = j = 0, we get the well known Watson’s theorem for the series 3F5(1).
Several new and known results are obtained as special cases of our main findings.

MSC 2010: 33C05, 33C20, 33C70

Key Words and Phrases: generalized hypergeometric functions; Watson’s
transformation theorem

1. Introduction

The generalized hypergeometric function with p numerator and ¢ denomi-
nator parameters is defined by [8, P. 73, Eq. 2]

al, ..., O
oy Dz :qu[ozl, cees Qpy B, e, B z]
ﬂlv ey 5(17

)y o),
-2 (B~ (Ba)y, 0l (1.1)

where (), denotes the Pochhammer symbol (or the shifted factorial, since
(1),, = n!) defined for any complex number «, by

(a)n:{ Tz‘(oz—i-l)...(oz—kn—l); nEN:il(,)Q,...} ' (1.2)

7

n=0

(© 2013 IMI — BAS, Sofia pp. 222-233
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Using the fundamental property I'(aw 4+ 1) = al'(«), (a), can be written in the
form

I(a+n)
O

where I'() is the well known Gamma function.

It is interesting to mention here that whenever the generalized hypergeomet-
ric functions reduce to gamma functions, the results are very important from
application point of view. Only a few summation theorems for the series 3Fb
with unit argument are available in the literature.

We start with the classical Watson’s summation theorem for the generalized
hypergeometric series 3Fs, [2, P. 16, Eq. 1], viz.

, (n e Nu{0}), (1.3)

a, b, c
3y ;o1
fa+b+1), 2
1

(et YT (ot db+ )T (= da=db+d)
F(ar JT B+ DT (e bat DT (e 4+ 4’

provided Re(2¢c —a — b) > —1.

The proof of this theorem when one of the parameters a or b is a negative
integer was given by Watson in [12], and subsequently was established more
generally in non-terminating case by Whipple in [13].

The standard proof of the general case given in [1, p. 149] and [10, p. 54]
relies on the following transformation due to Thomae [11] viz.

(1.4)

a, b, c T(d)T(e)T(s) d—a, e—a, S
3y ;1| = 3 ;o1
d e I'(a)L'(b+ s)I(c+ s) bts, c+s

(1.5)
where s = d + e — a — b — ¢ is the parametric excess, combined with Dixon’s
theorem for the evaluation of the sum on the right when d = % + %a + %b and
e = 2¢. An alternative and more involved proof [7, p. 363] exploits the quadratic
transformations for the Gauss’s hypergeometric functions. A third proof, due to
Bhatt in [3] exploits a known relation between the Fy and Fy Appell’s functions
combined with a comparison of the coefficients in their series expansions.

Very recently Rathie and Paries [9] gave a very simple proof of Watson’s
theorem that relies on the well known Gauss’s summation theorems for the o Fy
function, namely [1, p. 556, 557]

a, b, c)l'(c—a—
2b1 N ?Ec)f(a)F(c— 2’ (1.6)
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provided Re(c —a — b) > 0, and

o ;
Ta+b+1)

D[
|

, b,
¢ _TE)r(GGa+ 350+ 3)
1
2

In 1987, Lavoie [5] obtained the following two summation formulas closely
related to (1.4), viz.

a, b, c
3y ;o1
Ta+b+1), 2c+1

o rGore  rGeebriesd | o
I‘(c—la%—l)F(c—lb%—l) F(c—la%—l)l“(c—lb%—l) ’ .
27T 3 27T 3 2 2
provided Re(2¢ —a — b) > —3, and

a, b, c
3lh ;o1
sla+b+1), 2c—1

provided Re(2¢c —a —b) > 1.

Rathie and Paris [9] have given an interesting proof of the classical summa-
tion theorem (1.4).

In 1992, Lavoie, Grondin and Rathie [6] obtained explicit expression of

a, b, c,
3F% ;o1 (1.10)
fa+b+i+1), 2c+j

for ¢,7 =0,+1, £2.

Very recently, Kim and Rathie [4] have obtained the result (1.10) by em-
ploying the same technique developed in [9] for i = 0,+1,+2,...,£5 and j = 0.

In this paper, we aim at establishing the results (1.10) for i = 0, +1, £2, ..., £5;
J = £1,+2. Several known as well as new results have been mentioned. The

results derived in this paper are simple, interesting, easily established and may
be useful.
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In order to derive our results, we shall use the following generalization of
Watson’s theorem due to Kim and Rathie [4]
a, b, ¢
3F ;o1
fla+b+i+1), 2

[ (Jot b+ 3t DU (DT (bo~ 3oLt })

) i (39 (30 +3) 1, (39, (G0 +3), ai(a, b) (1.11)

for i = 0,41, 42, ..., 5.

As usual, [z] denotes the greatest integer less than or equal to x and its
modulus is denoted by |z|. Also «;(a,b) is given by

A;
[ (ga+3) 0 (50+5i+5—[]) (3a+3), (3b+3i+5 - [F]),.
+ Bi (1.1
L (3a) T (3b+ 51— [3]) (39),, (30 + 31— [3]),,

The coefficients A; and B; are given in the following table:

a;(a,b) =

—_

12)
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GFCFIF 0 =1 10] ‘g pur 'y SHUSIOA0D d) 10] O[qRY, ‘T ATAV],

29+ (9+0—9)% — (9 +wy +q+v)L1-

0z = (9+2—9)g — (9 + wy +q+0)11+

(9+wpy+0+9)(9+v—q) %+ (9+wp+v+9)(9+1—q%+ G

{90+ —F — (9+wyp+v+q) N@+@|sw+u©+swﬁw+e|
(e—v—q)(e+v—q) 71—

(1 —wy+v+q)g— @|:@+@+3:+:@+w+3m ’

(z —wg +0+qg)t (z — wig + q +1g)E— ¢

- (1—wy+0+qF< Z

! I— I

0 i 0

! T 1—

Z (1—wy+v+q°% z—

(z —wg+v+qg)t (g —wg+q+0g)¢ ] £—
(e+v—q)(e—v—-q7—

(1 —wp 4+ + 0z (1 4wy +0+q)(g —wp+o+¢ |7

(F—r—9f —F—wp+o+qs+ F—r—9f —F—wp+o+Qp+
F-v—qQF—wp+v+9)5%+ F-v—QF—wp+v+9%— |g—

(F—r—Qf - F-wp+v+q

(F—r—Qf— F-wp+v+q

'q

v
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2. Main Summation Formulas

In this section the following four general summation formulas for the series
3F5 will be established.

a, b, c
Vi) ;o1
Fla+b+i+1), 2c+1
_T(E)T (ot 3b+5i+5) T (30— 30— 5it5)
T (30— 30+ 35l +3)

(39),, (50 +3) .

y i (39),, (30 + 3)

& i 7b
o (c—i—%)mm! @i(@,b)
. ab TRT (Gt db+di+ YT (o= - di+})
(2c+1)(a+b+i+1) (da—3b+1)i|+1)

1
™ Bi(a,b), (2.13)

i = 0,%£1,£2,+3,4+4, £5, where «;(a,b) is the same as defined in (1.12) and
Bi(a,b) is given by

Ci

) = G T (ot B+ 1= []) G+ 1), (B0 5iv 1= [5)

F(sa+ )T (043045 - [5]) Gata), (Go+3i+s-[5)),

The coefficients C; and D; can be obtained from the tables of A; and B; by
simply changing a to a + 1, and b to b+ 1 respectively.

a, b, c
3y ;o1
Ha+b+i+1), 2c—1
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1 1,

Fr(HT (Ga+3b+3i+ )T (Ga-tb-1i+ 1)
F(i 1b+2’@|+%)

> (39),, (3a+3), (30),, (30 +3),,
XZ 2 2 Cz_%);m! 2 a;(a, b)
Fr($)r(a+iv+3i+3)r(3a—2b—3i+1)
TR Datbrity D(Ta—To+ 1+

o (1., 1y (1 1p 0 1) (1

(‘H‘ ) (2a+1)m(2b+2)m(2b+1)mﬁi (a,b) (2.15)

% Z 2 2/m

for i =0,£1,42,...,+5. Here «a4(a,b), Bi(a,b), Ai, B;,C; and D; are same as

defined as before.

a, b7

3l ;
Fla+b+i+1), 2c+2
1

2c+1T ()T (3a+3b+3i+ )T (3a—3b—3i+ 1)

1

oL T (o~ 30+ 30l +3)
S LRCES RECICE B
b DT (ot it DU e tb-di+})
@i+ D(a+b+itl) T (3a—1b+1i[+13)
S et (o ), G D, (ot
m=0 (C+2)mm'
o F(%)F(%a+1b+li+1)l“( a—fb—iz—i— )
c+1 T'(3a—2b+1lil+3)
o~ (29), (39 + 3),, (30), (30 F 3),,
T e (216)

Here, as usual, o;(a,b), Bi(a,b), A;, B;,C; and D; are same as defined as

before.
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a, b, c
3lh ;o1
fa+b+i+1), 2¢—2

C2c-3T ()T (Sa+3b+3i+3)T (3 a—fb—éz—i- 3)

c—1 I (50— gb+ 35l +3)
0 1 1 1
(30 +3),, (30),, (30 +3),,
D e
L@ TGl YT e div)
(c—=1D(a+b+i+1) F'(3a—2b+1lil+3)

o~ (30+3), Ga+1), (5b+5),, (5b+1)

>

= Bi(a, b)

TN (et b DT (e i ]
e~ C(Ja— 30+l + )
o (39),, G2+ 3),, (38),, G0+ 5),
x Z (c— %)mm, a;(a,b). (2.17)

Here, as usual, «;(a,b), Bi(a,b), A;, B;,C; and D; are same as defined as
before.

3. Derivations

In order to derive (2.13), we proceed as follows. It is just a simple exercise

to prove the following relation involving three gF5 for ¢ = 0,+1,..., +5.
a, b, c i
3F ;o1
sla+b+i+1), 2c+1 |
a, b, ¢ ]
= 3b% .
sla+b+i+1), 2 |
ab a+1, b+1, c+1
T @t Dlat+b+i+)¥ 7| !
Ha+b+3+i), 2c+2
(3.18)

Now, it is easy to see that the two gFb appearing in the right-hand side
can be evaluated with the help of the generalized Watson’s theorem (1.12) and
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after little simplification, we easily arrive at the right-hand side of (2.13). This
completes the proof of (2.13).

In exactly the same manner, the result (2.15) can also be established by
using the following relation involving three 3F5, viz.

a, b, c
3k ;o1
Ha+b+i+1), 2c—1
a, b, c—1
= 3k .
Fla+b+i+1), 2c—2
a+1, b+1, c¢
n ab JF) ;1 (3.19)
(2c—1)(a+b+i+1) La+b+3+i), 2

for i = 0,%1,...,£5.

In order to derive the result (3.19), we use the following relation, viz.

a, b, c
3Fy ;o1
Ha+b+i+1), 2c+2

2¢+1 = b, ¢

=1 ;o1
fla+b+i+1), 2c+1

c a, b, c+1
— F. o1 3.20

c+1°77? (3.20)

Fla+b+i+1), 2c+2

for i = 0,41, ..., +5.
With the help of the relation (3.18), the formula (3.20) takes the following
form
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a, b, c
3Fh ;o1
fa+b+i+1), 2c+2
C2c+1 @ b .
- c+1 342 L . )
§(a+b+l+1), 2c
ab a+1, b+1, c+1
— 1 ] 3lh ;o1
(et D(at+btitl) Ha+b+i+3), 2c+2
c a, b, c+1
- F: | 3.21
c—}—l3 2 ( )

fa+b+i+1), 2c+2

for i = 0,+1,...,45.

Now, it is easy to see that all the three 3F5 appearing in the right-hand
side of (3.21) can now be evaluated with the help of (1.12) and after little
simplification, we arrive at the right-hand side of (2.16).

In exactly the same manner, the result (2.17) can be established with the
help of the following relation

a, b, c
3y ;o1
Fa+b+i+1), 2c—2
b c—2
2 — a, ’
_ C 13 3F2 : 1
€= la+b+i+1), 2c—4
a+1, b+1, c—1
+ 1 abb 1 3Fy ;o1
(c=Dfa+b+it+1) La+b+i+3), 2c—2
c_9 a, b, c—1
— F: ;o1 3.22
c—1°7 ( )

sla+b+i+1), 2c—2
for i = 0,41,...,45.

4. Special Cases

In (2.13) to (2.17), if we take ¢ = 0,+1, £2, we get known results recorded
in [6] obtained by other means.
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Concluding Remark

In this paper we have in all obtained 44 summation formulas closely related
to classical Watson’s theorem on the sum of 3F5 out of which 20 results are
known and obtained in [4]. Rest 24 results are believed to be new.

We remark by concluding this paper that the applications of newly estab-
lished formulas are under investigations and will form a part of the subsequent
paper in this direction.
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HOLOMORPHIC CLIFFORDIAN FUNCTIONS
AS A NATURAL EXTENSION OF MONOGENIC AND
HYPERMONOGENIC FUNCTIONS

Ivan Pierre Ramadanoff

Abstract

This is an expository paper which aim is to defend the notion of holomorphic
Cliffordian functions [11], [12]. The way to argue for is to exhibit non-trivial
applications. Some of them were known earlier [13], [14]. The most recent
interesting development was the contribution [4] in which clearly one see how
holomorphic Cliffordian functions are able to solve a problem which was unsat-
isfactory solved before.

The organization of this paper is almost the same as in [20]. In section
1. we recall the fundamental definitions and properties of Clifford algebras,
especially those of anti-euclidean type. Sections 2, 3 and 4 are devoted to a
brief overview of the different theories of ”"hypercomplex” variables, namely the
classical theory of monogenic functions, the holomorphic Cliffordian functions,
and finally the hypermonogenic functions, respectively. A careful analysis of the
connections between those three classes of functions argues for the holomorphic
Cliffordian ones. This is a set which is endowed with many function theoretical
tools that are also offered for complex holomorphic functions. Basically, they
were introduced in order to contain the functions z — z"(n € N, x a paravector)
and to be stable under any directional derivation. Consequently, they form a
class of functions containing the two others.

They are two new sections. In Section 5, we deal with the problem how
to construct analogues of the Weierstrass ¢ and g functions, as well as the
Jacobi en, dn and sn. We end with Section 6, deeply inspired of [4], where we
are illustrating a new class of Clifford valued automorphic forms on arithmetic
subgroups of the Ahlfors-Vahlen group.

MSC 2010: 30G35, 30G30, 30A05, 33E05, 33B10

Key Words and Phrases: Clifford analysis, monogenic, hypermonogenic and
holomorphic Cliffordian functions, elliptic and special functions, automorphic
and cusp forms
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1. Clifford Algebras

Denote by RPT4 a real vector space of dimension d = p + ¢ provided with a
non-degenerate quadratic form @ of signature (p, q).

Main definition: = The Clifford algebra, we will denote by R, 4, of the
quadratic form @ on the vector space RP'Y is an associative algebra over R,
generated by RPT9, with unit 1, if it contains R and RPT? as distinct subspaces
and

(1) Vv € RPT9, 0?2 = Q(v),

(2) the algebra is not generated by any proper subspace of RPT1.

Actually, if we consider the Clifford algebra R, , as a vector space, it has
the splitting: R, ; = R0 @Rl gD @ Rk gD @ Rg ¢ Where R%q = R are the
scalars, Rzlw = RP1is the Vector space, Rzz),q is the vector space of the so-called
bivectors corresponding to the planes in R?™4, and so on. Finally, ngq contains

what we call the pseudoscalars. Moreover,
dimgRE = Cjj, dimrR,q = 2"

Now, set eg = 1 as basis of R0 = R and suppose {ej,eg,...,e4} be an or-
thonormal basis for R1 pq = Rp+q Thus the corresponding vector spaces of the
splitting will be provided with respective basis {eg = 1}, {e1, €2, ..., eq}, {€sj

= eej, 1 < i < j < d}, {6 = €ieipen,l < i < dp < < i <
d},....,{e12..qa = e1ea...eq}, and the algebra will obey to the laws:

e?=1i=1,.,pel=—1i=p+1,.,d=p+qee;=—eje;i#j

This allows us to write down any Clifford number a € R, 4 as a sum of its scalar
part < a >, its vector part < a >1€ qu, its bivector part < a >o€ qu,

to its pseudoscalar part < a >4€ RZ , namely

D,q°
a=<a>)+<a>1+..+<a>q,

where < a >p= Z ajey, with J = (j1,...,Jk) is a strictly increasing multi-
|J|=k
index of lengh k and e; = ej €j,...ej,, while a; € R.

Some examples: The Clifford algebra R can be identified with the com-
plex numbers C. The algebra R 2 is nothing else than the set of quaternions H
if we identify e; = 7,e9 = j,e19 = k using the traditional notations. Physicists
are working very often with the algebras Ry 3 or Rg3 1. It suffices to note the na-
ture of the corresponding signatures (+, —, —, —) and (4, +, +, —), respectively.
However, R1 3 and R3; are not isomorphic as algebras.

Recall that the main involution ’, the reversion anti-automorphism ~ and
the conjugation anti-automorphism ~ act on a € R, 4 as follows:
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and

We also need the following automorphism * : Rg, — Rp, defined by the
relations: e = —e,,ef =¢;fori=0,1,...,n—1 and (ab)* = a*b* for a,b € Ry .
These operations are not of algebraic type, they are of geometric type.

Remarks: For C = Ry 1, the usual complex conjugation is the main invo-
lution, as well as the conjugation. The reversion is useless.

For H = Ry 2, with the classical notations, we have: a = a+fi+vj+dk,a’ =
a—pPi—vj+dok,a> =a+pi+vj—dk,a=a— pi—vj— k.

Henceforth, we will consider Clifford algebras of antieuclidean type, namely
Ry 4, ([5], [2]). Note the first three, for d = 0,1,2 : R, C and H, are division
algebras by the well known theorem of Frobenius.

Our aim is to survey different generalizations of the function theory of a
complex variable which can be viewed as the study of those functions defined in
a domain of R? and taking their values in the Clifford algebra Ry =C.

The first key of the theory of holomorphic functions is, of course, the Cauchy-
Riemann operator (0/0Z in the classical notations), which can be written now
as:

0 0
D=—+e1—
(9:60 Tel (9.%'1 ’
omitting the famous normalization constant 1/2. It should be noted that the
definition domain of f lies in a space whose elements are couples of a scalar and

a vector, so that R? should be identified to R & iR.

2. Monogenic functions

Let Ro,, be the Clifford algebra of the real vector space V' of dimension n
provided with a quadratic form of negative signature, n € N. denote by S the
set of the scalars in Ry, identified with R. Let {e;}!_; be an orthonormal basis
of V and set also eg = 1.

A point & = (29, 21, ..., ) of R""! will be considered as an element of SOV,
n

namely x = inei. Such an element will be called a paravector. Obviously, it
i=0
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belongs to Ry, and we can act on him with the conjugation: = = xq —Z?:l T;€;.
It is remarkable that:

o% =Tz =| z |?,

where | z | denotes the usual euclidean norm of x in R"! and it shows that
every non-zero paravector is invertible. Sometime, if necessary, we will resort to
the notation = g+ 7, , where T is the vector part of z, i.e. @ = Yo Ti€j.

Let f : @& — Ro,, where {2 is an open subset of S @ V. Introduce the
Cauchy-Dirac-Fueter operator:

- 0
D = ;
Z c 81,‘1
=0
_ o n o _
Note D possesses a conjugate operator D = oy Zeia— and that DD =
1) €T;

DD = A, where A is the usual Laplacian.

Definition. ([2]) A function Ry, be the Clifford algebra of the real vector
space V of dimension n provided with a quadratic form of negative signature,
n € N. Denote by S the set of the scalars in Ry, identified with R. Let {e;}I"_;
be an orthonormal basis of V' and set also ey = 1.

Obviously, in the case n = 1, we get the holomorphic functions of one
complex variable.

Important remark: Ifn > 1, then the functions  — x and x — 2™,z €
S @ V,m € N are not monogenic.

Following R. Brackx, R. Delanghe and F. Sommen [2], recall that there
exists a Cauchy kernel: FE(z) = (w; ) (z/ |z |**!) for z € S &V — {0}, where
wp is the area of the unit sphere in R™*!. This kernel is really well adapted
to the monogenic functions because it is himself a monogenic function with a
singularity at the origin, i.e. DE(x) =4d forz € S V.

Then, put w(y) = dyoA...Ady, and y(y) = Z?:O(—l)ieidyo/\.../\d}/l-/\.../\dyn.
Thus, we have:

Integral representation formula: If f is monogenic in 2 and U is an
oriented compact differentiable variety of dimension n + 1 with boundary oU
and U C €, then

E(y—x)v(y)fly) = f(x), z€U.
oU

Thanks to this, the analogous of the mean value theorem, the maximum modulus
principle, Morera’s theorem follow easily.



238 I.P. Ramadanoff

The depth and the wealth of the one complex variable theory come also
thanks to the ”duality”: Cauchy-Riemann and Weierstrass, i.e. every holomor-
phic function is analytic and the reciprocal. How to understand what is the
generalization of a power series?

In the frame of monogenic functions, an answer exists because, fortunately,
the functions wy = zpeg — xroeg, k = 1, ...,n are monogenic. Omitting the details
and roughly speaking one can expand every monogenic function in a series of
polynomials which elementary monomials are the wy and their powers. Just
for an illustration let us show this phenomena is somehow natural: suppose
f:S®V — Ry, is real analytic on a neighborhood of the origin, so

> o o

h) = (hom— 4 .. + hu=—)"£(0).
f(h) kZﬂ( 050 T+ g ) (0)
But at the same time f is monogenic, i. e.
of . 9f
6$0 ;ezaxi

Hence,

3. Holomorphic Cliffordian functions

Here, consider functions f : € — Rg2m+1, where {2 is an open subset of
S®V =R @R»*! = R?*+2 The paravectors of S @ V will be written as
r=x0+7, R, T = E?flﬂ x;€;.

Definition ([11], [12]).A function f : @ — Rpam+1 is said to be (left)
holomorphic Cliffordian in Q if and only if:

DA™ f(z) =0
for each z € 2. Here A™ means the iterated Laplacian.

The set of holomorphic Cliffordian functions is wider than those of the mono-
genic ones: every monogenic is also holomorphic Cliffordian, but the reciprocal
is false. Indeed, if Df = 0, then DA™ f = A™Df = 0 because A™ is a scalar
operator. The simplest example of a holomorphic Cliffordian function which is
not monogenic is the identity = +— x. Actually, one can prove that all entire
powers of x are holomorphic Cliffordian, while they are not monogenic.

Note that f is holomorphic Cliffordian if and only if A™ f is monogenic.

There is a simple way to construct holomorphic Cliffordian functions which
is based on the Fueter principle [7].
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Lemma 1. Ifu: R? — R is harmonic, then u(xg,| @ |), where x = xg+ 7
and | T |?= 32" a2 is (m + 1)-harmonic, 1. e.

(2
A"y (zg,| T ) = 0.

Lemma 2. If f : ({,n) — f = u +iv is a holomorphic function, then

—

F(z) = u(wo,| 7 |) + %v(wo,\ 7' |) is a holomorphic Cliffordian function.

If we summarize: from an usual holomorphic function f, with real part u,
we construct the associated (m -+ 1)-harmonic u(xg, | 7' |) and then it suffices to
take Du(zg,| @ |) in order to get a holomorphic Cliffordian one. This receipt is
very well adapted for the construction of trigonometric or exponential functions
in Ro2m+1, [15]. Note also the set of holomorphic Cliffordian functions is stable
under any directional derivation.

It is natural to ask for an integral representation formula but in this case, the
operator DA™ being of order 2m + 1, such a formula would be much more com-
plicated. Anyway, the first step is to exhibit an analogous to the Cauchy kernel.
Remember the fundamental solution of the iterated Laplacian A™ 1h(z) = 0
for z € S @V — {0} is known: that is h(z) = In | z | . Hence D(}in(zZ)) must
be holomorphic Cliffordian. But:

AL, 1D(x?) =z 4
D(2ln(:z:x)) =2 2R e

By the way, we found the first holomorphic Cliffordian function with an
isolated punctual singularity at the origin.

It is remarkable that, after computations, one get:

A"z = (=1)™22" (m!) 2w E(x).

It becomes natural to introduce a new kernel:
N(z) = emz 1,

with the suitable choice for the constant &, = (—1)™ 22" Imlzm+L] L,
So, N is the natural Cauchy kernel for holomorphic Cliffordian functions
and we have:

DA™N(z) = DE(z) =6, z€SaV.

Integral representation formula. Let B be the unit ball in R*"*2 z
an interior point of B, % means the derivation in the direction of the outward
normal. Thus, we have:

f(x) = /8 (AN (211 () )
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> [ (oA NGy~ 2) DAY (),

+Z/ (AN (y ))aanDAklf(y)day.

The above formula involves 2m + 1 integrals on dB, which means one can
deduce the values of f inside B knowing the values on B of f, DA*~1f and
ADAFLf k=1,2,..,m

Recall that all integer powers of a paravector x are solutions of DA™ =
0, and we saw also that DA™ (z~!) = 4. Those facts can be proved directly
following straightforward computations. Let z = x9 + 2 be a paravector in
a general Clifford algebra of antieuclidean type Ry q4,d € N. Very fastidious
calculations give:

m
DA™z ") = (=1)2mm! T (25 + 1 = d)( = |)~ 2.
j=0
The right hand side is a scalar vanishing for d = 1, 3,5, ..., 2m + 1. Moreover, we
have:

m
DAT)’L 2n+1 H 2j+1_ Z H 2q_2k+2 ngi% gn 2q—>2q 2m
j=0 qg=m k=1

and a similar formula for an even power 22" of x. In both cases, the right hand
sides are again scalars vanishing for d = 1,3,5,...,2m + 1.

Polynomial solutions of DA™ = 0. Set a = (v, 1, ..., 2m41), a5 € N, |
a|= Z?mar a;. Consider the set

{6,/} = {60, o5 €03 €C1y ey €1y eeey EQg Ty vees 62m+1},
where eq is written ag times, e; : «; times. Then set:

laj—1

Z H a(lel);

the sum being expanded over all distinguishable elements o of the permuta-
tion group © of the set {e,}. The P, are polynomials of degree | o | —1. A
straightforward calculation carried on them shows that P, is equal up to a ra-
tional constant to 9!®/(221¢1=1). Thus, it follows that the P, are holomorphic
Cliffordian functions, which are left and right, thanks to the symmetrization
process.

The classical way for getting Taylor’s series of a holomorphic function is
to expand the Cauchy kernel in the integral representation formula. The same
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procedure is available here:
(y—a) ' =@yl-y ) =1-y )y
=y ry oy by ey ey L ()
Obviously, we have y~! = (| y |) 72, and thus:

00— Nk—

-1 (y2)"y

(y - ) :ZHW‘
k=0 Yy

It is not difficult to observe the polynomials P, appear again. Finally, as in the
classical case, we can deduce the expansion in a ”power series” of any holomor-
phic Cliffordian function f under the form:

o0
f@) =" Pa(2)Ca,
|a|=1
where Cy, € Ro 2m+1-
Further, let us mention that a function f which is holomorphic Cliffordian
in a punctured neighborhood of the origin possesses a Laurent expansion ([11],

[12]). So, the set of meromorphic Cliffordian functions with isolated singularities
is well defined.

What about the case R 2,7 More precisely, could we pass from holomor-
phic Cliffordian functions in Rg2m+1 to their restrictions in Rg2, ? Roughly
speaking, it is the same as between C and R. In the general case of a Clifford
algebra of type Rg 4, we can observe that the set of homogeneous polynomials
of degree n which are holomorphic Cliffordian is a right Rg g-module generated
by the monomials (ax)"a, where a is a paravector.

Now, let us consider f : R® R% — Ro,q4.

Case 1: dis odd. The function f will be holomorphic Cliffordian if DA f=
0.

Case 2: d is even. We say that f is analytic Cliffordian ([10]) if there is a
holomorphic Cliffordian function of one more variable F : R ¢ R4 — Ro,a+1,
which is even with respect to eq;1 and such that F' |, ,—o= f.

4. Hypermonogenic functions

In this part we will briefly discuss another class of functions, named hyper-
monogenic, which were introduced by H. Leutwiler ([16], [17]) and studied by
himself and Sirkka-Liisa Eriksson-Bique ([6]).

Recall that any element a € Ry, may be uniquely decomposed as a = b+ce,
for b, c € Rg —1. This should be compared with the classical decomposition of a
complex number a = b+ ic. Using the above decomposition, one introduces the
projections P : Rg,, — Ron—1 and @ : Ro, — Ron—1 given by Pa = b, Qa = c.
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Now define the following modification of the Dirac operator D as follows:
(QF)7,

where * denotes the automorphism introduced above.

Definition. An infinetely differentiable function f : Q — Ry, {2 being an
open subset of R"™! such that Mf =0 on Q — {x : 2, = 0} is called a (left)
hypermonogenic function.

Decomposing f into f = Pf + (Qf)en, its P-part satisfies the Laplace-
Beltrami equation:

(Pf)

oy,
associated to the hyperbolic metric, defined on the upper half space R?fl by
ds? = x,%(dd + da? + ... + d2?).

Its @-part solves the eigenvalue equation:

28@Qf) ~ -1, 22D i 1r =0
T

It turns out that hypermonogenic functions are stable by derivations in all pos-
sible directions excepted this one on x, and that, for any m € N, the maps
r +— 2™ and = — 2™ are hypermonogenic in R"*!, resp. R**! — {0}.

Clearly, hypermonogenic functions generalize usual holomorphic functions
of a complex variable. But what about the relations of this class with the class
of holomorphic Cliffordian ?

One can prove that every hypermonogenic function is also a holomorphic
Cliffordian function. Let us study this problem in the case n = 3.

Mf=Df+

n—1
T

T A(Pf)—(n—1) =0,

2
Assuming f : Q — Ry 3 is hypermonogenic, Df = ——(Qf)* and hence
3

D(Af) = —2A[(Qf) ]. An explicit calculation of the last expression combined
T3
with the above eigenvalue equation for the Q-part of f, allow us to conclude
that
Qf)” 1 2 0Qf QS .
A @ - L - 22@0 500
x3 x3 xr3 0x3 3

forcing D(Af) = 0.

Let say also the theory of hypermonogenic functions is provided with an in-
tegral representation formula and that the expansion in power series is generated
by polynomials which are deeply related to the P, above.

However, it should be noted an important difference: multiplication of e,
from the right to a hypermonogenic function does not in general give again a hy-
permonogenic function. In the larger class of holomorphic Cliffordian functions,
this operation is allowed, even multiplication from the right with any Clifford
number.
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5. Elliptic Cliffordian functions

One of the most stimulating aspects of the theory of functions of a com-
plex variable is the theory of elliptic functions. In [13], [14], we tried to put
the foundations of their Cliffordian analogues. However, the main difficulty to
overcome here is the lack of a satisfactory notion of product of two holomorphic
Cliffordian functions. Thus, we had to adapt only the ”additive” part of the
theory in our case. Fortunately, the way drawn by Weierstrass, using the ¢ and
then the P function, was the right one. It was amazing that the analogues of
the Jacobi functions cn, dn and sn could also be find on the same way.

Let us make a remark: If f is real-analytic in a neighborhood W of a €
SV and is taking its values in S@ V, then f admits a Taylor expansion:

[e.e]

Flath) =3 (0| V) T (@) ama:

n=0

where (h | V,) is the scalar product in R?"*2. Note also that (h | V;)(x) =
h, (h| V) (x™) = -2 thz™! | and that

(h | Va)i(a™") = (=1)%g!(z"h) %™, g € N.

Now, let N € {1,2,...,2m + 2} and w, € S &V be paravectors when a =
1,2,...,N. Suppose the w, to be R-independents. A function f : Q — R om+1
is said to be N-periodic if f(z + 2w,) = f(z) forz € SV and a = 1,2,..., N.
The associated lattice is: 2ZNw = {2kw, k € ZV}, where w = (wy, ..., wy) is the
generic notation for a half period and kw = ZN

a—1 kawq. Rewrite the lattice in
{wp}p2, where wy = (0, ..., 0).

Definition. Introduce the {5 Weierstrass functions as:
o0 N-1
(@) =2+ @ —wy) T+ Y (wy ) ey )
p=1 pn=0

Thus (y : S®V \2Z"w — S @V is a holomorphic Cliffordian function
and possesses simple poles on the vertices of the lattice.

The function (u, is odd, is not itself a N-periodic function, but satisfies a
property of ”quasi-periodicity”:

(z+w| V)%

CN(x—i—Qw)—CN(:U) =2 > (2]9)!

¢ (y) |y=w
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which is equivalent to:

el
T
(N(z+w)—(N(r—w) =2 (N (Y) ly=
In particular, for N = 2m + 2, one has:
Comt2(T + w) — @mi2(z —w) = 22 C2m+2( ) ly=w

which is the natural generalization of the well-known:

((z+w) = ((z —w) = 2((w).

It is important to note that the right hand side of the previous equality is a
holomorphic Cliffordian polynomial of degree 2m.

As far as the Laurent expansion of (i in a neighborhood of the origin, it is
easy to get it:

@) =7+ 3 Gy 2| T ) Ly

k>[4
Note that in the special case N = 2m + 2, the first sum starts from k& = m + 1.

Now, in order to mimic the procedure of getting an elliptic function as P from
¢, where, in the case m = 0, one need only one derivation, here, differentiating
2m + 1 times (o2, We are able to produce analogous of the P function. It is
remarkable, that now, we can differentiate in all the directions of R*™*2. The
set, of elliptic Cliffordian functions we are producing is quite larger than in the
complex case.

Return now to the problem of the construction of analogous of the Ja-
cobi functions. We have two problems to solve. Reduce the periods by half
and eliminate the holomorphic Cliffordian polynomials appearing in the ” quasi-
periodicity” property.

Introduce the so-called translation operators F;: for an arbitrary function
@: 5@V — Royam1, set:

Ej(o)(z) =p(x +wj), j=1,2,...,N.

When ¢ is N-periodic, we can write:

(I = E5)(¢)(z) =0.
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As far as the ”quasi-periodicity” of (o492 is concerned, we can write it in
the following form:

(I — E3)(Cam2)(x) = —pam(a;wj),

for j =1,2,...,2m+ 2, where pa,, is the polynomial appearing in the formula of
” quasi-periodicity”.

How eliminate such a polynomial? In numerical analysis there is a nice recipe
which says: when one want annihilate a polynomial of degree d, it suffices to
apply d + 1 times operators of the form I — E; without being restricted to use
always the same j.

Thus, for example, the following formula:
2m+41
2
I - E)U - E})(Gami2)(z) =0
j=1
is readable from the right to the left and says tat (2,42 is quasi-periodic in
the direction 2w; and that after, we have proceeded to the elimination of the
quasi-periodicity polynomial.
But the translation operators are commuting, so, the same formula can be
written as:

2m—+1
(I — E})( H (I — E;)(Gam+2)(x)) =0
j=1
2m~+1
and it says that the function H (I — Ej)(Cam+2)(x) is periodic with period
j=1

2&)@‘.

Omitting some details, let set now:

2m+2
Clz) = [T U~ E)(Gam2) ()
j=1
2m—+2
Si(z)=(I+E) [ (I—E)(Gmea)(2),
j=1,j#

where i = 1,2,...,2m + 2.
Here, we have made use of the operator I + F; which reduces the periodicity
from 2w; by half to w;.

So, we have 2m + 3 elliptic Cliffordian functions whose periods are {w; +
wrtyik=1,2,....,2m + 2 for C(z), and

2(,01, ...20.)1‘_1, Wi, 20.)i+1, ceey 2CU2m+2
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for Si(z). The way they were obtained obeys to strong lays, they are no more,
no less than 2m + 3 and they are obviously the natural generalizations in R?"+2
of the classical Jacobi functions cn,dn,sn (in this order!) we can get when
m = 0.

6. Generalized automorphic forms

The story started with the problem: how to generalize the notion of modular
forms in the case of functions with values in a Clifford algebra?

Historically, an enormous work has be done in some previous papers ([8], [3]),
first in the case of monogenic functions and further, in the case of k—hypermonogenic
functions. (The definition of such a function will be given below).

Although a technical virtuosity displayed in this situations, the results were
finally unsatisfying in some sense: actually, the authors have not been able
to propose a construction for non-vanishing k—hypermonogenic cusp forms for
k #0.

Recently, in [4], the authors decided to consider a larger class of functions
that contains the class of k—hypermonogenic functions as a special subset.

When k € Z is even, the class of considered functions, named k—holomorphic
Cliffordian, are those which are annihilated by the operatorDAg, where D is
the Dirac operator, A is the Laplacian and A% the iterated Laplacian. For
k =n —1 and n odd this is the class of the holomorphic Cliffordian functions.

Finally, it turned out that the choice of the authors to consider k—holomorphic
Cliffordian functions was fruitful. The main obstruction they met before, namely,
multiplication of e,, from the right to a k—hypermonogenic function which does
not in general give again a k—hypermonogenic function, was overcome in the
new context: right multiplication of any Clifford number with a k—holomorphic
Cliffordian function remains k—holomorphic Cliffordian. It is amazing that now
all the machinery works perfectly, even elegantly.

The general Ahlfors-Vahlen group and
some discrete arithmetic subgroups.
Z , whose coefhi-
cients satisfy the conditions below forms a group under matrix multiplication.
It is called the general Ahlfors-Vahlen group GAV (R @ R™). The action of this
group on R@G R is described by the associated Mobius transformation. We can
also restrict this action on the upper half-space HT(R®R") = {r € R®R":

xn > 0} in the following way:

GAVIReR") x H' (RoR") - H' (RaoR")

by (M,z) — M < 2 >= (azx + b)(cx + d)~L. Here, the coefficients a, b, ¢, d from
Ry, satisfy:

The set that consists of Clifford valued matrices ( CCL
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(i) a, b, ¢, d are products of paravectors
(i) ad—bc e R\ {0}
(iii) ac ! e td € R"! for ¢ # 0 and bd~! € R"*! for ¢ = 0.

The subgroup consisting of those matrices from GAV (R @ R"™) that satisfy

ad* — bc* = 1 is called the special Ahlfors-Vahlen group, denoted by SAV (R @
R"™).

The automorphism group of the upper half-space H™ (R & R") is the group
SAV(ROR" ).

The rational Ahlfors-Vahlen group SAV(R®R" 1, Q) is the set of matrices
< Ccl Z ) from SAV (R @ R"™!) that satisfy

(i) aa, bBlCE, dd € Q,

(ii) ac,bde Qo Q",

(iii)  awxb+ bxa,cxd + drc € Q,

(iv) axd+bzce Qd Q"

The following definition provides us with a whole class of arithmetic sub-
groups of the Ahlfors-Vahlen group which act totally discontinuously on the
upper half-space.

Definition:
I 1(7) =SAV(R®R" !, Q)N Mat(2,T).
For N € N, set:

I 1(Z)[N] = {( Z Z > €l 1(T),a—1,b,c,d—1¢ NI}.

Here 7 is a Z-order in the Clifford algebra which is roughly speaking a
subring R such that the additive group of R is finitely generated and contains
a Q-basis of the algebra.

Notice that all the groups I',,_1(Z)[N] are discrete groups and act totally
discontinuously on the upper half-space.
Concerning the above notions, see [1], [3], [4], [8] for the details.

Monogenic functions. An important property of the Dirac operator

D 0 + 0 + ..+ 0
=—+—e+..+=—¢€

0xg ox1 ! Oy, "
is its quasi-invariance under Mobius transformations acting on the complete
Euclidean space R & R™.
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Let M € GAV(R® R") and f be a left monogenic function in the variable
y =M <z >= (azx + b)(cx + d)~!. Then the function:

cr+d

g(x) = Wf(M<x>)

is again left monogenic on x for any M € GAV(R @ R").

k-hypermonogenic functions. The class of monogenic functions belongs
to the more general class of so-called k-hypermonogenic functions. They are
defined as the null-solutions to the system:

Q) _

Tn

Df +k 0,

where k£ € R.
Note that in the case of k = 0, we are dealing with left monogenic functions.
The particular case of kK =n — 1 corresponds to hypermonogenic functions.

Now, if f is k-hypermonogenic in the variable y = M < x >= (ax +b)(cx +
d)~!, then:
- cr+d
Clex4-d H”H_kf

F(x) (M <z>)

is k-hypermonogenic.

However, this invariance holds only for matrices from SAV (R @ R"~!) and
not for all the matrices from SAV (R & R").

This is due to the fact that a translation in the argument of a k-hypermono-
genic function in the e,-direction does not give a k-hypermonogenic function
again.

As we said before, the authors [4] decided to consider a larger class of func-
tions, containing in itself the set of k-hypermonogenic ones and possessing the
previous property (being stable under right multiplication with e, ). Thus, this
new class will have the extra property of being invariant under the whole group
SAV(R®&R").

k-holomorphic Cliffordian functions

Definition. Let n € N and suppose that k is an even positive integer.
Let U C R® R" be an open set. Then we call a function f : U — Ro, a
k-holomorphic Cliffordian function if

DA f = 0.

In the particular case of kK =n — 1 (n odd) we deal with the class of holo-
morphic Cliffordian functions.
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One can also introduce k-holomorphic Cliffordian functions for negative even
integers. This can be done through the Teodorescu transform which is the right
inverse to D, i.e. DTf = 0. In view of the identity DD = A, one can formally
express A~ as TT on the upper half-space.

First of all, it is easy to prove that, for any even k € Z, every k-hypermonogenic
function is also k-holomorphic Cliffordian.

As a consequence, the k-hypermonogenic kernel functions
xT
" [z [[rE

Gr(x)

are also k-holomorphic Cliffordian for all k € 2Z.

However, note that not every k-holomorphic Cliffordian function is k-hyper-
monogenic. Take for instance £k = n — 1, with n odd. Then the functions ze,
and z + e,, where x is a paravector, are both holomorphic Cliffordian but not
hypermonogenic.

Theorem. Let k € 2Z. Suppose that M € SAV(R @ R"). Let y = M <
x >= (ax + b)(cx + d)~! be the image of a point x under such a Mdbius trans-
formation. Then such a function f(y) that is k-holomorphic Cliffordian in the
variable y is transformed to a function

cr+d

PO = e v aqpe/(

M <z >)

which turns out to be k-holomorphic Cliffordian in the variable x.

Definition. Let p < n — 1 and suppose that k € 2Z. A left k-holomorphic
Cliffordian function f : HT(R @ R™) — Ry, is called a left k-holomorphic
Cliffordian automorphic form on T'p(Z)[N], if for all x € HT (R ® R")

cx +d
fz) = ez +d ||n+17kf

(M <z>)

for all M € I',(Z)[N].

In the case k£ = 0 we re-obtain the class of left monogenic automorphic forms
discussed in [8].

Moreover, all k-hypermonogenic automorphic forms discussed in [3] are in-
cluded in this set.

The simplest examples of k-holomorphic Cliffordian automorphic forms on
the groups I',(Z)[N] are the generalized Eisenstein series given in [8], as well
as the simplest examples of k-holomorphic Cliffordian automorphic forms for
discrete translation groups for the special case of k = n — 1 with n odd, were
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given in [13] (the generalizations of the cotangent function, the Weierstrass ¢
and p functions).

Cusp forms

Definition: For even integers k < 0 a left k-holomorphic Cliffordian cusp
form on I'y,_1(Z)[N] is a left k-holomorphic Cliffordian automorphic form on
I'—1(Z)[N] that satisfies additionally:

. —k crpen, +d f
im x
Tn—too H CTp€n + d Hn+1—k

for all M € I',,_1(Z)[N].
For positive even integers k, the factor x,;

(M < zpep, >)=0

k is omitted.

In the last part of the paper [4], the authors establish a surprising result: a
decomposition theorem of the spaces of k-holomorphic Cliffordian automorphic
forms in terms of a direct orthogonal sum of the spaces of k-hypermonogenic
Eisenstein series and of k-holomorphic Cliffordian cusp forms.

Let us end with a citation due to L. Ahlfors in [1] : ”The aim is not to prove
new results, but to try to convince complex analysts of more traditional bent that
the use of Clifford numbers is both natural, simple and useful.”
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TURAN-EROD TYPE CONVERSE MARKOV INEQUALITIES
FOR CONVEX DOMAINS ON THE PLANE

Szilard Gy. Révész

Abstract

For a convex domain K C C the well-known general Bernstein-Markov in-
equality holds: a polynomial p of degree n must have ||p’|| < c¢(K)n?||p||. How-
ever, for polynomials in general, ||p’|| can be arbitrarily small, compared to ||p||.

Turan investigated the situation under the condition that p have all its zeroes
in the convex body K. With this assumption he proved ||p'|| > (n/2)]|p|| for the
unit disk D and [|p/|| > ¢y/n]|p|| for the unit interval I := [—1,1]. Levenberg and
Poletsky provided general lower estimates of order y/n, and there were certain
classes of domains with order n lower estimates.

We show that for all compact and convex domains K and polynomials p
with all their zeroes in K ||p'|| > ¢(K)n||p|| holds true, while [|p'|| < C(K)n||p||
occurs for arbitrary compact connected sets K C C. Moreover, the dependence
on width and diameter of the set K is found up to a constant factor. Note that
if K is not a domain (intK = (), then the order is only \/n.

Erdd observed that in case the boundary of the domain is smooth and the
curvature exceeds a constant x > 0, then we can get an order n lower estimation
with the curvature occurring in the implied constant. Elaborating on this idea
several extensions of the result are given. Again, geometry is in focus, including
a new, strong ”discrete” version of the classical Blaschke Rolling Ball Theorem.

MSC 2010: Primary 41A17; Secondary 30E10, 52A10

Key Words and Phrases: Bernstein-Markov Inequality, Turan’s lower es-
timate of derivative norm, logarithmic derivative, Chebyshev constant, convex
sets and domains, width of a set, circular domains, convex curves, smooth convex
bodies, curvature, osculating circle, Blaschke’s rolling ball theorem, subdiffer-
ential or Lipschitz-type lower estimate of increase
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1. Introduction

On the complex plane C polynomials of degree n admit a Markov inequality!
19|l < exn?||pllj on all convex, compact K C C. Here the norm ||-|| := ||| &
denotes sup norm over values attained on K.

In 1939 Paul Turdn studied converse inequalities of the form |p/||
> cxn?||p|lg. Clearly such a converse can hold only if further restrictions
are imposed on the occurring polynomials p. Turdn assumed that all zeroes of
the polynomials must belong to K. So denote the set of complex (algebraic)
polynomials of degree (exactly) n as P,, and the subset with all the n (com-

plex) roots in some set K C C by PO (K). The (normalized) quantity under
our study is thus the “inverse Markov factor”

/
Mo(K) = inf M(p) with M=M= g
peP? (K) vl

Theorem 1.1 (Turdn, [21, p. 90]). Ifp € P,(D), where D is the unit
disk, then we have

17l = g”PHD : (1.2)

Theorem 1.2 (Turan, [21, p. 91]). Ifp € Pn(I), where I :=[—1,1], then

we have
f

1]l = %HPHI : (1.3)

Theorem 1.1 is best possible, as the example of p(z) = 1 + 2™ shows. This
also highlights the fact that, in general, the order of the inverse Markov factor
cannot be higher than n. On the other hand, a number of positive results,
started with J. Eréd’s work, exhibited convex domains having order n inverse
Markov factors (like the disk). We come back to this after a moment.

Regarding Theorem 1.2, Turdn pointed out by the example of (1 —2z2)" that
the \/n order is sharp. The slightly improved constant 1/(2e) can be found in
[8], but the value of the constant is computed for all fixed n precisely in [6].
In fact, about two-third of the paper [6] is occupied by the rather lengthy and
difficult calculation of these constants, which partly explains why later authors
started to consider this achievement the only content of the paper. Nevertheless,
the work of Eréd was much richer, with many important ideas occurring in the
various approaches what he had presented.

INamely, to each point z of K there exists another w € K with |w — z| > diam(K)/2,
and thus application of Markov’s inequality on the segment [z,w] C K yields [p/(z)] <
(4/diam(K)n?p]| -
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In particular, Eréd considered ellipse domains, which form a parametric
family Ej naturally connecting the two sets I and D. Note that for the same sets
Ey the best form of the Bernstein-Markov inequality was already investigated
by Sewell, see [19].

Theorem 1.3 (Erdéd, [6, p. 70]). Let 0 < b < 1 and let Ey denote the
ellipse domain with major axes [—1,1] and minor azes [—ib,ib]. Then

e (14)

for all polynomials p of degree n and having all zeroes in Ej.

Eréd himself provided two proofs, the first being a quite elegant one using
elementary complex functions, while the second one fitting more in the frame
of classical analytic geometry. In 2004 this theorem was rediscovered by J.
Szabados, providing a testimony of the natural occurrence of the sets Fj in this
context?.

In fact, the key to Theorem 1.1 was the following observation, implicitly
already in [21] and [6] and formulated explicitly in [8].

Lemma 1.1 (Turan, Levenberg-Poletsky). Assume that z € 0K and
that there exists a disc Dy of radius R so that z € 0Dgr and K C Dg. Then

forallp € PT(LO)(K) we have

P 2 Slp(e)] (15)

So Levenberg and Poletsky [8] found it worthwhile to formally introduce the
next definition.

Definition 1.1. A compact set K C C is called R-circular, if for any point
z € 0K there exists a disc D of radius R with z € 9Dk and K C Dg.

With this they formulated various consequences. For our present purposes
let us chose the following form, c.f. [8, Theorem 2.2].

Theorem 1.4 (Eréd; Levenberg-Poletsky). If K is an R-circular set
and p € g8 (K), then

']l = 55l - (1.6)

2 After learning about the overlap with Eréd’s work, the result was not published.
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Note that here it is not assumed that K be convex; a circular arc, or a union
of disjoint circular arcs with proper points of join, satisfy the criteria. However,
other curves, like e.g. the interval itself, do not admit such inequalities; as said
above, the order of magnitude can be as low as y/n in general.

Eréd did not formulate the result that way; however, he was clearly aware
of that. This can be concluded from his various argumentations, in particular
for the next result.

Theorem 1.5 (Eréd, [6, p. 77]). If K is a C*-smooth convex domain
with the curvature of the boundary curve staying above a fixed positive constant

k>0, and ifp € PT(LO) (K), then we have
1] = e(E)nllp]. (1.7)

From Erod’s argument one can not easily conclude that the constant is
¢(K) = k/2; on the other hand, his statement is more general than that. Al-
though the proof is slightly incomplete, let us briefly describe the idea®.

Proof. The norm of p is attained at some point of the boundary, so it
suffices to prove that |p’(2)|/|p(2)| > ¢n for all z € K. But the usual form of
the logarithmic derivative and the information that all the n zeroes zi,..., 2z,
of p are located in K allows us to draw this conclusion once we have for a fixed
direction ¢ := p(2) the estimate

, 1
i > =1,... . .
%(e z—zk>_c>0 (k=1,...,n) (1.8)

Choosing ¢ the (outer) normal direction of the convex curve 0K at z € 0K,
and taking into consideration that zj are placed in K \ {z} arbitrarily, we end
up with the requirement that

, 1
R (ewz — w> = ‘j(isz‘ >c (we K\ {z}, a:=¢p—arg(z—w)) . (1.9)
Now if K is strictly convex, then for z # w we do not have cos @ = 0, a necessary
condition for keeping the ratio off zero. It remains to see if |z — w|/ cos a stays
bounded when z € 0K and w € K\{z}, or, as is easy to see, if only w € 0K \{z}.
Observe that F(z,w) := |z — w|/cos a is a two-variate function on K2, which
is not defined for the diagonal w = z, but under certain conditions can be
extended continuously. Namely, for given z the limit, when w — z, is the well-
known geometric quantity 2p(z), where p(z) is the radius of the osculating circle
(i.e., the reciprocal of the curvature x(z)). (Note here a gap in the argument
for not taking into consideration also (z’,w’) — (z, z), which can be removed by

3For more about the life and work of Janos Eréd, see [15] and [16].
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showing uniformity of the limit.) Hence, for smooth 0K with strictly positive
curvature bounded away from 0, we can define F(z, z) := 2/k(z) = 2p(z). This
makes F' a continuous function all over 9K?2, hence it stays bounded, and we
are done. O

We will return to this theorem and provide a somewhat different, complete
proof giving also the value ¢(K) = k/2 of the constant later in §6. For an
analysis of the slightly incomplete, nevertheless essentially correct and really
innovative proof of Eréd see [15].

From this argument it can be seen that whenever we have the property (1.9)
for all given boundary points z € 0K, then we also conclude the statement.
This explains why Eréd could allow even vertices, relaxing the conditions of
the above statement to hold only piecewise on smooth Jordan arcs, joining at
vertices. However, to have a fixed bound, either the number of vertices has to
be bounded, or some additional condition must be imposed on them. Erdd did
not elaborate further on this direction.

Convex domains (or sets) not satisfying the R-circularity criteria with any
fixed positive value of R are termed to be flat. Clearly, the interval is flat,
like any polygon or any convex domain which is not strictly convex. From this
definition it is not easy to tell if a domain is flat, or if it is circular, and if so,
then with what (best) radius R. We will deal with the issue in this work, aiming
at finding a large class of domains having cn order of the inverse Markov factor
with some information on the arising constant as well.

On the other hand a lower estimate of the inverse Markov factor of the same
order as for the interval was obtained in full generality in 2002, see [8, Theorem
3.2].

Theorem 1.6 (Levenberg-Poletsky). If K C C is a compact, convex
set, d := diam K is the diameter of K and p € P,SO)(K), then we have

NG

/
171> 55 dram iy 11

(1.10)

Clearly, we can have no better order, for the case of the interval the y/n order
is sharp. Nevertheless, already Eréd [6, p. 74] addressed the question: “For
what kind of domains does the method of Turan apply?” Clearly, by “applies”
he meant that it provides cn order of oscillation for the derivative.

The most general domains with M (K) > n, found by Erdd, were described
on p. 77 of [6]. Although the description is a bit vague, and the proof shows
slightly less, we can safely claim that he has proved the following result.
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Theorem 1.7 (Eréd). Let K be any convexr domain bounded by finitely
many Jordan arcs, joining at vertices with angles < m, with all the arcs being
C?-smooth and being either straight lines of length { < A(K)/4, where A(K)
stands for the transfinite diameter of K, or having positive curvature bounded
away from 0 by a fized constant. Then there is a constant c¢(K), such that
M, (K) > c¢(K)n for alln € N.

To deal with the flat case of straight line boundary arcs, Erdd involved
another approach, cf. [6, p. 76], appearing later to be essential for obtaining
a general answer. Namely, he quoted Faber [7] for the following fundamental
result going back to Chebyshev.

Lemma 1.2 (Chebyshev). Let J = [u,v] be any interval on the complex
plane with u # v and let J C R C C be any set containing J. Then for all k € N

we have
k

min_max |[](z = wy)| > 2 <E!>k ‘ (1.11)
j=1

Proof. This is essentially the classical result of Chebyshev for a real interval,
cf. [2, 9], and it holds for much more general situations (perhaps with the loss of
the factor 2) from the notion of Chebyshev constants and capacity, cf. Theorem
5.5.4. (a) in [11]. 0

The relevance of Chebyshev’s Lemma is that it provides a quantitative way
to handle contribution of zero factors at some properly selected set J. One uses
this for comparison: if |p(¢)| is maximal at ( € 0K, then the maximum on some
J can not be larger. Roughly speaking, combining this with geometry we arrive
at an effective estimate of the contribution, hence even on the location of the
ZEroes.

In his recent work [5], Erdélyi considered various special domains. Apart
from further results for polynomials of some special form (e.g. even or real
polynomials), he obtained the following.

Theorem 1.8 (Erdélyi). Let Q denote the square domain with diagonal
[—1,1]. Then for all polynomials p € Pp(Q) we have

]| = Conllp] (1.12)

with a certain absolute constant Cy.

Note that the regular n-gon K, is already covered by Erdd’s Theorem 1.7 if
n > 26, but not the square @, since the side length h is larger than the quarter
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of the transfinite diameter A: actually, A(Q) =~ 0.59017 ... h, while
_ I'(1/n)
/w220 (1/2 + 1/n)

see [11, p. 135]. Erdélyi’s proof is similar to Eréd’s argument®: sacrificing
generality gives the possibility for a better calculation for the particular choice
of Q.

Returning to the question of the order in general, let us recall that the
term convexr domain stands for a compact, convex subset of C having nonempty
interior. Clearly, assuming boundedness is natural, since all polynomials of
positive degree have ||p|| , = oo when the set K is unbounded. Also, all convex
sets with nonempty interior are fat, meaning that cl(K) = cl(intK). Hence
taking the closure does not change the sup norm of polynomials under study.
The only convex, compact sets, falling out by our restrictions, are the intervals,
for what Turdn has already shown that his ¢y/n lower estimate is of the right
order. Interestingly, it turned out that among all convex compacta only intervals
can have an inverse Markov constant of such a small order.

To study (1.1) some geometric parameters of the convex domain K are
involved naturally. We write d := d(K) := diam (K) for the diameter of K, and
w := w(K) := width (K) for the minimal width of K. That is,

A(K,) h>4h iff  n > 26,

K):= mi R(ze ) — minR(ze ") | . 1.13
w(K) = _min_ (maxR(ze ) - mipR(ze ) ) (113)
Note that a (closed) convex domain is a (closed), bounded, convex set K C C
with nonempty interior, hence 0 < w(K) < d(K) < co. Our main result is the
following.

Theorem 1.9. Let K C C be any convex domain having minimal width
w(K) and diameter d(K). Then for all p € P (K) we have
w(K)

1wl |
> C(K)n with C(K) =0.0003———= . 1.14
o = ¢ ) 2(E) (114)

Then again, as regards the order of magnitude, (and in fact apart from an
absolute constant factor), this result is sharp for all convex domains K C C.

Theorem 1.10. Let K C C be any compact, connected set with diameter d
and minimal width w. Then for all n > ng := ng(K) := 2(d/16w)?log(d/16w)

4Erdélyi was apparently not aware of the full content of [6] when presenting his rather
similar argument.
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there exists a polynomial p € 777(10) (K) of degree exactly n satisfying

w(K)
?*(K)

[P < C"(K) n|pll  with  C'(K) =600 (1.15)

Remark 1.1. Note that here we do not assume that K be convex, but
only that it is a connected, closed (compact) subset of C. (Clearly the condition
of boundedness is not restrictive, ||p|| being infinite otherwise.)

In the proof of Theorem 1.9, due to generality, the precision of constants
could not be ascertained e.g. for the special ellipse domains considered in [6].
Thus it seems that the general results are not capable to fully cover e.g. Theorem
1.3.

However, even that is possible for a quite general class of convex domains
with order n inverse Markov factors and a different estimate of the arising con-
stants. This will be achieved working more in the direction of Eréd’s first ob-
servation, i.e. utilizing information on curvature.

Since these results need some technical explanations, formulation of these
will be postponed until §6. But let us mention the key ingredient, which clearly
connects curvature and the notion of circular domains. In the smooth case, it
is well-known as Blaschke’s Rolling Ball Theorem, cf. [1, p. 116].

Lemma 1.3 (Blaschke). Assume that the conver domain K has C?
boundary I' = OK and that there exists a positive constant k > 0 such that
the curvature k() > k at all boundary points ¢ € I'. Then to each boundary
points ¢ € I' there exists a disk Dg of radius R = 1/k, such that ( € 0Dpg, and
K C Dg.

Again, geometry plays the crucial role in the investigations of variants when
smoothness and conditions on curvature are relaxed. We will strongly extend
the classical results of Erdd, showing that conditions on the curvature suffices
to hold only almost everywhere (in the sense of arc length measure) on the
boundary.

Theorem 1.11. Assume that the convex domain K has boundary I' =
OK and that the a.e. existing curvature of I' exceeds k almost everywhere, or,
equivalently, assume the subdifferential condition (3.6) (or any of the equivalent

formulations in (3.1)-(3.6)) with A = k. Then for all p € Py(LO)(K) we have

K
Pl = Snlpll - (1.16)
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FiGure 1. The Ellipse Ej is b-circular according to the Rolling
Ball Theorem of Blaschke. Therefore, ||p'||/||p|| > bn/2.

This also hinges upon geometry, and we will have two proofs. One is es-
sentially an application of a recent, quite far-reaching extension of the Blaschke
Theorem by Strantzen. The other involves even more geometry: it hinges upon
a new, discrete version of the Blaschke Rolling Ball Theorem, (which easily im-
plies also Strantzen’s Theorem), but which is suitable, at least in principle, to
provide also some degree-dependent estimate of M, (K) by means of the mini-
mal oscillation or change of the outer unit normal vector(s) along the boundary
curve.

For applications to various domains, where yields of the different estimates
can also be compared, see the later sections. Before that, in the next section we
discuss the most general result, Theorem 1.9, and its sharpness, as expressed
by Theorem 1.10.

In §3 we start with describing the underlying geometry, and in §5 we will
describe variants and extensions on the theme of the Blaschke Rolling Ball
Theorem. Finally, in §6 we will formulate the resulting theorems and analyze
the yields of them on various parametric classes of domains.

2. A discussion of the proof of the main theorem and its sharpness

Here we only comment on the ideas of the proofs, which otherwise are several
pages long fine estimates and calculations. However, the point is not in the
calculations themselves, but in the geometrical ideas behind. Those are what



TURAN-EROD TYPE CONVERSE MARKOV INEQUALITIES ... 261

we try to explain a bit here. With the ideas clarified, it is still a matter of
rather delicate, technical work, but still possible — without the proper insight it
is rather improbable that one would just blindly compute them. In this regard
we also thank a great deal to Prof. Gabor Haldsz, who provided us one of the
key geometrical ingredients by suggesting a really insightful modification of our
original argument. On the other hand, the proof is elementary in the sense that
no special theoretical knowledge is required from the reader to fully follow the
proofs, check the calculations in [13] or [17].

Let us recall that after the general result of Theorem 1.6 of Levenberg and
Poletsky it was widely felt that no better, than the \/n order, can be obtained
for arbitrary convex bodies. Research was thus directed to special sets, still
admitting better order Turan-Markov constants. It was a surprise when our
preprint [14] surpassed \/n proving n?/3 in general. In fact, there were serious
people stating that this is the right order and that they have computed the then
seemingly extremal, difficult to handle triangle having Turan-Markov constant
of that order. As we could not reconstruct, could not conclude the allegedly
working counterexample, we discussed the situation with Gabor Haldsz, who
first also tried to fix the calculations, but then came up with the observation
that our method, considering exactly normal lines to the selected maximal point
¢ € OK with |p(¢)| = |lp|lx is not optimal for the triangle.

He observed, that with ¢ situated close (but not at) a vertex, the normal line
provides a loss in the estimates, as the distance from zeroes lying possibly on
(or close to) the (longer) part of the side of the triangle where ( sits, grows, in
view of the Pithagorean Theorem, only proportionally to 62, if § is the distance,
measured inward along the normal line, from ¢. For small § and h (length of
intersection of the normal line and K) this is a serious loss, compared to linear
increase ¢d if we can consider a slanted line, not normal, but tilted towards the
short end of the side, where ( sits (i.e towards the close vertex of the triangle).
Actually, this observation gave almost immediately an order n Turdn-Markov
constant for the triangle, and finally proved to be equally powerful for the general
case, too.

Let us thus go over the idea of the full proof now. Throughout we will
assume, as we may, that K is also closed, hence a compact convex set with
nonempty interior.

We start with picking up a boundary point ¢ € 0K of maximality of |p|, and
consider a supporting line at ¢ to K. Our original argument of [14] then used
a normal direction and compared values of p at ( and on the intersection of K
and this normal line.

Essential use is made of the fact that in case the length h of this intersection
is small (relative to w), then, due to convexity, the normal line cuts K to halves
unevenly: one part has to be small (of the order of h). That is, the situation in
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w-h)

FIGURE 2. If the normal line is short, it cuts K to halves unevenly.

the general case is rather similar to the triangle — if the intersection of K with
the normal is small, then one half of K, as divided by the normal, is altogether
small. That was explicitly formulated in [14], and is used implicitly also in [17]
through various calculations with the angles.

It is a major geometric feature at our help that when h is small, then one
portion of K, cut into half by our slightly tilted line, is also small. This is the
key feature which allows us to bend the direction of the normal a bit towards
the smaller portion of K°.

As said, in the proof written up in [13], we compare the values of p at ¢
and on a line slightly slanted off from the normal. Comparing these calculations
and the ones in [14] one can observe how this change led to a further, essential
improvement of the result through improving the contribution of the factors
belonging to zeroes z close to the supporting line. In [14] we could get a square
term only (in terms of the distance ¢ < h we move away from the tangent point
¢ = O along the normal), due to orthogonality and the consequent use of the
Pythagorean Theorem in calculating the distances. However, here we obtain
linear dependence in t via the general cosine theorem for the slanted segment J.

As a result of the improved estimates squeezed out this way, we do not need
to employ the second usual technique, also going back to Turan, i.e. integration
of (p'/p)" over a suitably chosen interval. As pointed out already in [14], this
part of the proof yields weaker estimates than cn, so avoiding it is not only a
matter of convenience, but is an essential necessity.

The proof of the sharpness result Theorem 1.10 also relies on the under-
standing of the geometry of the situation. Let us recall, how it starts.

Take a,b € K with |a —b] = d and m € N with m > mg to be determined
later. Consider the polynomials ¢(z) := (z—a)(z—b), p(z) = (z—a)™(z—b)"" =

5If we try tilting the other way we would fail badly, even if the reader may find it difficult to
distill from the proof where, and how. But if there were zeroes close to (or on) the supporting
line and far from ¢ in the direction of the tilting, then these zeroes were farther off from ¢,
than from the other end of the intersecting segment. That would spoil the whole argument.
However, since K is small in one direction of the supporting line, tilting towards this smaller
portion does work.
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z o

Ficure 3. Tilting the normal line improves the growth of dis-
tance from zeroes z on or close to the supporting line to linear.

q¢™(2) and P(z) = (z — a)™(z — b)) = (2 — b)q™(z). Clearly, p, P € PT(lO)(K)
with n = degp = 2m and n = deg P = 2m + 1, respectively. We claim that
for appropriate choice of mg these polynomials satisfy inequality (1.15) for all
n > 2mg.

Without loss of generality we may assume ¢ = —1, b = 1 and thus d = 2,

as substitution by the linear function ®(z) := %z — gfg shows. Indeed, if we

prove the assertion for K := ®(K) and for p(z) = (z + 1)™(z — 1)™, P(z) =

(z +1)™(z — 1)™*! defined on K, we also obtain estimates for p = po ® and

P = Po® on K. The homothetic factor of the inverse substitution o1 s
A= ’bfTa‘ = d(K)/2, and width changes according to w(K) = 2w(K)/d(K).
Note also that under the linear substitution ® the norms are unchanged but
for the derivatives ||p’|| = A~!(|p’|| and ||P’|| = A~||P’||. So now we restrict to
a=—-1,b=1,d=2and ¢q(z) := 22 — 1 etc.

First we make a few general observations. One obvious fact is that the
imaginary axes separates a = —1 and b = 1, and as K is connected, it also
contains some point ¢ = it of K. Therefore, ||q|| > |g(c)| = 1 + % > 1. Also, it
is clear that ¢/(z) =22z = (2 — 1) + (2 + 1): thus, by definition of the diameter

gl <Mz =1 +lz+ 1] <4. (2.1)
Let us put wh := sup,cg Sz and w™ := —inf,ex 2. We can estimate
w’ := max(w™,w™) from above by a constant times w. That is, we claim that

for any point w = a+1if € K we necessarily have |3| < v/2w and so the domain
K lies in the rectangle R := con{—1 — iv/2w, 1 — iv/2w, 1 +iv/2w, —1 4+ iv/2w}.

To see this first note that 8 < v/3, since d(K) = 2 by assumption. Recalling
(1.13), take e be the direction of the minimal width of K: by symmetry, we may
take 0 < v < 7. Then there is a strip of width w and direction ie’” containing
K, hence also the segments [—1, 1] and [a, v + i3]. It follows that 2|cosvy| < w
and Bsiny < w. The second inequality immediately leads to f < 2w if
v € [r/4,37/4]. So let now v € [0,7/4) U [37/4,7), i.e. |cosy| > 1/v/2.
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Applying also 3 < v/3 now we deduce 8 < V3 < /3/22|cosy| < /3/2w,
whence the asserted w* < /2w is proved.

The rest is a (tedious, delicate) computation of norms of the polynomials
D, P and their derivatives in the rectangle R. We spare the reader from details
referring to [13] or [17].

3. Some geometrical notions

Let R? be the usual Euclidean space of dimension d, equipped with the
Euclidean distance | - |. Our starting point is the following classical result of
Blaschke [1, p. 116].

Theorem 3.1 (Blaschke). Assume that the convex domain K C R? has
C? boundary T' = OK and that with the positive constant kg > 0 the curvature
satisfies k(z) < ko at all boundary points z € I'. Then to each boundary points
z € T there exists a disk Dg of radius R = 1/kg, such that z € ODpg, and
Dr C K.

Note that the result, although seemingly local, does not allow for exten-
sions to non-convex curves I'. One can draw pictures of leg-bone like shapes of
arbitrarily small upper bound of (positive) curvature, while at some points of
touching containing arbitrarily small disks only. The reason is that the curve,
after starting off from a certain boundary point x, and then leaning back a bit,
can eventually return arbitrarily close to the point from where it started: hence
a prescribed size of disk cannot be inscribed.

On the other hand the Blaschke Theorem extends to any dimension d € N.

Also, the result has a similar, dual version, too, see [1, p. 116]. This was
formulated already in Lemma 1.3 above.

Now we start with introducing a few notions and recalling auxiliary facts.
In §4 we formulate and prove the two basic results — the discrete forms of the
Blaschke Theorems. Then we show how our discrete approach yields a new,
straightforward proof for a more involved sharpening of Theorem 3.1, originally
due to Strantzen.

Recall that the term planar convex body stands for a compact, convex subset
of C = R? having nonempty interior. For a (planar) convex body K any interior
point z defines a parametrization y(¢) — the usual polar coordinate representa-
tion of the boundary 0K, — taking the unique point {z + te’? : t € (0,00)} N OK
for the definition of y(¢). This defines the closed Jordan curve I' = 0K and
its parametrization v : [0,27] — C. By convexity, from any boundary point
¢ = v(0) € OK, locally the chords to boundary points with parameter < 6 or
with > 6 have arguments below and above the argument of the direction of any
supporting line at (. Thus the tangent direction or argument function «_(6)
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can be defined as e.g. the supremum of arguments of chords from the left; simi-
larly, o (6) == inf{arg(z — ¢) : 2 =(¢), > 0}, and any line ¢ + ¢’ with
a—(0) < B < ay(0) is a supporting line to K at ( = y(0) € OK. In particular
the curve v is differentiable at ( = (0) if and only if a_(0) = a4 (0); in this case
the tangent of v at ¢ is ¢ + €’®R with the unique value of a = a_(6) = a ().
It is clear that interpreting a4 as functions on the boundary points ( € 0K, we
obtain a parametrization-independent function. In other words, we are allowed
to change parameterizations to arc length, say, when in case of |I'| = ¢ (|T']
meaning the length of I' := 0K) the functions ax map [0, 4] to [0, 27].

Observe that a are nondecreasing functions with total variation Var [a4] =
27, and that they have a common value precisely at continuity points, which
occur exactly at points where the supporting line to K is unique. At points
of discontinuity a4 is the left-, resp. right continuous extension of the same
function. For convenience, and for better matching with [3], we may even define
the function a := (a4 + a_)/2 all over the parameter interval.

For obvious geometric reasons we call the jump function § := a; — a_ the
supplementary angle function. In fact, 8 and the usual Lebesgue decomposition
of the nondecreasing function a4 to ay = o + ax + «p, consisting of the pure
jump function o, the nondecreasing singular component «,, and the absolute
continuous part «g, are closely related. By monotonicity there are at most
countable many points where 3(z) > 0, and in view of bounded variation we even
have ) ((z) < 27, hence the definition p := )" 3(x)d, defines a bounded,
non-negative Borel measure on [0,27). Now it is clear that o(x) = u(|[0,z]),
while o/, = 0 a.e., and «g is absolutely continuous. In particular, o or o
is differentiable at x provided that S(z) = 0 and x is not in the exceptional
set of non-differentiable points with respect to a, or ag. That is, we have
differentiability almost everywhere, and

y

[ e = o) - aofa) = tim ao(w) - au(z)
xT

z—x—0
= 1im {[a+(y) — o(y) — ou ()] — [+ (2) — 0(2) — an ()]}
=ap(y)=By) =z, y))—lim oy (z)— lim [on(y)—au(z)] <a-(y) —aq(2).

z—x—0 z—x—0
(3.1)
It follows that
dt)>XN  ae tel0,d (3.2)
holds true if and only if we have
ax(y) —ax(r) =2 Ay —=z)  Va,ye(0,qd]. (3.3)

Here we restricted ourselves to the arc length parametrization taken in posi-
tive orientation. Recall that one of the most important geometric quantities,
curvature, is just x(s) := o/(s), whenever parametrization is by arc length s.
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Thus we can rewrite (3.2) as

k(t) > A a.e. te€0,a], (3.4)
or, with radius of curvature p(t) := 1/k(t) introduced (writing 1/0 = c0),
1
p(t) < X a.e. te(0,a]. (3.5)

Again, p is a parametrization-invariant quantity (describing the radius of the
osculating circle). Actually, it is easy to translate all these conditions to arbi-
trary parametrization of the tangent angle function . Since also curvature and
radius of curvature are parametrization-invariant quantities, all the above hold
for any parametrization.

Moreover, with a general parametrization let |I'(n, ()| stand for the length
of the counterclockwise arc I'(n, () of the rectifiable Jordan curve I" between
the two points (,n € I' = 0K. We can then say that the curve satisfies a
Lipschitz-type increase or subdifferential condition whenever

ax(n) —ax(O 2 AT, Q) (V¢nel), (3.6)

here meaning by a4 (§), for £ € I', not values in [0, 27), but a locally monotonously
increasing branch of a., with jumps in (0,7), along the counterclockwise arc
I'(n,¢) of I'. Clearly, the above considerations show that all the above are
equivalent.

In the paper we use the notation « (and also ay) for the tangent angle, s
for the curvature, and p for the radius of curvature. The counterclockwise taken
right hand side tangent unit vector(s) will be denoted by t, and the outer unit
normal vectors by n. These notations we will use basically in function of the
arc length parametrization s, but with a slight abuse of notation also a_(¢),
t(x), n(x) etc. may occur with the obvious meaning.

Note that t(x) = in(x)) and also t(x) = %(s) when x = x(s) € v and
the parametrization/differentiation, symbolized by the dot, is with respect to
arc length; moreover, with v(s) : arg(n(x(s)) we obviously have a = v + 7/2
mod 27 at least at points of continuity of o and v. To avoid mod 27 equality,
we can shift to the universal covering spaces and maps and consider a, 7, i.e.
t,n—e. g. in case of n we will somewhat detail this right below. However, note a
slight difference in handling v and n: the first is taken as a singlevalued function,
with values a(s) := {a_(s) + a(s)} at points of discontinuity, while i is a
multivalued function attaining a full closed interval [n_(s),ny(s)] whenever s
is a point of discontinuity. Also recall that curvature, whenever it exists, is
[5(s)| = a’(s) = 1'(s).

In this work we mean by a multi-valued function ® from X to Y a (non-
empty-valued) mapping ® : X — 2V \ {0}, i.e. we assume that the domain of
® is always the whole of X and that ) # ®(z) C Y for all x € X. Recall the
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notions of modulus of continuity and minimal oscillation in the full generality
of multi-valued functions between metric spaces.

Definition 3.1 (modulus of continuity and minimal oscillation). Let
(X,dx) and (Y, dy) be metric spaces. We call the modulus of continuity of the
multivalued function ® from X to Y the quantity

w(®,7) :=sup{dy(y,y) : =2’ € X, dx(z,2') <7, y € ®(x), v € ®(z')}.
Similarly, we call minimal oscillation of ® the quantity
Q®,7) :=inf{dy(y,v) : 2,2 € X, dx(x,2') > 71, y € ®(x), y € d(2')}.

If we are given a multi-valued unit vector function v(x) : H — 25" "\ {0},
where H € R% and S%~! is the unit ball of R%, then the derived formulae become:

w(7):=w(v,7):=sup{arccos(u,w) : x,y € H, [x—y| <7, ue |lv(x),wev(y)},
(3.7)
and

Q(7):=Q(v, 7):=inf{arccos(u, w) : x,y € H, |x—y| > 7, uev(x), wev(y)}.
(3.8)
For a planar multi-valued unit vector function v : H — 25" \ {0}, where
H C R? ~ C and S! is the unit circle in R?, we can parameterize the unit circle
S by the corresponding angle ¢ and thus write v(x) = €/®®) with ®(x) :=
arg(v(x)) being the corresponding angle. We will somewhat elaborate on this
observation in the case when our multi-valued vector function is the outward
normal vector(s) function n(x) of a closed convex curve.
Let v be the boundary curve of a convex body in R?, which will be considered
as oriented counterclockwise, and let the multivalued function n(x) : v — 25\
{0} be defined as the set of all outward unit normal vectors of v at the point
x € 7. Observe that the set n(x) of the set of values of n at any x € v is
either a point, or a closed segment of length less than m. Then there exists a
unique lifting n of n from the universal covering space ¥(~ R, see below) of
7 to the universal covering space R = S 1 of S', with the respective universal
covering maps 7, : 4 — v and 7g1 : S — S 1 with properties to be described
below. Here we do not want to recall the concept of the universal covering spaces
from algebraic topology in its generality, but restrict ourselves to give it in the
situation described above. As already said, S! = R and the corresponding
universal covering map is mg1 :  — (cosz,sinx) (We consider, as usual, S*
as R mod 27.) Similarly, for v we have 4 = R, with universal covering map
7y : R — 7 given in the following way. Let us fix some arbitrary point xg € v,
(the following considerations will be independent of xg, in the natural sense).
Let us denote by ¢ the length of v. Then for A € R = 4 we have that m,(\) € v



268 Sz. Gy. Révész

is that unique point x of «, for which the counterclockwise measured arc xpx
has a length A mod /.
~ Now we describe the postulates for the multivalued function n: R =5 —
S1 = R, which determine it uniquely. First of all, we must have the equality mg1 0
n = no 7, where o denotes the composition of two multivalued functions. (In
algebraic topology this is called commutativity of a certain square of mappings.)
Second, the values of n must be either points or non-degenerate closed intervals
(of length less than 7; however this last property follows from the other ones).
Third, n must be non-decreasing in the following sense: for A1, As € R, A1 < Ao
we have r1 € n(\),r2 € n(A2) = r; < ro. Further, n must be a non-
decreasing multivalued function, continuous from the left, i.e., for any A € R
we have that for any e > 0 there exists a § > 0, such that U,cn_snn(pn) C
(minn(A) —e, minn(\)). Analogously, n must be a non-decreasing multi-valued
function continuous from the right, i.e., for any A € R we have that for any
e > 0 there exists a § > 0, such that U,y x15)0(p) C (maxn()), maxn(A)+e).
These are all the postulates for the multi-valued function n. It is clear, that n
exists and is uniquely determined, for fixed x¢ (and, for xg arbitrary, only the
parametrization of R = 4 changes, by a translation.)

The above listed properties imply still one important property of the multi-
valued function n: we have for any A € R that n(A 4+ ¢) = n(\) + 2.

Definition 3.2. We define the modulus of continuity of the multi-valued
normal vector function n(x) with respect to arc length as the (ordinary) modulus
of continuity of the multi-valued lift-up function n: R — R\ {0}, i.e. as

o(1):==0(n,7) :=w(n,r)
= sup{|7‘1 — r2| | r € fl()\l),TQ S fl()\g), )\1,)\2 S R, |>\1 — )\2’ < T}.
(3.9)

Similarly, we define the minimal oscillation of the multi-valued normal vector
function n(x) with respect to arc length as the (ordinary) minimal oscillation
function of n, i.e. as

Q1) :==Q(n, 1) == Q(n, 7)
=inf{|r1 —ro| | r1 € (A1), 72 € D(A2), A1, A2 € R, [\ — Ao > 7}
(3.10)

By writing "modulus of continuity” we do not mean to say anything like
continuity of n. In fact, if for some A € R n(\) is a non-degenerate closed
segment, then the left-hand side and right-hand side limits of n at A - in the
sense of the definition of continuity from the left or right, respectively - are
surely different.
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We evidently have that the modulus of continuity of n is subadditive, mean-
ing w(m1 + 1) < @(m1) + @(m2), and similarly, that the minimal oscillation of
i is superadditive, meaning Q(7; + 7) > Q(m1) + Q(m). In fact, a standard
property of the modulus of continuity of any (non-empty valued) multivalued
function from R (or from any convex set, in the sense of metric intervals)
to R is subadditivity, and similarly, minimal oscillation of such a function is
superadditive. These properties with non-negativity and non-decreasing prop-
erty also imply that &(7)/7 and Q(7)/7 have limits when 7 — 0; moreover,
lim, o &(7)/7 = sup@(7) /7 and lim,_o Q(7) /7 = inf Q(7) /7. Note that metric
convexity is essential here, so e.g. it is not clear if in R? any proper analogy
could be established.

Observe that if the curvature of 7y exists at xg, then for the non-empty valued
multi-valued function n(x) :="set of values of all outer unit normal vectors of
v at x”, we necessarily have #n(xgp) = 1 and the curvature can be written as

arccos(n(xgp), v)

K(x0) = lim

, 3.11
y—xo ven(y) %0 — | (3.11)

where the limit in (3.11) exists with arbitrary choice of v € y and is independent
of this choice.

The next two propositions are well-known. We, however, detail their proof
in [12] and also in [17] for self-contained presentation, which we do not aim at
here.

Proposition 3.1. Let v be a planar convex curve. Recall that (3.7) and
(3.8) is the modulus of continuity and the minimal oscillation of the multi-valued
normal vector function n(x) with respect to chord length, and that (3.9) and
(3.10) stand for the modulus of continuity and the minimal oscillation of n(x)
with respect to arc length. Then for all x € v with curvature k(x) € [0, 00] we
have

tim 20 _ i, A7) = lim —2, (3.12)

T—0 T T—0 T T—0 T T—0 T

In the following proposition arccos will denote the branch with values in
[0, 7).

Proposition 3.2. Let v be a closed convex curve, and (3.7) and (3.8) be
the modulus of continuity and the minimal oscillation of the (in general, multi-
valued) unit normal vector function n(x).

(i) If the curvature exists and is bounded from above by ko all over v, then
there exists a bound 19 > 0 so that for any two points x,y € v with |x —y| <
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7 < 79 we must have w(n,T) < m/2 and arccos(n(x),n(y)) < ror/cos(w(n, 7)).
Thus we also have w(n, 7) < Ko7/ cos(w(n, 7)) for 7 < 79.

(ii) If the curvature k(x) exists (linearly, that is, according to arc length
parametrization) almost everywhere, and is bounded from below by kg (linearly)
almost everywhere on v, then for any two points X,y € v with |x —y| > 7 and
for all u € n(x),v € n(y) we have arccos(u, v) > ko7 and hence Q(n,T) > KoT.

Rotations of C = R? about the origin O by the counterclockwise measured
(positive) angle ¢ will be denoted by U, that is,

U.— [ cos¢ —sing (3.13)
? sing cosp ) '

We denote T the reflection to the y-axis, i.e. the linear mapping defined by
-1 0
(o 1)

Definition 3.3 (Mangled n-gons). Let 2 < k € N and put n = 4k — 4,

¢* 1= g. We define the standard mangled n-gon as the convex n-gon

Mk ‘= con {Ala cee 7Ak—17 Ak+17 ey AQk—la A2/€+15 ey A3l€—1)A3k+17 ey A4k—1}7

(3.14)
of n = 4k — 4 vertices with
m Lm/k] m Lm/k)
Ap = Zcos(jgp*) - Z cos(lke™), Zsin(jap*) - Z sin(Cke*) | ,
j=1 =1 j=1 =1
(3.15)

where m € {1,...,4k}\ {k, 2k, 3k,4k}. That is, we consider a regular 4k-gon of
unit sides, but cut out the middle ”cross-shape” (i.e., the union of two rectangles
which are the convex hulls of two opposite sides of the regular 4k-gon, these
pairs of opposite sides being perpendicular to each other) and push together
the left over four quadrants (i.e., shift the vertices Ay to the position of Ay,
consecutively to join the remaining sides of the polygon. Observe that taking
Ap := O, the same formula (3.15) is valid also for Ay := O = Ay, = A1 and
Ap = Ape—1, £ =1,2,3,4, showing how the vertices of the regular 4k-gon were
moved into their new positions.)

Now let 7 > 0, a € R, x € R? and ¢ € (0, 7/4] be arbitrary. Take k := [%J,

so that ¢ := 7 > .
Then we write M (p) := M}, and, moreover, we also define

M(x,0,p,7) = M(x,a,0",7) := Uy (TMy) + x, (3.16)
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FIGURE 4. Left: The regular, mangled and fattened n-gons with
n = 12. For n — oo the sizes are all closer and closer to each
other and the same circle. Right: The shaded "middle cross” of
the regular n-gon is either cut out (in the mangled) or doubled
(in the fattened) n-gon.

that is, the copy shifted by x of the 4k — 4-gon obtained by dilating M (¢) = Mj,
from O = Ag = Ay,_1 with 7 and rotating it counterclockwise about O by the
angle a.

E.g. if ¢ € (7/6,7/4], then k = 2, ¢* = 7/4, n = 4, and My is just a unit
square, its side lines having direction tangents 1 and having its lowest vertex
at O. It is the left over part, pushed together, of a regular octagon of unit side
length, when the middle cross-shape is removed from its middle.

It is easy to see that the inradius p(y) and the circumradius R(y) of M (¢) =
M(p*) = My, are

r(p) = 13cot & —+/2cos il Gl , |
{ R(p) :zicot;’l{—l}, ( K >} (k - B‘PJ>7
(3.17)

respectively.
Similarly to the mangled n-gons M), we also define the fattened n-gons Fy.

Definition 3.4 (Fattened n-gons). Let k € N and put n = 4k, ¢* := ..
We first define the standard fattened n-gon as the convex n-gon
Fyi=con{Ay,..., Ap1, Ap, Ay, Aag—1, Aar ), (3.18)
of n = 4k vertices with
m lm/k] m Lm/k]
Ay = Zcos(jgo*) + Z cos((kgo*),Zsin(jgp*) + Z sin(Lke™)
j=1 =0 j=1 =0
(3.19)
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That is, we consider a regular 4k-gon , but fatten the middle ”cross-shape” to
twice as wide, and move the four quadrants to the corners formed by this width-
doubled cross (i.e., shift the vertices Ay to the position of A1 +2(Ap—Apk—1)
consecutively to join the remaining sides of the polygon). Observe that Ay =
(—1,0) and Ay = (1,0).

Let 7 > 0, a € R, x € R? and ¢ € (0,7) be arbitrary. Now we take

k= {ﬁ—‘, whence ¢* := - < .

Then we write F'(p) := Fj, and, moreover, we also define
Fx,o,p,7) = F(x,a,0",7) := U, (TF) + X, (3.20)

that is, the copy shifted by x of the 4k-gon obtained by dilating F(¢) = Fy,
from O with 7 and rotating it counterclockwise about O by the angle a.

E.g. if ¢ > 7w/2, then k = 1, ¢* = 7/2, n = 4, and F} is just the square
spanned by the vertices (1,0), (1,2), (-1,2), (-1,0) and having sides of length 2.

Observe that using the usual Minkowski addition, we can represent the con-
nections of these deformed n-gons and the regular n-gon easily. Write @,, for
the regular n-gon placed symmetrically to the y-axis but above the z-axis with
O € 0Q, a midpoint (hence not a vertex) of a side of @,. (This position
is uniquely determined.) Also, denote the standard square as S = @y =
con{(1/2,0);(1/2,1);(—1/2,1);(—1/2,0)}. Then we have M}, + S = Q4 and
Q. + S = Fj.

It is also easy to see that the inradius t(¢) and the circumradius 2R(y) of
F(p) = F(¢") are

1 T 1 s
t(p) = B cot e +3 (k: = [W-D , (3.21)
and
4 o= if 2| k
2sin 7 V2 ™
R(p) = N = < = [ D . (322
\/%4-4811112&4-%00‘5@ if 2| k 2
respectively.

The actual values of the above in- and circumradii in (3.17), (3.21), (3.22)
are not important, but observe that for ¢ — 0, or, equivalently, for k — oo, we
1

have the asymptotic relation r(¢) ~ R(p) ~ () ~ R(p) ~ 2

4. Discrete versions of the Blaschke Rolling Ball Theorems

Our further results will all be derived from various extensions and strength-
ening of the Blaschke Theorem. In this section we skip the tedious, elaborate
proofs, to be found in [12] and also in [17]. However, we list the geometry re-
sults, which may be of independent interest. At least we know of other useful
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V

FIGURE 5. Outscribed circles and n-gons at a boundary point
as provided by the smooth and discrete dual Blaschke Theorems.

applications of them in analytic problems, so it may prove to be useful elsewhere
for others, too.

Theorem 4.1. Let K C C be a convex body and 0 < ¢ < 7/4. Denote n the
(multivalued) function of outer unit normal(s) to the closed conver curve vy :=

0K and assume that w(n,7) < ¢ < w/4. Put k := {%J If x € 0K =7, and

ng = (sina, — cos ) € n(x) is outer unit normal to vy at x, then M(x,a, ¢, T) C

K.

An even stronger version can be proved considering the modulus of continu-
ity @ with respect to arc length. We thank this sharpening to Endre Makai, who
kindly called our attention to this possibility and suggested the crucial Lemma
for the proof.

Theorem 4.2. Let K C C be a planar conver body and 0 < ¢ < /4.
Denote n the (multivalued) function of outer unit normal(s) to the closed convex

curve v := 0K and assume that (1) < ¢ < w/4. Put k := L%J If x €

0K =, and ng = (sina, —cosa) € n(x) is outer unit normal to v at x, then
M(x,a,0,7) C K.

Finally, as in case of the classical Blaschke theorems, there is a dual version
of all these considerations. The result is this.

Theorem 4.3. Let K C C be a (planar) conver body and T > 0. Denote

n the (multivalued) function of outer unit normal(s) to the closed convex curve
v := 0K and assume that Q(n,7) > . Take k := [%-‘ Ifx € K = ~, and

ny = (sina, — cos ) € n(x) is normal to v at x, then F(x,a,¢,7) D K.

This is the version we actually make use of in this work, see Figure 4.
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5. Extensions of the Blaschke Rolling Ball Theorem

As the first corollaries, we can immediately deduce the classical Blaschke
theorems. We denote by D(x,r) the closed disc of center x and radius r.

Proof of Theorem 3.1. Let 7y be the bound provided by (i) of Proposition
3.2. Under the condition, we find (with w(n, ) < 7/2)
KOT

win,7) <

= cowlm )~ #D =m) (5.1)

Let us apply Theorem 4.1 for the boundary point x € v with normal vector
n(x) = (sina, — cos a). If necessary, we have to reduce 7 so that the hypothesis
©(1) < 7/4 should hold. We obtain that the congruent copy U, (M) + x
of 7Mj, is contained in K, where k = |7/2p(7)|. Note that U,(7My) + x D
D(z,1r(¢(1))), where z = x — TR(p(7))n(x). When 7 — 0, also ¢(1) — 0,
therefore also w(n,7) — 0 in view of (5.1), and we see

lim (vR(p())) = lim (7r((7))) = lim 75 = lim “HEITD o

Note that we have made use of w(n,7) — 0 in the form cos(w(n,7)) — 1. It
follows that D(x — %On(x), %O) C K, whence the assertion. O

Note that in the above proof of Theorem 3.1 we did not assume C2-boundary,
as is usual, but only the existence of curvature and the estimate k(x) < kg. So
we found the following stronger corollary (still surely well-known).

Corollary 5.1. Assume that K C R? is a convex domain with boundary
curve vy, that the curvature k exists all over v, and that there exists a positive
constant kg > 0 so that kK < kg everywhere on . Then to all boundary point
X € 7 there exists a disk Dg of radius R = 1/ko, such that x € dDg, and
Dr C K.

Similarly, one can deduce also the “dual” Blaschke theorem, i.e. Lemmal.3,
in a similarly strengthened form. In fact, the conditions can be relaxed even
further, as was shown by Strantzen, see [3, Lemma 9.11]. Our discrete approach
easily implies Strantzen’s strengthened version, originally obtained along differ-
ent lines.

Corollary 5.2 (Strantzen). Let K C R? be a convex body with boundary
curve . Assume that the (linearly) a.e. existing curvature k of 7y satisfies

Kk > ko (linearly) a.e. on~y. Then to all boundary point x € v there exists a disk
Dp of radius R = 1/ky, such that x € 0Dpg, and K C Dpg.
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Proof. Now we start with (ii) of Proposition 3.2 to obtain Q(7) > ko7 for
all 7. Put ¢ := ¢(7) := k7. Clearly, when 7 — 0, then also ¢(7) — 0 and k :=
[7/(2¢(T))] — oo. Take n(x) = (cos e, sin ) and apply Theorem 4.3 to obtain
Ua(TF;) +x D K for all 7 > 0. Observe that D, := D((0,t(¢)), R(¢)) D Fi,
hence Uy (7D,) +x D K. In the limit, since v(o(7)) ~ R(p(1)) ~ 1/(p(1)) =
1/(koT), we find D(x — (1/ko)n, 1/kg) D K, for any n € n(x), that implies the
statement. U

6. Further results for non-flat convex domains

The above Theorem 1.3 was formulated with very precise constants. In

particular, it gives a good description of the ”inverse Markov factor”
M(Ep) .= inf M
(B):= _nf M)

when n is fixed and b — 0. In this section we aim at a precise generalization
of Theorem 1.3 using appropriate geometric notions. Qur argument stems out
of the notion of ”circular sets”, used in [8] and going back to Turdn’s work.
This approach can indeed cover the full content of Theorem 1.3. Moreover, the
geometric observation and criteria we present will cover a good deal of different,
not necessarily smooth domains. First let us have a recourse to Theorem 1.5.

Theorem 6.1. Let K C C be any convex domain with C?-smooth boundary
curve 0K =T having curvature (¢) > Kk with a certain constant k > 0 and for
all points ¢ € T'. Then M(K) > (k/2)n.

Proof. The proof hinges upon geometry in a large extent. For this smooth
case we use Blaschke’s Rolling Ball Theorem, i.e. Lemma 1.3. This means,
with our definition above, that if the curvature of the boundary curve of a twice
differentiable convex body exceeds 1/R, then the convex body is R-circular.
From this an application of Theorem 1.4 yields the assertion. O

So now it is worthy to calculate the curvature of JEj.

Lemma 6.1. Let Ey be the ellipse with major axes [—1,1] and minor axes
[—ib,ib]. Consider its boundary curve I'y. Then at any point of the curve the
curvature is between b and 1/b?.

Proof. Now we depart from arc length parameterization and use for I'y :=
OE) the parameterization y(¢) := (cos(¢), bsin(p)). Then we have

~ 3le) x A
") =R

)
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that is,

|(—sing, bcos ) X (— cosp, —bsin )|

k() = (= sin @, beos )3

bsin? ¢ + bcos? ¢
(sin? ¢ + b2 cos? )3/2
b
(sin? ¢ + b2 cos2 )3/2

Clearly, the denominator falls between (b?sin? ¢ + b2 cos? cp)3/ 2 = b3 and
(sin? @4 cos? )3/2 = 1, and these bounds are attained, hence x(v(¢)) € [b, 1/b%]
whenever b < 1. O

Proof of Theorem 1.3. The curvature of I', at any of its points is at least
b according to Lemma 6.1. Hence M (Ej) > (b/2)n in view of Theorem 6.1, and
Theorem 1.3 follows. O

However, not only smooth convex domains can be proved to be circular. E.g.
it is easy to see that if a domain is the intersection of finitely many R-circular
domains, then it is also R-circular. The next generalization is not that simple,
but is still true.

Lemma 6.2 (Strantzen). Let the convexr domain K have boundary T’ =
OK with angle function ay and let k > 0 be a fixed constant. Assume that a4
satisfies the curvature condition k(s) = o'(s) > k almost everywhere. Then K
is R =1/k-circular.

Proof. This result is essentially the far-reaching, relatively recent gener-
alization of Blaschke’s Rolling Ball Theorem by Strantzen, i.e. Corollary 5.2
above. The only slight alteration from the standard formulation in [3], sup-
pressed in the above quotations, is that Strantzen’s version assumes k(t) > k
wherever the curvature x(t) = o/(t) exists (so almost everywhere for sure), while
above we stated the same thing for almost everywhere, but not necessarily at ev-
ery points of existence. This can be overcome by reference to the subdifferential
version, too. O

Now we are in an easy position to prove Theorem 1.11.

Proof of Theorem 1.11. The proof follows from a combination of Theo-
rem 1.4 and Lemma 6.2. O
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Let us illustrate the strengths and weaknesses of the above results on the
following instructive examples, suggested to us by J. Szabados (personal com-
munication). Consider for any 1 < p < oo the £, unit ball

BY :={(z,y) : [z[" +[y[" <1}, I?:=0B" = {(z,y) : |z’ + |y|" = 1}.
(6.1)
Also, let us consider for any parameter 0 < b < 1 the affine image (”/,-ellipse”)

B (o)l < 1), T 0B = (o) ol = 1)
6.2
By symmetry, it suffices to analyze the boundary curve I' := F’g in the
positive quadrant. Here it has a parametrization I'(x) := (z,y(x)), where y(x) =
b(1— xp)l/p. As above, the curvature of the general point of the arc in the

positive quadrant can be calculated and we get

— 1)brP~2(1 — gP)1/p—2
(1 + b2a2-2(1 — ap)2/p-2)%

For p > 2, the curvature is continuous, but it does not stay off 0: e.g. at the
upper point = 0 it vanishes. Therefore, neither Theorem 6.1 nor Theorem 1.11
can provide any bound, while Theorem 1.9 provides an estimate, even if with a
small constant: here d(B) = 2, w(B) = 2b, and we get M (B) > 0.00015bn.

When p = 2, we get back the disk and the ellipses: the curvature is minimal
at +ib, and its value is b there, hence M(B) > (b/2)n, as already seen in
Theorem 1.3. On the other hand Theorem 1.9 yields only M (B) > 0.00015bn
also here.

For 1 < p < 2 the situation changes: the curvature becomes infinite at the
”vertices” at +ib and 41, and the curvature has a positive minimum over the
curve I'. When b = 1, it is possible to explicitly calculate it, since the role of
x and y is symmetric in this case and it is natural to conjecture that minimal
curvature occurs at y = x; using geometric-arithmetic mean and also the in-
equality between power means (i.e. Cauchy-Schwartz), it is not hard to compute
min k(z,y) = (p—1)21/P~1/2_ (which is the value attained at y = z). Hence The-
orem 1.11 (but not Theorem 6.1, which assumes C2-smoothness, violated here at
the vertices!) provides M(B?) > (p — 1)2'/7=3/2n while Theorem 1.9 provides,
in view of w(BP) = 23/271/P something like M(BP) > 0.00032~1/2=1/rp, >
0.0001n, which is much smaller until p comes down very close to 1.

For general 0 < b < 1 we obviously have d(B) = 2, (v/2b <)2b/v/1+b? <
w(B) < 2b, and Theorem 1.9 yields M(B) > 0.0001bn independently of the
value of p.

Now min k can be estimated within a constant factor (actually, when b — 0,
even asymptotically precisely) the following way. On the one hand, taking
zo := 2717 leads to k(zg) = (p — 1)b2'T/P /(1 +b2)3/2 < b(p — 1)2'+1/P hence



278 Sz. Gy. Révész

min k(z < b(p — 1)2'4/P. Note that when b — 0, we have asymptotically x(z —
0) ~ b(p—1)2'*/7. On the other hand denoting & := z? and 3 := 2/p—1 € (0, 1),
from (6.3) we get
(p—1)b
k()

<27 [(g+ (1- )P+ )y

with an application of geometric-arithmetic mean inequality in the first and
Holder inequality in the second factor. In general we can just use b < 1 and get

38/2

3/2

=1 -9 [¢ 7+ 21— ']

k(z) > (p — 1)b2% [1 + bw] > (p— 1)b2°%%2 = (p — 1)p2'/P~1/2,
within a factor 2%/2 of the upper estimate for min &.

Therefore, inserting this into Theorem 1.11 as above, we derive M (Bbp ) >
(p — 1)b21/P=3/2p,

In all, we see that Theorems 6.1 (essentially due to Eréd) and 1.11 usually
(but not always, c.f. the case p ~ 1 above !)) give better constants, when they
apply. However, in cases the curvature is not bounded away from 0, we can
retreat to application to the fully general Theorem 1.9, which, even if with a
small absolute constant factor, but still gives a precise estimate even regarding
dependence of the constant on geometric features of the convex domain. Ac-
cording to Theorem 1.10, this latter phenomenon is not just an observation on
some particular examples, but is a general fact, valid even for not necessarily
convex domains.

7. Further remarks and open problems

In the case of the unit interval also Turan type L? estimates were studied, see
[23] and the references therein. It would be interesting to consider the analogous
question for convex domains on the plane. Note that already Turdan remarked,
see the footnote in [21, p.141], that on D an LP version holds, too. Also note
that for domains there are two possibilities for taking integral norms, one being
on the boundary curve and another one of integrating with respect to area. It
seems that the latter is less appropriate and convenient here.

In the above we described a more or less satisfactory answer of the problem
of inverse Markov factors for convex domains. However, Levenberg and Poletsky
showed that star-shaped domains already do not admit similar inverse Markov
factors. A question, posed by V. Totik, is to determine exact order of the inverse
Markov factor for the "cross” C' := [—1, 1]U[—1, i]; clearly, the point is not in the
answer for the cross itself, but in the description of the inverse Markov factor
for some more general classes of sets.
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Another question, still open, stems from the Szeg6 extension of the Markov
inequality, see [20], to domains with sector condition on their boundary. More
precisely, at z € 0K K satisfies the outer sector condition with 0 < 8 < 2,
if there exists a small neighborhood of z where some sector {¢ : arg(¢ —
z) € (0,67 + 0)} is disjoint from K. Szegd proved, that if for a domain K,
bounded by finitely many smooth (analytic) Jordan arcs, the supremum of -
values satisfying outer sector conditions at some boundary point is a < 2, then
|P'|| < n“||P|| on K. Then Turdn writes: ”Es ist sehr wahrscheinlich, dafi auch
den Szegbschen Bereichen M (p) > en!/®...” | that is, he finds it rather likely that
the natural converse inequality, suggested by the known cases of the disk and
the interval (and now also by any other convex domain) holds also for general
domains with outer sector conditions.
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QUANTIZATION OF UNIVERSAL TEICHMULLER SPACE

Armen Sergeev

Abstract

In the first part of the paper we describe the complex geometry of the univer-
sal Teichmiiller space 7 which may be realized as an open subset in the complex
Banach space of holomorphic quadratic differentials in the unit disc. The quo-
tient S of the diffeomorphism group of the circle modulo M&bius transformations
is treated as a regular part of 7. In the second part we consider the quantization
of universal Teichmiiller space 7. We explain first how to quantize the regular
part § by embedding it into a Hilbert—Schmidt Siegel disc. This quantization
method, however, does not apply to the whole universal Teichmiiller space 7.
For its quantization we use an approach, similar to the ”quantized calculus” of
Connes and Sullivan.

MSC 2010: 32Q15, 53705, 81T30

Key Words and Phrases: universal Teichmiiller space, quasiconformal maps,
geometric quantization

Introduction

The universal Teichmiiller space 7, introduced by Ahlfors and Bers, plays
a key role in the theory of quasiconformal maps and Riemann surfaces. It can
be defined as the space of quasisymmetric homeomorphisms of the unit circle
St (i.e. homeomorphisms of S!, extending to quasiconformal maps of the unit
disc A) modulo Mdbius transformations. The space 7 has a natural complex
structure, induced by embedding of 7 into the complex Banach space Ba(A)
of holomorphic quadratic differentials in the unit disc A. It also contains all
classical Teichmiiller spaces T'(G), where G is a Fuchsian group, as complex sub-
manifolds. The space S := Diff, (S1)/Mo6b(S!) of normalized diffeomorphisms
of the circle may be considered as a "regular” part of 7.

Our motivation to study 7 comes from the string theory. Physicists have
noticed that the space Q4 := C§°(S!, R?) of smooth loops in the d-dimensional
vector space R? may be identified with the phase space of the theory of smooth
bosonic closed strings. By this identification the standard symplectic form (of
type "dp A dq”) on the phase space translates into a natural symplectic form

© 2013 IMI — BAS, Sofia pp. 282-300
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w on 4. This form has a remarkable property that it can be extended to the
Sobolev completion of 24, coinciding with the space Vy := Hé/ 2(8 1. R%) of half-
differentiable vector-functions on S'. Moreover, V is the largest space among all
Sobolev spaces H§(S', R?) on which w can be correctly defined. In other words,
V4 is a natural phase space, ”chosen” by the form w itself. From that point
of view, it seems more reasonable to consider V; as the phase space of bosonic
string theory, rather than €};. In these lectures we set d = 1 for simplicity and
study the space V :=V; = Hol/Q(Sl,]R).

According to Nag—Sullivan [7], there is a natural group, attached to the
space V = Hé/ 2(5’ 1 R), namely the group QS(S') of quasisymmetric homeo-
morphisms of the circle. Again one can say that the space V itself chooses the
"right” group to be acted on. The group QS(S') acts on V by reparametrization
of loops and this action is symplectic with respect to the form w. The universal
Teichmiiller space 7 = QS(S')/Mo6b(S!) can be identified by this action with
the space of complex structures on V' which can be obtained from a reference
complex structure by the action of reparametrization group QS(S'). It is well
known that such a space plays a crucial role in quantization which is the main
subject of the second part of our lectures.

In these lectures we try to define what is the quantum counterpart of the
space T, provided with the action of the group QS(S'). In order to explain the
arising difficulties we consider first an analogous problem for the regular part
S = Diff (S1)/M&b(S?) of T, provided with the action of the group Diff; (S1).
This space can be quantized, using an embedding of S into the Hilbert-Schmidt
Siegel disc Dys. Under this embedding the diffeomorphism group Diff, (S?1)
is realized as a subgroup of the Hilbert—Schmidt symplectic group Spyg(V),
acting on the Siegel disc by operator fractional-linear transformations. There
is a holomorphic Fock bundle F over Dyg, provided with a projective action of
Spus(V), which covers its action on Dyg. The infinitesimal version of this action
is a projective representation of the Hilbert—Schmidt symplectic Lie algebra
spys (V) in the fibre Fy of the Fock bundle F. This defines the Dirac quantization
of the Siegel disc Dyg. Its restriction to S gives a projective representation of
the Lie algebra Vect(S') of the group Diff, (S') in the Fock space Fy which
defines the Dirac quantization of the space S.

However, the described quantization procedure does not apply to the whole
universal Teichmiiller space 7. By this reason we choose another approach to
this problem, based on Connes quantization. Briefly, the idea is the following.
The QS(S!)-action on the Sobolev space V, mentioned above, cannot be differ-
entiated in the classical sense (in particular, there is no Lie algebra, associated
to QS(S')). However, one can define a quantized infinitesimal version of this
action by associating with any quasisymmetric homeomorphism f € QS(S') a
quantum differential d?f which is an integral operator on V with kernel, given
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essentially by the finite-difference derivative of f. In these terms the quan-
tization of 7 is given by a representation of the algebra of derivations of V,
generated by quantum differentials d?f, in the Fock space Fj.

I. UNIVERSAL TEICHMULLER SPACE

1. Definition of universal Teichmiiller space

1.1. Quasiconformal maps

Let w : D — w(D) be a homeomorphism of the domain D C C in the
extended complex plane (Riemann sphere) C onto domain w(D) C C which has
locally integrable derivatives (in generalized sense).

Definition 1.1. The homeomorphism w is called quasiconformal if there
exist a function p € L>°(D) with norm ||u|lcc =: k < 1 such that the following
Beltrami equation

Wz = pw, (1)
is satisfied for almost all z € D. The function p is called the Beltrami differential
of w and the constant k is often indicated in the name of k-quasiconformal maps.

Remark 1.1. For k = 0 the equation (1) reduces to the Cauchy—Riemann
equation and so determines a conformal map w : D — w(D). Such a map sends
infinitesimally small circles, centered at a point z € D, again into infinitesimally
small circles, centered at w(z). While in the case of a general smooth quasicon-
formal map w such a map sends infinitesimally small circles, centered at z € D,
into infinitesimally small ellipses, centered at w(z), with eccentricity (the ratio
of the large axis to the small one) being uniformly bounded (w.r. to z € D) by
a common constant K < co. This constant K is related to the above constant
k = ||pt]|co by the formula

The least possible constant K is called the maximal dilatation of w and is also
sometimes indicated in the name of K-quasiconformal maps.

Remark 1.2. The term ”Beltrami differential” for p is motivated by the
behavior of p under conformal changes of variable. Namely, according to (1),
the function p should transform under a conformal change z — f(z) as

f'(z)
1 (f(2) = p(z) ==,
f'(z)

i.e. as a (—1, 1)-differential.
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Remark 1.3. Quasiconformal maps w : D — D form a group, i.e. the
composition of quasiconformal maps and the inverse of a quasiconformal map
are again quasiconformal.

Theorem 1.1 (uniqueness theorem). Suppose that quasiconformal maps
wy,wy : D — D' satisfy the same Beltrami equation in D (i.e. have the same
Beltrami differential in D). Then the maps

1 1

wiowy  and w2 owy

are conformal. The composition f ow of a quasiconformal map w : D — D’
with a conformal map f : D' — D" satisfy the same Beltrami equation in D as
w.

Remark 1.4. A quasiconformal map w: D — D’ is always extended to a
homeomorphism w : D — D’ of the closures which is Hoélder-continuous up to
the boundary.

Theorem 1.2 (existence theorem). For any function p € L*(C) with
lllloo < 1 there ewists a solution w of the Beltrami equation in C. Any other
solution W of this equation has the form @ = wo f where f is a fractional-linear
transform.

Remark 1.5. In Theorem 1.2 we have restricted ourselves to the case
D = C since the case of a general domain D C C is easily reduced to the case of
the extended complex plane. Indeed, given a Beltrami differential p € L*(D)
with norm [|ullec < 1 we can always extend it (e.g. by zero outside D) to
the whole C, preserving the inequality ||g|cc < 1, and then apply the above
theorem to get a solution of Beltrami equation in C. Its restriction to D yields
a solution of Beltrami equation in D, defined up to conformal maps, according
to the uniqueness theorem.

1.2. Quasisymmetric homeomorphisms

Definition 1.2. A homeomorphism f : S' — S of the unit circle S!, pre-
serving its orientation, is called quasisymmetric if it extends to a quasiconformal
homeomorphism w : A — A of the unit disc A. The set of all quasisymmetric
homeomorphisms of S! is a group, denoted by QS(S').

Definition 1.3. The universal Teichmiiller space T is the quotient

T = QS(S1)/Mab(s1)
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where M6b(S!) denotes the Mobius group of fractional-linear automorphisms of
the unit disc A, restricted to the unit circle S'.

Remark 1.6. One can avoid taking the quotient by Mobius group in the
definition of 7 by considering only normalized quasisymmetric homemorphisms,
leaving three fixed points in the circle, say +1, ¢, invariant.

Remark 1.7. Any orientation-preserving diffeomorphism in Diff, (S!) ex-
tends to a diffeomorphism of the closed unit disc A which is quasiconformal,
according to Remark 1.1. So Diff, (S?) ¢ QS(S!), and we have the following
chain of embeddings

Mob(S') ¢ Diff, (S') ¢ QS(S') ¢ Homeo, (S') .

Hence,
S := Diff (S1)/M&b(S1) — T = QS(S')/Mob(S1).

The space S can be otherwise defined as the space of normalized diffeomorphisms
of S and will be considered as a "regular” part of 7.

Since quasisymmetric homeomorphisms of S were defined via quasiconfor-
mal maps of A, i.e. in terms of solutions of Beltrami equation in A, one can
expect that there should be a definition of 7 directly in terms of Beltrami dif-
ferentials.

Denote by B(A) the set of Beltrami differentials in the unit disc A. It can
be identified (as a set) with the unit ball in the complex Banach space L>(A).
Given a Beltrami differential y € B(A), we can extend it to a Beltrami differ-
ential /i on the extended complex plane C by setting ji equal to zero outside the
unit disc A. Then we can apply the existence Theorem 1.2 for quasiconformal
maps on the extended complex plane C and obtain a normalized quasiconfor-
mal homeomorphism w*, satisfying Beltrami equation (1) on C with potential
jt. This homeomorphism is conformal on the exterior A_ := C\ A of the closed
unit disc A on C and fixes the points +1, —i.

Introduce an equivalence relation between Beltrami differentials in A by
identifying two Beltrami differentials 1 and v for which the corresponding con-
formal maps coincide: w|ao_ = w”|a_. The universal Teichmiiller space 7°
coincides with the quotient

T =B(A)/ ~

of the space B(A) of Beltrami differentials modulo the introduced equivalence
relation.
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2. Complex structure of universal Teichmiiller space

We introduce a complex structure on the universal Teichmiiller space 7,
using its embedding into the space of holomorphic quadratic differentials.

Consider an arbitrary point [u] of 7, represented by the quasiconformal
map w*. Its restriction to A_ is a conformal map so we can take its Schwarzian

S(wh|a_)-
Digression 2.1. Recall that the Schwarzian of a conformal map f is
defined by
f/// 3 f// 2
S(f) = o o\ | -
fro2\f
A characteristic property of Schwarzian is its invariance under fractional-linear
maps
af +b
S =S(f).
(c f+ d) (/)

By taking the Schwarzian S(w#|a_), we get a holomorphic quadratic differ-
ential in the disc A_ (the latter fact follows from the transformation properties
of Beltrami differentials, prescribed by Beltrami equation (1)). Moreover, the
image of this map does not depend on the choice of Beltrami differential p in the
class [p]. Composing this map with a standard fractional-linear isomorphism
A_ — A, we obtain an embedding

VT — By(A),  [u] — ¢(w), (2)

having its image in the space B2(A) of holomorphic quadratic differentials in
the unit disc A.

The space Ba(A) of holomorphic quadratic differentials in A is a complex
Banach space, provided with a natural hyperbolic norm, given by

9|2 := sup(1 — |2[*)[e ()|
zEA
for a quadratic differential 1. It can be proved (cf. [5]) that |[¢)[u]|l2 < 6 for
any Beltrami differential p € B(A).

The constructed map ¥ : 7 — By(A), called the Bers embedding, is a
homeomorphism of 7 onto an open bounded connected contractible subset in
By(A), containing the ball of radius 1/2, centered at the origin (cf. [5]).

Using the constructed embedding (2), we can introduce a complex structure
on the universal Teichmiiller space 7 by pulling it back from the complex Banach
space Ba(A). It provides 7 with the structure of a complex Banach manifold.
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3. Classical Teichmiiller spaces

The universal Teichmiiller space 7 contains all classical Teichmiiller spaces
T'(G) as complex submanifolds. In particular, it is true for all Teichmiiller spaces
of compact Riemann surfaces of genus g. This property motivates the use of the
term ”universal” in the name of 7.

Let X be a compact Riemann surface of genus g > 1, uniformized by the
unit disc A. Such a surface can be represented as the quotient

X=A/G

where G is a discrete (Fuchsian) subgroup of Méb(A).

Definition 3.1. A quasisymmetric homeomorphism f : S' — S is called
G-invariant if

fogo f~teMob(Sh) for any g € G <= fGf ' c Mob(S?).

Denote by QS(S1)& the subgroup of G-invariant quasisymmetric homeomor-
phisms in QS(S!). Then by definition
T(G) := QS(SH)Y /Mob(Sh).

The universal Teichmiiller space 7 itself corresponds to the Fuchsian group

G ={1}.

Remark 3.1. According to definition of T'(G), due to Teichmiiller, the
space T'(G) parameterizes different complex structures on the Riemann surface
X/A which can be obtained from the original complex structure by a quasicon-
formal deformation.

4. Grassmann realization

4.1. Sobolev space of half-differentiable functions

Definition 4.1. The Sobolev space of half-differentiable functions on S* is
a Hilbert space
V= H/*(S",R),
consisting of functions f € L3(S',R) with zero average over the circle, which
have Fourier decompositions

f) =Y _fd, fo=Fur, z2=¢%,

k0
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and a finite Sobolev norm

1£13 0 =D KISk =2 klfel® < o0 (3)

k40 E>0

Properties of V = Hé/Q(Sl,R):

(1)

Symplectic structure: define a 2-form w on V' by the formula

w(€,m) =2Tm > " k&

k>0

for vectors £, € V with Fourier series

=Y a2t nz) =) m"

k#0 k#0

This form, which is correctly defined on V' due to condition (3), deter-
mines a symplectic form on V. Moreover, HO/ 2(51 R) is the largest
Hilbert space in the scale of Sobolev spaces H§(S!,R), s € R, on which
this form is correctly defined.

Complex structure: the Sobolev space V has a complex structure JY,
defined by the formula

Z&kz — (JO) ——Zka;Z —1—22@2

k0 k>0 k<0

for a vector §(2) = > 4 4o &2k e V.

Riemannian metric: the introduced symplectic and complex structures
on V are compatible with each other in the sense that they generate
together a Riemannian metric, defined by

g"(&m) = w(& %) = 2Re Y _ k&g
k>0

In other words, V' has the structure of a Kéhler Hilbert space.
Complezification of V, equal to

Ve =Hy*(s',0),

is a complex Hilbert space with a Kahler metric, given by the Hermitian
extension of the Riemannian metric ¢° on V to VC. The space VC is
decomposed into the direct sum

VE=w,eW_
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of (Fi)-eigenspaces of the complex structure operator J° € End VC.
More explicitly,

Wy ={feV®: fz) =) fid"}, Wo={feV®: f(z)=) fiz"}

k>0 k<0

This splitting is orthogonal with respect to Hermitian inner product on
|7

4.2. QS-action on the Sobolev space V

With any homeomorphism h : S — S, preserving the orientation, we can
associate a ”change-of-variable” operator

Ty : LA(S',R) — L3(S',R),

defined by
2

Tu(©) = toh— o [ €(h())db.
™ Jo

This operator has the following remarkable property.

Theorem 4.1 (Nag-Sullivan [7]). (i) The operator T acts on V, i.e.
T, :V — V, if and only if h € QS(S').

(ii) The operator Tj, with h € QS(S') acts symplectically on V, i.e. it
preserves symplectic form w. Moreover, its complex-linear extension to VC pre-
serves the subspace W, if and only if h € Méb(SY). In the latter case, Ty acts
as a unitary operator on W.

Remark 4.1. We have pointed out in previous Subsection that the Sobolev
space V is the largest Hilbert space in the scale of Sobolev spaces, on which the
form w is correctly defined. In other words, this space is ”chosen” by symplec-
tic form w itself. According to Theorem 4.1, the space V also ”chooses” the
reparametrization group Q.S(S') in the sense that it is the largest reparametriza-
tion group, leaving V' invariant. So we get a natural phase space (V,w) together
with a natural group QS(S*) of its canonical transformations.

According to Theorem 4.1, we have an embedding
T = QS(S")/Mob(S") — Sp(V)/U(W-). (4)

Here, Sp(V') is the symplectic group of V', consisting of bounded linear symplec-
tic operators on V', and U(WW,) is its subgroup, consisting of unitary operators
(i.e. the operators, whose complex-linear extensions to V€ preserve the subspace
Wy).
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Digression 4.1. Recall the definition of symplectic group Sp(V'). In terms
of decomposition

VveE=w,_ew_

any linear operator A : V€ — VC can be written in the block form

A:<gg>.

Such an operator belongs to symplectic group Sp(V') if it has the form

)

with components, satisfying the relations
ala—bb=1, a'b="0'a

where a?, b* denote the transposed operators a® : W_ — W_, bt : W_ — W,.
The unitary group U(W,) is embedded into Sp(V') as a subgroup, consisting of
diagonal block matrices of the form

=50

J(V):=5Sp(V)/U(Wy)
in the right hand side of (4), can be identified with the space of complex struc-

tures on V', compatible with w. Indeed, any such structure, given by a linear
operator J on V with J? = —I, determines a decomposition

VE=waew (5)

The space

of V€ into the direct sum of (44)-eigenspaces, isotropic with respect to w. Con-
versely, any decomposition (5) of the space VC into the direct sum of isotropic
subspaces determines a complex structure J on VC, equal to il on W and —il
on W, which is compatible with w. Moreover, a complex structure J, obtained
from a reference complex structure J° by the action of an element A of Sp(V),
is equivalent to JO if and only if A € U(W, ). Hence,

Sp(V)/UW4) =T (V) .

The space on the right can be, in its turn, identified with the Siegel disc D,
defined as the set

D ={Z: W, — W_ is a symmetric bounded linear operator with ZZ < I}.

The symmetricity of Z means that Z' = Z and the condition ZZ < I means
that symmetric operator I — ZZ is positive definite. In order to identify J (V)
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with D, consider the action of the group Sp(V') on D, given by fractional-linear
transformations A : D — D of the form

Zv+— (aZ +b)(bZ +a)™"

where A = <Z z> € Sp(V). The isotropy subgroup at Z = 0 coincides with

the set of operators A € Sp(V') such that b =0, i.e. with U(W,.). So the space
J (V) =Sp(V)/U(Wy)
can be identified with the Siegel disc D.

It can be proved (cf. [7]) that the constructed embedding of universal Te-
ichmiiller space 7 into the Siegel disc D = Sp(V)/U(W,) is an equivariant
holomorphic map of Banach manifolds.

The restriction of this map to the regular part S of universal Teichmiiller
space yields an embedding

S = Sppus(V)/U(W), (6)

where the Hilbert-Schmidt subgroup Spyg(V') of Sp(V') consists of bounded linear
operators A € Sp(V'), having block representations of the form

)

where b is a Hilbert—Schmidt operator.

Digression 4.2.  Recall that a linear bounded operator T' : H; — H>
from a Hilbert space H; to a Hilbert space Hs is called Hilbert—Schmidt if there
exists an orthonormal basis {e;} in H; such that the Hilbert—Schmidt norm

. 1/2
ITl2 = (Z HTez'H%rz>
i=0

is finite. If this is true for some orthonormal basis {e;} in H; then it is true for
any orthonormal basis in H; and the value of the norm ||T||2 does not depend
on the choice of this basis.

We identify, as above, the right hand side of (6) with a subspace Jus(V)
of the space J(V) of compatible complex structures on V. As before, the
space Jus(V) of Hilbert—Schmidt complex structures on V' can be realized as a
Hilbert—Schmidt Siegel disc

Dus = {Z : W4 — W_ is a symmetric Hilbert-Schmidt operator with ZZ < I}.

The embedding of S into the Hilbert—Schmidt Siegel disc Dyg is an equivariant
holomorphic map of Banach manifolds.
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II. QUANTIZATION OF UNIVERSAL TEICHMULLER SPACE

5. Dirac quantization

5.1. Definition

We start by recalling a general definition of quantization of finite-dimensional
classical systems, due to Dirac. A classical system is given by a pair (M, .A)
where M is the phase space of the system and A is its algebra of observables.

The phase space M is a smooth symplectic manifold of even dimension 2n,
provided with symplectic 2-form w. Locally, it is equivalent to the standard

model, given by symplectic vector space My := R?" together with standard
symplectic form wp, given in canonical coordinates (p;,¢;), i = 1,...,n, on R?"
by

n
wo = dei A dg;.
=1

The algebra of observables A is a Lie subalgebra of the Lie algebra C*° (M, R)
of smooth real-valued functions on the phase space M, provided with the Pois-
son bracket, determined by symplectic 2-form w. In particular, in the case of
standard model My = (R?" wg) one can take for A the Heisenberg algebra,
generated by coordinate functions p;, ¢;, i = 1,...,n, and 1, satisfying the com-
mutation relations

{pi,pj} ={a,4;} =0,
{piyqj} =0y fori,j=1,...,n.

Remark 5.1. One of usual ways to produce algebras of observables is to
consider a Lie group I' of symplectomorphisms of a symplectic manifold (M, w)
and take for A its Lie algebra Lie(I'), consisting of Hamiltonian vector fields X ¢
on M. If M is simply connected then A can be identified with the dual algebra
of functions f, generating Hamiltonian vector fields from Lie(T").

Definition 5.1. The Dirac quantization of a classical system (M, .A) is an
irreducible linear representation

r: A— End*H

of the algebra of observables 4 in the space of linear self-adjoint operators,
acting on a complex Hilbert space H, called the quantization space. The map r
should satisfy the condition

F({F,0)) = ¢ (r()rl) — rlo)r(£)
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for any f,g € A. We also impose on 7 the following normalization condition:
r(l) = 1.

Remark 5.2. For complexified algebras of observables AC or, more gen-
erally, complex involutive Lie algebras of observables (i.e. Lie algebras with
conjugation) their Dirac quantization is given by an irreducible Lie-algebra rep-
resentation

r: A® — End H ,

satisfying the normalization condition and the conjugation law: r(f) = r(f)*
for any f € A.

Remark 5.3. We are going to apply this definition of quantization to
infinite-dimensional classical systems, in which both the phase space and alge-
bra of observables are infinite-dimensional. For infinite-dimensional algebras of
observables it is more natural to look for their projective representations. Using
such a representation for an original algebra A, we can construct the quantiza-
tion of the extended system (M, A) with A being a suitable central extension

of A.

5.2. Statement of the problem

We shall explain first how to quantize the regular part of universal Te-
ichmiiller space 7, represented by the classical system

(S, Vect(S1))

where S = Diff, (S1)/Mob(S!) and Vect(S!) is the Lie algebra of Diff, (S!),
consisting of smooth vector fields on S*.
To quantize this system, we first enlarge it to an extended system, using the

embedding S — Jus(V') from Subsection 4.2. This extended system is given
by

(Tus(V),spus(V))
where spyg(V) is the Lie algebra of Spyg(V).

6. Quantization of S

6.1. Fock space

Fix a compatible complex structure J € J(V'), generating a decomposition

VE=weoWw (7)
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of V€ into the direct sum of +i-eigenspaces of J and provide VC with a Her-
mitian inner product

< z,w > = w(z, Jw),

determined by J and symplectic form w.

The Fock space F(VC,.J) is the completion of the algebra of symmetric
polynomials on W with respect to a natural norm, generated by < -,- >;. In
more detail, denote by S(W) the algebra of symmetric polynomials in variables
z € W. This algebra is provided with an inner product, generated by < -, > ;.
By definition, this inner product on monomials of the same degree is equal to

S TR - R £ E <z, >y < iy, >

in
{il,...,in}

where the summation is taken over all permutations {i1,...,i,} of the set
{1,...,n}. The inner product of monomials of different degrees is set to zero.
The constructed inner product is extended to the whole algebra S(W) by lin-

—

earity. The completion S(W) of S(W) with respect to the introduced norm is
called the Fock space of VC with respect to complex structure J:

Fy=F(VC,J) = SW).

If {wy,}, n = 1,2,..., is an orthonormal basis of W one can take for an
orthonormal basis of F; a family of homogeneous polynomials of the form
Pr(z) = — h b W, 8
K(z)—ﬁ<z,w1>J-...-<z,wn>J, zeW, (8)
where K = (k1,...,kn,0,...), k; e NUO, and k! = k! ----- kn!.

6.2. Symplectic group action on Fock spaces

We unify different Fock spaces Fy with J € Jus(V) into a single Fock bundle

Fi= U B — Jus(V) = Spus(V)/U(Ws).
JeJus(V)

Theorem 6.1 (Shale-Berezin). The Fock bundle
F — Tus(V)

is a holomorphic Hermitian Hilbert-space bundle. The group Spys(V') acts pro-
jectively on F by unitary transformations and this action covers the natural
action of Spys(V') on Jus(V) by left translations.
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The infinitesimal version of this action yields a projective representation of
symplectic Hilbert-Schmidt algebra spyg(V) in the Fock space Fy = F(VC, J9),
i.e. a quantization of the system

<\7H87 SPHS (V))

where spyg(V) is a central extension of Lie algebra spyg(V).
The restriction of the constructed Fock bundle F to the submanifold S C
Jus is a holomorphic Hermitian Hilbert-space bundle

Fs:= J Fy — S = Diff; (5")/Msb(5")
Jes

together with a projective unitary action of Diff (S!), covering its action on S by
left translations. The infinitesimal version of this action generates a projective
unitary representation of the Lie algebra Vect(S!) in the Fock space Fp, i.e. a
quantization of the system

(S, vir)
where vir is the Virasoro algebra, being a central extension of Lie algebra
Vect(S1).

7. Quantization of 7

7.1. Dirac versus Connes quantization

To quantize S, we have used the fact that the symplectic group Spyg(V)
acts on the Fock bundle F — Jyg(V). For the whole Teichmiiller space 7 we
still have the embedding

T — J(V) = Sp(V)/U(Wy)

but we cannot construct an Sp(V')-action on F, covering its action on J (V).
This is forbidden by Shale-Berezin theorem. So we employ another approach
for the quantization of 7, using Connes’ definition of quantization.

Recall that in Dirac’s approach we quantize a classical system (M, .A), con-
sisting of the phase space M and the algebra of observables A which is a Lie
algebra, consisting of smooth functions on M. The quantization of this system
is given by a representation r of A in a Hilbert space H, sending the Poisson
bracket {f,g} of functions f,g € A into the commutator 1[r(f),r(g)] of the
corresponding operators. In Connes’ approach the algebra of observables 2 is
an associative involutive algebra, provided with an exterior differential d. Its
quantization is, by definition, a representation 7 of 2l in a Hilbert space H,
sending the differential df of a function f € 2 into the commutator [S, 7(f)] of
the operator 7(f) with a self-adjoint symmetry operator S with S? = I.
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In the following table we compare Connes and Dirac approaches to quanti-
zation:

Dirac approach Connes approach
(M, A) where: (M, 1) where:
= M — phase space M — phase space
23 A — involutive Lie algebra 2l — involutive associative
g 2 of observables algebra of observables with
n

differential d

= representation representation

;% r:A— EndH , m: A — EndH ,
N sending sending

E {£.9} = (D7 (9)] df — [5.7(f)] .
O:f, where S = 5%, §? =1

Remark 7.1. We can reformulate the Connes definition in terms of Lie
algebras by switching to the algebra of derivations of associative algebra of
observables 2. Recall that the Lie algebra Der(2) of derivations of 2 consists
of linear maps A — 2, satisfying the Leibnitz rule. The Connes quantization
means in these terms the construction of an irreducible representation of Der(2l)
in the space End H, considered as a Lie algebra with a Lie bracket, given by
commutator.

Remark 7.2. If all observables are smooth functions on M, both ap-
proaches are equivalent to each other. Indeed, the differential df of a smooth
observable f is symplectically dual to the Hamiltonian vector field X, which
establishes a relation between the associative algebra 2 > f of functions f on
M and the Lie algebra A > X of Hamiltonian vector fields X;. A symmetry
operator S is determined by a polarization H = Hy & H_ of the quantiza-
tion space H and related to the complex structure J (determined by the same
polarization) by a simple formula S = i.J.

In the case when the algebra of observables A contains non-smooth func-
tions, the Dirac approach formally cannot be applied. In Connes approach the
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differential df of a non-smooth observable f € 2l is also not defined but its
quantum analogue

d'f =[S, m(f)]

may still have sense, as it is demonstrated by the example in the next Subsection.

7.2. Example

Suppose that 2 is the algebra L°°(S1, C) of bounded functions on the circle
S1. Any function f € 2 determines a bounded multiplication operator in the
Hilbert space H = L?(S', C) by the formula

My:ve H— fveH.

A symmetry operator S in H is given by the Hilbert transform S : L?(S',C) —
L?(SY,C):
. 1 2m )
(Sf)(e9) = 5PV, | K(g,0)f(e™)dy
0
where the integral is taken in the principal value sense and the kernel is given
by

K(cp,zp):lmcot‘p;w. 9)

Note that for ¢, close to v, this kernel behaves asymptotically like 2/(¢ — ).
The differential df of a general observable f € 2 is not defined in the classical
sense but its quantum analogue

dlf =[S, My]
is a bounded operator in H. Moreover, d?f for f € H is a Hilbert—Schmidt
operator, given by

1

2
) = 5= [ ko)l (10)

with kernel

k(e ¥) = K(p, ) (f(@) = f(¥))
where K (p,) is defined by (9). The kernel k(p, ) for ¢, close to 1, behaves
asymptotically like
f(e%) = f(e")
p—v

Using this fact, it can be checked that the quasiclassical limit of d?f, arranged
by taking the limit ¢ — 1), coincides (up to a constant) with the multiplication
operator v — f’v. So the quantization means in this case simply the replacement
of the derivative by its finite-difference analogue.
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7.3. Quantization of the universal Teichmiiller space

We apply these ideas to the universal Teichmiiller space 7. In Subsection
4.2 we have defined a natural action of the group QS(S') of quasisymmetric
homeomorphisms of S on the Sobolev space V. As we have remarked, this
action does not admit the differentiation, so classically there is no Lie algebra,
associated with QS(S1). In other words, there is no classical algebra of observ-
ables, associated to 7. (The situation is similar to that in the example above.)
However, we shall construct a quantum algebra of observables, associated to 7.

For that we define a quantum infinitesimal version of QS(S')-action on V,
given by the integral operator d?f, defined by formula (10). Then we extend
this operator d?f to the Fock space Fj by defining it first on elements of the
basis (8) of Fy with the help of Leibnitz rule, and then extending to the whole
symmetric algebra S(W..) by linearity. The completion of the obtained operator
yields an operator d?f on Fy. The operators d?f with f € QS(S'), constructed
in this way, generate a quantum Lie algebra Der?(QS), associated with 7. We
consider it as a quantum Lie algebra of observables, associated with 7. We
can also consider the constructed Lie algebra Der?(QS) as a replacement of the
(non-existing) classical Lie algebra of the group QS(S1).

Compare now the main steps of Connes quantization of 7 with the analogous
steps in Dirac quantization of Jys.

In the case of Jus:

(1) we start with the Spyg(V)-action on Jus;

(2) then, using Shale theorem, extend this action to a projective unitary
action of Spyg(V') on Fock spaces F(V, J);

(3) an infinitesimal version of this action yields a projective unitary repre-
sentation of symplectic Lie algebra spyg(V') in the Fock space Fp.

In the case of 7

(1) we have an action of QS(S!) on the space V'; however, in contrast with
Dirac quantization of Jys, the step (2) in case of 7 is impossible, since
by Shale theorem we cannot extend the action of QS(S') to Fock spaces
F(V,S);

(2) we define instead a quantized infinitesimal action of QS(S') on V, given
by quantum differentials d?f;

(3) extending operators d?f to the Fock space Fy, we obtain a quantum Lie
algebra Der?(QS), generated by extended operators d?f on Fj.

Conclusion. The Connes quantization of the universal Teichmiiller space
T consists of two steps:

(1) The first step (”the first quantization”) is the construction of quantized
infinitesimal QS(S')-action on V, given by quantum differentials d?f

with f € QS(S1).
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(2) The second step (”the second quantization”) is the extension of quantum
differentials d?f to the Fock space Fy. The extended operators d?f with
f € QS(S') generate the quantum algebra of observables Der?(QS),
associated with 7.

Note that the correspondence principle for the constructed Connes quanti-
zation of 7 means that this quantization, being restricted to S, coincides with
Dirac quantization of S.
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FROM HILBERT FRAMES TO
GENERAL FRECHET FRAMES
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Abstract

Frames extend orthonormal bases and play an important role in both pure
and applied mathematics. Frames were first introduced in Hilbert spaces, after
that in Banach spaces, and recently in Fréchet spaces. Although Hilbert frames
might not be Schauder bases, they still allow series expansions of all the elements
of a Hilbert space. However, Banach (resp. Fréchet) frames do not necessarily
lead to series expansions in Banach (resp. Fréchet) spaces. In this paper we
give a review of results on series expansions via frames in Hilbert, Banach, and
Fréchet spaces.

MSC 2010: 42C15, 46A13, 40A05

Key Words and Phrases: frames; Banach frames; Fréchet frames; General
Fréchet frames; series representations

1. Introduction and Notation

Frames were introduced by Duffin and Schaeffer [12] in 1952. Around 40
years later, the wavelet era began [11, 9, 10] and the importance of frames
was realized. Frames became a topic of a large investigation and started to be
involved in many applications (for example, real life applications connected to
signal and image processing).

In 1991, Banach frames were introduced [13] and subsequently many papers
on the topic appeared, see for example [7, 5, 1, 2, 8, 14, 4, 22, 23, 24].

Recently, the frame-concept was extended to Fréchet spaces [18, 19, 20, 21].

In this paper we review some results on the frame-concepts in Hilbert, Ba-
nach, and Fréchet spaces. We concentrate on results connected to series expan-
sions in the corresponding spaces.

In Section 2 we consider frames for Hilbert spaces. First we recall basic prop-
erties of orthonormal bases and Schauder bases, and then we consider frames in
comparison with orthonormal bases and Schauder bases. In Sections 3 and 4
we consider frame-concepts in Banach and Fréchet spaces, respectively.

(© 2013 IMI — BAS, Sofia pp. 301-311
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Throughout the paper, (H,(-,-)) denotes a Hilbert space; (X, | - ||,) and
(Xo, || - lls), 5 € No, denote Banach spaces; (8, | - [lo) and (8, |1]I,), 5 € No,
denote Banach sequence spaces. The space © is called a BK -space, if the coor-
dinate functionals are continuous. The n-th canonical vector (0,...,0,1,0,...),
having 1 at the n-th position, is denoted by d,,. The space © is called a CB-
space if the canonical vectors (6,)s2; form a Schauder basis for ©. Recall
that when © is a C'B-space, then 0% := {(G4,)%°, : G € ©*} with the norm
1(Gon)olillge == |G|l is a BK-space isometrically isomorphic to ©* [17].
Throughout the paper, when © is a C'B-space, ©* is identified with ©®.

2. Frames in Hilbert spaces

First recall some basic facts about Schauder bases and orthonormal bases,
which are related to the topic of the paper. A Schauder basis (g,)52; for a
Banach space X allows every element f € X to be represented via the basis
elements as

f= chgn (2.1)
n=1

with unique coefficients ¢, n € N. For an orthonormal basis (e, )32 ; of a Hilbert
space H and element f € H, the unique coefficients ¢, in (2.1) have the form
(f,en), i.e. every element f € H can be written as

f= Z<f7 6n>em
n=1

and furthermore, the Parseval equality holds, namely,

[e.9]
D W fen)? =171
n=1
The frame definition extends the Parseval equality:

Definition 2.1. [12] The sequence (¢,)5; (gn € H,n € N) is called a
(Hilbert) frame for H, if there exist constants B, A € (0,00) so that

ANFIZ <> g < BIFIZ, Vf €H. (2.2)

n=1

We list several known examples of frames and non-frames.

Example 2.1. Let (e,)72; be an orthonormal basis for H. Then the
sequence
e (e1,€e1,ea,69,e3,€3,...) is a frame for H (A = B = 2);
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e (e1,e1,6e9,€3,€4,...) 1s a frame for H (A =1, B = 2);

e1 ,7 7 '373 673 %,) is a frame for H (A= B =1);

e (e1,%,%,.-) is not a frame for H (it satisfies the upper frame condition,
but not the lower one);

(
(

e (e1,2e9,3e3,...) is not a frame for H (it satisfies the lower frame condition,
but not the upper one).

The above examples may lead to a wrong impression that all the frames are
obtained using a Schauder basis and adding some more elements. Note that
there exists a frame for a Hilbert space H for which no subset is a Schauder
basis for H [3].

Example 2.2. Let g(x) = - 1/4e=2/2 For positive and small enough a,b,
the system (™" g(z — na)), ez 18 a frame (Gabor frame) for L*(R).

Example 2.3. Let ¢(z) = (1— 22)e~**/2 For a positive and small enough
b, the system (22¢)(2z — bk)); ez is a frame (wavelet-frame) for L?(R).

As one can see in Example 2.1, frames do not need to be Schauder bases.
Still, they allow series expansions of every element in the space:

Theorem 2.1. [12] Let (9,)52 be a frame for H. For every f € H, there
exist coefficients ¢,, n € N, so that (2.1) holds. Furthermore, there exists a
frame (fn)22, for H (called a dual frame of (gn)52 1) so that

F= f fadgn =D (frgn)fn, VfEH. (2.3)

n=1 n=1

When (g,)52, is a frame for H and also a Schauder basis for H (i.e., a Riesz
basis for H), then the coefficients ¢,, satisfying (2.1) and the frame (f,,)72 sat-
isfying (2.3) are unique. When (g,)52; is a frame which is not a Schauder basis
for H (i.e., an overcomplete frame for H), then the coefficients ¢, satisfying (2.1)
and the frame (fn)o2 satisfying (2.3) are not unique. This property of over-
complete frames is useful for some applications, it allows to choose appropriate
coefficients for the representations according to some additional requirements.

As one can see in Theorem 2.1, every frame is a complete sequence. While
in finite dimensional Hilbert spaces every finite complete sequence is a frame
(see [6, Sec. 1.1]), in infinite dimensional Hilbert spaces not every complete
sequence is a frame (see the last two sequences in Example 2.1). For more on
frame theory we refer to the books [6, 15, 16].
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3. Frame-concepts in Banach spaces

Banach frames [13], p-frames [1], and O-frames [4] can be considered as nat-
ural extensions of Hilbert frames to Banach spaces. Observe that the inequality
(2.2) in the Hilbert frame definition can be written as

VA flle < 1L 900021l < VBl Y € H (3-4)

Thus, a natural way to extend the frame definition to Banach spaces is to
consider more general sequence spaces then £2.

Definition 3.1. [13, 1, 4] Let X be a Banach space, © be a BK-space,
and (g,)%; € (X*)N. The sequence (g,,)2; is called
e a O-frame for X if
(i) (gn(f))nz1 € ©, Vf € X;
(ii) there exist constants B, A € (0,00) so that

Allfllx < lgn(f)nZille < Bllfllx, Vf € X;

e a p-frame for X if it is an /P-frame for X;

e a Banach frame for X with respect to © if (i) and (ii) hold, and
(iii) 3 bounded operator @ : © — X so that Q(gn(f))>, = f, Vf € X;

e a O-Bessel sequence in X if it satisfies (i) and at least the upper condition
in (ii).

For a given ©-Bessel sequence (g,)5%; in X, its analysis operator U : X — ©
is defined by U f = (gn(f))5>; and R(U) denotes the range of U.

While a Hilbert frame for H automatically implies the validity of the prop-
erty (iii) in the above definition and thus, it is automatically a Banach frame
for H with respect to 2, in general Banach spaces, O-frames for X are not
automatically Banach frames for X with respect to ©. Furthermore, a Hilbert
frame (g,)72, automatically implies the existence of series expansions in the
form (2.3), but a ©-frame (g,,)7>; for X does not automatically lead to series
expansions in the form

9=">_9(fn)gn, Vg € X*, (3.5)

n=1

F= gn(f)fn, Vf € X, (3.6)
n=1
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via some sequence (f,)%%; € XN. The next statement gives a necessary and
sufficient condition for a ©-frame (g,,)02; to be a Banach frame and to imply
series expansions in the form (3.5) and (3.6).

Theorem 3.1. [4] Suppose that © is a BK-space, (g,)%%; € (X*)N is a O-
frame for X, and U denotes the analysis operator of (gn)oey. Then the following
conditions are equivalent:

(1) (gn)22y is a Banach frame for X with respect to ©.

(ii) There exists a continuous projection from © onto R(U).

(iii) The operator U1 : R(U) — X can be extended to a bounded linear
operator V : © — X,

If © is a CB-space, then (i) is equivalent to
(iv) There exists a ©*-Bessel sequence (f,)°%; € XN C (X*)N for X* such
that (3.6) holds.

If both © and ©* are CB-spaces, then (i) is equivalent to
(v) There exists a ©*-frame (f,)°; € XN C (X*)N for X* such that (3.5)
holds.

There exist cases, when p-frames of special structure are automatically Ba-
nach frames with respect to /F and imply series expansions, see [1].

4. Frame-concepts in Fréchet spaces

In this section we consider projective and inductive limits of Banach spaces
(for example, the Schwartz space S(R™) of rapidly decreasing functions and its
dual, the space of tempered distributions &’'(R™)) and frame-concepts for such
spaces.

Let (Ys,| - |s)sen, be a sequence of separable Banach spaces such that

{0} #NeenyYs € ... CY2 CY1C Y (4.7)
losl-h<s]l2<... (4.8)
Yr (= Ngen,Ys is dense in Yy, s € No. (4.9)

Then Yr is a Fréchet space with the sequence of norms |- |, s € Ng. We use
such sequences in two cases:

1. Yy = X, with norm || - ||s, s € No;

2. Y, = O, with norm |||-|||,,s € No.

Throughout the rest of the section we always assume that (X, || - [|s)sen, is
a sequence of Banach spaces, which satisfies (4.7)-(4.9), and (O, |||-||5)sen, is a
sequence of BK-spaces, which satisfies (4.7)-(4.9).



306 D.T. Stoeva

Recall [19] that an operator G : Op — X is called F-bounded if for every
s € Ny there exists a constant K, > 0 such that ||G(cn)o2|ls < Ksl||(cn)oZq ||l

for all (¢,)02, € Op. If G : O — X is F-bounded, then G is continuous. The
converse does not hold in general.

4.1. Fréchet frames

The ©-frame and Banach frame concepts were first extended to Fréchet
spaces [18, 19] as follows:

Definition 4.1. A sequence (g,)3; € (X5)Y is called

e a pre-Fréchet-frame (in short, pre-F-frame) for Xp with respect to Op if
for every s € Ny there exist constants Bs, A5 € (0,00) such that

(gn(f))n=1 € OF, f € XF, (4.10)

Asl[flls < Mgn(FnZallls < Bsllflls, e X (4.11)

e a Fréchet frame (in short, F'-frame) for Xp with respect to O, if it is a
pre-F-frame for X r with respect to © ¢ and there exists an F-bounded operator
V :Op — Xp so that V(gn(f))s2, = f for all f € Xp.

e an F'-Bessel sequence for Xp with respect to ©p if (4.10) and at least the
upper inequality in (4.11) hold.

When (g,)22; € (X;)N is an F-Bessel sequence for Xy with respect to O p,
for every n € N and every s € Ny, g, has a unique continuous extension on Xy
which will be denoted by g .

The next statements give a connection between pre-F-frames and F-frames,
as well as results concerning series expansions in the corresponding spaces.

Theorem 4.1. [19] Let (gn)22, be a pre-F-frame for Xp with respect to
OF. Then the following holds.

(@) (gn)p2y is an F-frame for Xp with respect to O if and only if there
exists an F-bounded projection from O onto R(U).
(b) If (gn)22 is an F-frame for Xp with respect to O, the following state-
ments hold.
(bl) For every s € Ny, the sequence (g;)o>, is a Banach frame for X
with respect to Oy.
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(b2) If O, s € Ny, are CB-spaces, then there ezists (f,)°%; € (Xp)N
which is a ©%-Bessel sequence for X} for every s € Ny, and

fo=> gnlf)fn fEXp, (inXp), (4.12)
n=1

g9 = > g(fa)gn, 9 € X5, (in X}), (4.13)
n=1

fo= D g(Hfn feXs seN. (4.14)
n=1

(b3) If O5 and O}, s € Ny, are CB-spaces, then there exists (fn)7>, €
(Xp)N, which is a OF-frame for X} for every s € Ny, (4.12)-(4.14) hold and
moreover,

9= _g(fa)gs g€ X}, s€N.

n=1

4.2. General Fréchet frames

In [21], Definition 4.1 was extended to a more general case allowing different
norms in the upper and the lower inequality:

Definition 4.2. [21] A sequence (g,)2; € (X5)Y is called

e a General pre-Fréchet frame (in short, General pre-F-frame) for Xp with
respect to ©p if there exist sequences (Sg)ken, and (Sg)ren, (with elements from
Np) which increase to oo with the property s < 5, k € Ny, and there exist
constants By, Ay € (0,00), k € Ny, satisfying

(gn(f))nZr € OF and Ag|[flls, < l(gn(f))nZillle < Bllflls.: f € Xr, k€ No;

e a General Fréchet frame (in short, General F-frame) for Xp with respect
to Op if (gn)22, is a General pre-F-frame for X with respect to © and there
exists a continuous operator V : ©Op — Xp so that V(g,(f))22, = f for all
feXp.

The next statement shows that some of the results for pre-F-frames are still
valid in this more general setting and specifies the changes for the rest of the
results.

Theorem 4.2. [21] Let (g,)5%, be a General pre-F-frame for Xp with
respect to Op. The following statements hold.
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(@) (gn)o, is a General F-frame for Xp with respect to ©p if and only if
there exists a continuous projection from Op onto R(U).

(b) Let O, s € Ng, be CB-spaces. If (g,)52 is a General F-frame for Xp
with respect to OF, then there exists a sequence (f,)3%, € (Xr)N such that

n=1
g = > 9(fa)gn, 9 € Xi, (in X}). (4.16)
n=1

(¢) Let ©5, s € Ny, be CB-spaces. The following three statements are
equivalent.
Ay 1 There exists an operator V : Op — Xp so that V(g,(f))02, =
f, Vf € Xp, and for every k € Ny there is a constant Cy, > 0 satisfying ||Vd||s, <
Cillldl];, for all d € OF.
Az : There exists (f,)2%, € (Xr)N such that for every k € Ny, (fn)32, is
a ©}-Bessel sequence for X3, , and (4.15) holds.

Az : There exists (f,)°%, € (Xr)N such that for every k € No, ()32, is
a Oy -Bessel sequence for X, and

o= g (D fn in | llsg-norm, f € Xz,
n=1

(d) Let O5 and ©F, s € Ny, be CB-spaces. Then A; is equivalent to

Ay i There exists (f,)2, € (Xp)Y, such that for every k € No, (fn)32;
is a Oy -Bessel sequence for X7 and

oo
s, = D9l in lIx;, -norm , g € X,

n=1

At the end of the paper we present an example of a General Fréchet frame
which is not a Fréchet frame. It shows that the extension of the F-frame concept
to the General F-frame concept is essential.

Example 4.1. [21] Let A be a self-adjoint differential operator, for ex-
ample, one dimensional normalized harmonic oscillator (—d?/dx? + 1)/2) with
eigenvalues \; = j,7 € N, and eigenfunctions 1;,j € N (Hermite functions)
which make an orthonormal basis of Xg = L?(R). For s € N, let X, be the
Hilbert space consisting of L2-functions ¢ = E;’il a;vj,a; € C,j € N, with the
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property Z]Oil |a;|?j%* < oo and with the inner product

o
(P1,02)s = Z a1,;az,;5°°.

=1

Then Xp = NgenyXs = S(R) (the Schwartz class of rapidly decreasing
functions) and X} = S'(R) (the space of tempered distributions).
For the sequence spaces O, s € Ny, take

(dj)32, € O if and only if Y |d;|%j* < oo,
=1

with the usual inner product; O is the space of rapidly decreasing sequences.
Let 7 € N be given and let (bj);-";l be a sequence of complex numbers such

that
|b-]— 1, 7=1,3,5,...;
I g, j=2,4,6,... .

Let g; = bj1j,7 € N. Then (g;)32; is a General Fréchet frame for Xp wrt Op,
but not a Fréchet frame for Xp wrt Op.
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Abstract

In this paper the fuzzy Mikusinski calculus was introduced and applied. The
exact and the approximate solutions of the fuzzy fractional operational equations
are constructed and their characters are analyzed. In that manner, the solution
of a fuzzy fractional differential equations with fuzzy conditions corresponding
to operational equations are considered.
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1. Introduction

In recent literature, there are many authors analyzing fuzzy fractional dif-
ferential equations. In the papers [18] and [10], the solutions of fuzzy fractional
differential equations in the sense of Riemann-Liouville H-differentiability are
constructed by using fuzzy Laplace transforms and Euler methods respectively.
In Section 3, the fuzzy Mikusiniski calculus is introduced. The fuzzy Mikusinski
operators and their connection with fuzzy numbers and fuzzy functions is ana-
lyzed. The well known convergence in the field of Mikusinski operators is used
for the definition of the convergence of fuzzy Mikusinski operators. In particular,
fuzzy algebraic equations are analyzed and solved. The solutions of fractional
fuzzy differential equations, where the fractional derivative are considered in the
of Caputo Hukuhara differentiability, for 0 < 8 < 1, in the frame of Mikusinski
fuzzy calculus are constructed.

The techniques used in this paper were presented in our previous papers
[19], [20], [21] and [22], on the problems without any fractional derivatives.

(© 2013 IMI — BAS, Sofia pp. 312-321
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2. Notions and notations
2.1. Some elements of the Mikusinski calculus

The set of continuous functions Cy with supports in [0, c0), with the usual
addition and the multiplication given by the convolution

(Fro)(t) = /0 [t —7)dr, 130,

is a commutative ring without unit element. By the Titchmarsh theorem, C'
has no divisors of zero. The quotients of the form

£7 f€C’+,07‘ég€C'+,

where the last division is considered in the sense of convolution (see [11]), are
elements of the Mikusinski operator field, denoted by F', are called operators.

Also, among the most important operators are the inverse operator to ¢, the
differential operator s, and I, the identity operator, i.e., £s = I. Neither s nor I
are operators from F,, representing continuous function.

For the theory of differential equations, the following relation, connecting
the operator representing the n-th derivative of an n times derivable function
a = a(t) with the operator a is essential:

{a™ @)} = s"a—a(0)s" = —aD(0)I. (2.1)

In the field F' we have the integral operator ¢ representing the constant
function 1 on [0, 00), and the operator £ :

8—1
¢ ={1}, eﬁ:{;(ﬁ)}, B> 0. (2.2)

2.2. The fractional calculus

The research on fractional calculus can be found in many resent papers, as
[6], [7], [23] and others. In this paper the Riemann-Liouville fractional integral
operator J?, of order 8 > 0, is used. It is defined as the convolution

JBF(t) = F(lﬁ) /0 (t — 7)P f(r)dr. (2.3)

Since Caputo derivative (originated from [4]) is more suitable for applications
to problems with initial and boundary conditions (see [15]) we shall use it for
0<pfB<l,andt>0:

DPf(t) = F(l—ﬁ)/o (t — )P f(r)dr. (2.4)
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2.3. The Mikusinski and the fractional calculus

From relations (2.3) and (2.4) it can be seen that in the field F' the operator
% corresponds to the Riemann-Liouville fractional integral operator of order (3,
JB. In fact, for every continuous function f it holds:

PBf= {Jﬂf(t)}. (2.5)

The Caputo fractional derivative D?f(t), of order 3, 0 < 3 < 1, applied to
a differentiable function f, corresponds to the operator s°f — f/(0)I, since

0=(sf = fO)n) = {Df(1)} (2:6)

2.4. Fuzzy calculus

Fuzzy set theory was introduced by L. Zadeh in [24]. In the following the
fuzzy numbers are considered ([3], [1] ) in parametric form as u* = (uq(\), ua(N)),
0 < X\ <1 where the functions w1, and us, satisfy the following:

(1) u; is a bounded left continuous nondecreasing function on [0, 1].
(2) ug is a bounded left continuous nonincreasing function over [0, 1].
(3) u1 < wg, for 0 <A< 1.

The arithmetic operations on fuzzy numbers u,v € E are defined as:

(u+v)(A) = (u1(A) +v1(N)), u2(A) +v2(N)),
(u—=v)(A) = (w1 (A) = v2(A), u2(A) —v1(A))

(2.7)

(Kur(N), Kus(\)) K >0

Ku(}) = { (Kug(A\), Kui(\)) K <0,

e Fuzzy function f : [0,a] — E, where E is the set of fuzzy numbers, has
parametric representation:

F6A) = (it A); f2(t,A), t€(0,a], 0<A<T, (2.8)

K €eR,

e Fuzzy integral of fuzzy function f can be defined as:

/f(t, Nt = (/ fl(t,)\)dt,/fz(t,)\)dt), refoa, 0<A<1  (2.9)
e Fuzzy derivative of fuzzy function f can be defined as:
(f(&, ) = (fit, N), fo(t, N)), te[0,al. 0<ALL, (2.10)

In this paper we shall use the definition of fuzzy derivative as in relation (2.10),
because the other definitions given in papers [18], [1], and others, do not make
any essential difference in our considerations.
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3. The Mikusinski fuzzy calculus
3.1. Introduction

In this section we shall introduce the fuzzy Mikusinski operators in the sense
of definition of fuzzy numbers and Mikusinski calculus.

Every continuous function a = a(t) with support in [0, c0) can be observed
as a (unique) Mikusiriski operator denoted by a. Every real valued continuous
function {a(t,\)} of two variables ¢ > 0, and = € [c,d], is observed as the
Mikusinski operational function ( denoted with a()\)).

Next we introduce the following definition of fuzzy Mikusinski operator:

Definition 3.1. The operational function a” is a fuzzy Mikusinski opera-

tor, if there exists a Mikusinski operator g, satisfying the equality:
qa)\ = {a(ta /\)}7
where a is a fuzzy function with a crisp variable t > 0, and 0 < A < 1.

A

The fuzzy Mikusinski operator a” can be considered in the parametric form

a = (a1(N),a2(N), 0<A<1, (3.11)

where a1(A), and aa(\) are operational functions. Let us remark that in this
paper we consider the fuzzy Mikusinski operators of the form:

0, (3.12)

where ( is a real number, u is a fuzzy number, for 0 < A < 1.

If 3 = 0, then the fuzzy operator given by (3.12), has the form I-u*, does not
represent a continuous function, and corresponds to 0 - u(A) where ¢ is the delta
distribution and 0 < A < 1. Using relation (2.2), it follows that the parametric
form of Mikusinski fuzzy operator is given by

0B = (eﬁul()\),ﬁﬂug()\)> = {(;i;)ul()\), ;ﬂ(;)m(x\)) } ,  B>0.

From (2.1) and (2.10) it follows that the fuzzy derivative Mikusiriski operator
can be written as:

sa® = (sai()),sas(N))
(3.13)
= (sa1(A) —a1(0, N1, saz(\) — a2(0,\)I),

where s is Mikusinski derivative operator, and a is a fuzzy function.
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We introduce the arithmetic of fuzzy operators, given by (3.12), in the sense
of the arithmetics of fuzzy numbers (see [14]), as follows:

(07 + 0 7) = (ur((A) + v1(N))E), (u2(ME + v2 (X)),

(W7 — v MP) = ((ur (N7 — 2P (N)7, (uz(N) — vi(N))€7)
(3.14)

(Kua (M08, Kuy(\)P), K <0,

where u and v are fuzzy numbers, and K is a real number.
Multiplications and divisions of fuzzy operators, given by (3.12), are consid-
ered in the sense of multiplications and divisions of fuzzy numbers (see [14]).

KuMP = { (Ku1(A\)6°, Kup(\)E%), K >0

3.2. A fuzzy algebraic operational equation
Let us consider the following fuzzy operational equation
x’\:A)‘:L“’\—i—B’\, 0<A<1.
In previous relation
AN = 5 gr, B = 172, (3.15)
(1 and (2 are real numbers, and a, b are fuzzy numbers.
The solution of previous equation can be written in the form:

A BA A G A\

In the previous series fuzzy infinite operational sum appeared and thus we have
to analyze its convergence.
The sequence of fuzzy numbers is analyzed in the paper [5] and its conver-
gence is given by:
e The sequence of fuzzy numbers u;) = (uy ,,()\), u2,,(\)) converges to fuzzy
number u* = (u1(\), u2())), if it holds:

ulm()\) — ’LL1(>\), UQ’n()\) — Ug()\),
uniformly, for 0 < A < 1.

Theorem 3.1. If fuzzy operators A and B, are given by relation (3.15)
for 0 < X\ <1, then

the fuzzy operator

Z(A)\)z — Z(a)\)z[ﬁli
=0 1=0

converges for 31 > 0;
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the fuzzy operator

xh = BN (AN =) ()i (3.16)
=0 =0

represents

— local integrable function for 1 > 0 and B2 > 0;
— continuous function for By > 0, B > 1.

From relations (2.2) and (3.16) it follows that the fuzzy operator a* for
01 >0,08;>1,and 0 < A <1, corresponds to the continuous fuzzy function

A oA 0 i tP1+B2—1
P =b ;(a ) N (3.17)

3.3. Fuzzy Mittag-Lefler function

Let us remember that b* and a*, 0 < X < 1, are fuzzy numbers expressed in
parametric forms as:

b = (B1(V); b (X)), 0 = (a1 (), a2(N)).
Then in the sense of powers of fuzzy numbers (see [14]) we have
(M = (a1 (N, a(N)Y), i=1,...,
and we can denote by
=0 (0 = (cr.i(N), c2i(N), i=1,....

The continuous fuzzy function given by relation (3.17), after the correspond-
ing arithmetic operations on fuzzy numbers a?, i = 1,..., and b, (see [14]) can
be expressed in parametric forms as:

e N tP1+B2—1 <°° thitpB2—1 X tP1+P2—1 )

T L\ e 5 Ve e

The fuzzy function given by previous relations is in fact the fuzzy Mittag-Lefler
function.

=0

3.4. Mikusinski fuzzy fractional calculus

Fuzzy fractional integral operator, of order 3, 0 < § < 1, applied to fuzzy
operator f*, in the sense of the Definition 3.1, is given by:

P =0 F),

and it corresponds in the to fuzzy fractional integral of fuzzy function f, given
by relation (2.9).
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Analogously, fuzzy fractional differential operator of order 5, 0 < G < 1,
applied to fuzzy operator f*, i.e., s%f* — f'(),0)s”~! can be expressed as:
(72 = /(N 00771 57 13 — /(0 0)s7 1)

and it corresponds to fuzzy fractional derivative, of order G > 0, of fuzzy function
f, given by relation (2.10).

3.5. An application

Next we consider the fuzzy fractional differential equation:

(A =zt ) +ult, 0<fB<1, 0<A<I, (3.18)
with the fuzzy initial condition
z(0,A) =zp(A), 0<A<1 (3.19)

where x is a fuzzy function with crisp variable ¢, and z¢ and u are fuzzy numbers.
In the field of fuzzy Mikusinski operators the problem (3.18), (3.19), corre-
sponds to the fuzzy operational equation

s9ar — 2t = 0 7Pa) 4 (3.20)

The solution of previous equation has a form:

X

P18 A 4 2y fx) 4 2482 00 o
t = Sﬁo_ 1 - 01 — /B = ({x) +€2+BUA) Z(—l) 0, (3.21)
i=0

By taking
u(A) = (0,1,2)=(1—(1-X),1+(1=X), 0<<A<1
2(0,0) = (1,2,3)=(2—(1-)),24+(1—-1A),, 0<<A<I,
then the operational solution (3.21) has the form:
v (0,1,2)0+ (1,2,3)028yA

2 = = ((0,1,2) + (1,2, 3)01 Py ooeﬁi“.
Q29 b

If we denote by M (t, 3) and L(t, 3) the Mitag-Lefler functions corresponding
o0 . e .
to the operators 0PH1 and Z AGROL +2 respectivelly, then the fuzzy solution
i=0

i=0
of the problem (3.18), (3.19) is of the form:

z(t,A) = (0,1,2)M(¢t,0) + (1,2,3)L(t, 5)
= (MN2=XM(,B)+ 1+ X3=XNL(t,P))

= (AM(t,8) + (1 + AL(t, ), (2 = A)M(t,8) + (3 = N L(t, 8)) -
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Figure 1. Figure 2.

On Figures 1 and 2 we visualized the approximate solutions (¢, \) for
n = 7, (by taking seven addends in Mitag-Lefler function), and § = 1 and
B = 0.3, respectively. The blue curves are the graphs of the function AM7(t, 3)+
(1+X)L7(t, 5) and the red curves are the graphs of the function (2—\)Mx(t, 5)+
(
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BOUNDARY VALUE PROBLEMS FOR ELLIPTIC EQUATIONS
— REAL AND COMPLEX METHODS IN COMPARISON

Wolfgang Tutschke

Abstract

Using fundamental solutions, boundary value problems for elliptic equations
and elliptic systems can be reduced to fixed-point problems for a suitably defined
operator. In order to solve the related fixed-point problems, we apply both the
contraction-mapping principle and the second version of the Schauder Fixed-
point Theorem as well.

Since the right-hand sides are supposed to be only locally bounded or only
locally Lipschitz-continuous, the fixed-pont theorems are applicable only in balls
of the underlying function space, not in the whole function space. We show also
how one can determine the best radius of the ball which leads to solvability
conditions which are as weak as possible.

Elliptic first order systems in higher dimensions can be reduced to opera-
tors whose definition contains a monogenic function. The real-valued compo-
nents of a monogenic function are solutions of the Laplace equation. The paper
constructs also so-called distinguishing parts of the boundary from which the
real-valued components can completely be recovered.

MSC 2010: 35G30, 35F60, 31B05, 30G20, 30G35

Key Words and Phrases: reduction of boundary value problems for ellip-
tic equations and systems to fixed-point methods using fundamental solutions;
complex and Clifford-analytic normal forms of real systems; distinguishing parts
of the boundary; optimization of fixed-point methods

1. Reduction of boundary value problems to fixed-point problems

As it is well-known, the initial value problem

y/ = f(xa y)
y(z0) = Yo

(© 2013 IMI — BAS, Sofia pp. 322-345
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can be reduced to the fixed-point problem
V() =0+ [ £€(0)de.
o

Similarly, boundary value problems
Lu = F(z,u) in (1.1)
lu =g on 02 (1.2)
in domains 2 of R™ can be reduced to fixed-point problems. The associated
operator is defined by a fundamental solution of the (elliptic) operator L.

This reduction of boundary value problems to fixed-point problems is based
on a Green Integral Formula for differential operators of divergence type.

1.1. Green Integral Formula

A differential operator L of order k is said to be a differential operator of
divergence type if there exists another differential operator L* of order k and if
there exist n differential operators P; of order k—1 (depending on two functions
u and v) such that

oP;
axi '

Then the Gauss Integral Theorem leads to the Green Integral Formula

/(vLu—i— (—1)k+1uL*v)dx = /P[u, vldu (1.3)

Q o0

n
vLu+ (=) uL*y = Z
i=1

where
n
P[U7U] = ZH[U,’U]N,L )
=1

N = (Ny, ..., Nyp) is the outer unit normal and du is the measure element of the
boundary 0f2.

1.2. The Cauchy-Pompeiu Integral Formula

Let E(xz,&) be a fundamental solution having an isolated singularity at the
point . A fundamental solution E(x, &) of the equation Lu = 0 is a special solu-
tion having a special singular behaviour at an isolated point €. For the Laplace
operator L = A in R3, for instance, a fundamental solution with singularity at
¢ is given by the Newton potential

Cdm z—¢]
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Now let v be an arbitrary k£ times continuously differentiable function in
the domain Q of R™. Denote the e-neighbourhood of £ by U.(£). Applying the
Green Integral Formula (1.3) to u = E(z,£) and v in Q. = Q \ Us, one obtains

(-0 [ B oL = [ PlE@O. i+ [ PEE. i (1)
Q. 9 |z—¢|=¢
because we have Lu = 0 in ). and the boundary of 2. consists of the boundary
02 of Q and the e-sphere |z — {| = €. A fundamental solution E(x,&) with
singularity at & is, first, weakly singular at & and, second, the integral over the
e-sphere |z —¢&| = ¢ tends to —v(§) if ¢ — 0. Weakly singular means that E(x, &)
can be estimated by

t
|E(z,&)] < &Sa, where o < n.

|z —¢|
Therefore the limiting process ¢ — 0 in (1.4) leads to the Cauchy-Pompeiu
Integral Formula (or Borel-Pompeiu Integral Formula):

Theorem 1.

o) = [ PIE@.&),oldn+ (-1 [ B, &)L vda.
o0 Q

Two important special cases of this formula are, first, the boundary integral
representation

o(€) = / PIE(z, €), v]dp

[2/9]
for solutions v of the differential equation Lv* = 0 and, second, the formula
PO = (-1* [ B vz (15)

Q

which allows to recover a test function v = ¢ from L*p. In the next subsection
1.3 we shall show that the last formula can be used in order to solve inhomo-
geneous differential equations Lu = h with a given right-hand side h.

1.3. Solution of inhomogeneous partial differential equations

Theorem 2. Suppose h is an integrable function given in Q2. Then

u() = / B, )h(€)de
Q
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is a special distributional solution of the inhomogeneous differential equation
Lu=h
n §2.

Indeed, using the Fubini Teorem and applying formula (1.5), we obtain

/ ulipds = / < / E(x,&)h(&)df)L*gpdw

Q. Q Qe

- [ ( Q/ E(w,ﬁ)L*w(w)dm)df

Qe
G RIGHGYS
Q¢
where €, and ()¢ mean the domain () as domains in the z-space and in the
&-space, respectively.
1.4. The associated fixed-point problem

Consider again the boundary value problem (1.1), (1.2). Suppose E(z,§) is
a fundamental solution of the (elliptic) equation Lu = 0. Define

U(z) = uo(x) + u(z) + /E(l‘,ﬁ)F(&U(«S))dﬁ (1.6)
Q
where g is a solution of the (uniquey solvable) boundary value problem
Lug =01in Q)
lug = g on 0N

and 4 is a solution of the boundary value problem.

Lu=01in Q
i = — /E(-,g)F(g,u(g)) de | on 00,
Q

Since ug has the prescibed boundary values g, and since @ compensates the
boundary values of the integral term on (1.6), we obtain the following result:

Theorem 3. Fized points of the operator (1.6) are solutions of the bound-
ary value problem (1.1), (1.2) and vice versa.
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So it remains to prove the existence of fixed points of the operator (1.6).
This can be done either by the contraction-mapping principle or by the Schauder
fixed-point theorem.

1.5. Estimates of the operator

In order to apply fixed-point theorems, one has to estimate the operator
(1.6). To be short, we consider only the case of second-order differential opera-
tors L. Then one has to distinguish two cases:

Case I: The right-hand side of the differental equation (1.1) depends only
on the desired solution u, not on its first-order derivatives.

Case II: The right-hand side of the differential equation (1.1) depends on
u and also on the first-order derivatives of w.

In order to estimate the operator (1.6) in the case I, one needs only an
estimate of |u|, and so one can use the supremum norm ||-||, see the Example in
Subsection 4.1.

1.6. Right-sides depending on first order derivatives

There are many papers dealing with differential equations of type (1.1) in
the case II. Many papers such as the paper [2] of L. Boccardo, F. Murat and J.
P. Puel consider special right hand sides such as u|grad u|? (see also the review
MR766983). Newer papers such as [4] of D. Giachetti and S. Segura de Len solve
boundary value problems of type (1.1), (1.2) in the case that the right-hand side
has a quadratic gradient term with a singularity.

However, the above introduced operator (1.6) can also be used in order to
solve boundary value problems in the case II. This has be done in the Thesis
[11] of Muhammad Sajid Igbal. Using the operator (1.6), it is not necessary to
suppose that the right-hand side has a special structure (such as a quadratic
gradient term). In this Thesis [11] the right-hand side can depend arbitrarily
on the first order derivatives O;u, ¢ = 1,...,n, that is, one has an arbitrary
right-hand side F'(z,u, 01u, ..., Opu).

In order to estimate the related operator (1.6), one has to estimate not
only |u| but also one needs an estimate of the absolute values |0;u| of the first
order derivatives. Therefore it is not possible to use the supremum norm. A
suitable function space is the space C%*(Q) of Holder-continuously differentiable
functions. The integral term of the operator (1.6) can dirctly be estimated in
CH(Q), while the auxiliary functions ug and @ can be estimated using the
Schauder estimates (see, for instance, the paper [1] of E. A. Baderko).

1.7. Real and complex versions

In Section 2 we shall apply this method to non-linear first order systems in
the plane, and in Section 3 we consider first order systems in higher dimensions.
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Generally speaking, the fundamental solution E(z,&) depends on the dif-
ferential operator L (fundamental solutions for elliptic second order differential
equations are constructed, for instance, in the book [9] of C. Miranda). We shall
see, however, that in the case of first order systems the reduction to the oper-
ator (1.6) is always possible using the Cauchy kernels of complex and Clifford
analysis, respectively. This is possible using special normal forms for first order
sytems (see Subsection 2.1 for first order systems in the plane and Subsection
3.3 for first order systems in higher dimensions).

See also the paper [14] concerning the advantages of complex methods com-
pared with real ones. This paper is Chapter 4.7 of the Proceedings [7].

2. First-order systems in the plane
2.1. A complex normal form
Consider the system
Hj (x,y,u,v,0yu, Oyu, 0,v,0yv) =0, j=1,2, (2.7)

of two real equations for two desired real-valued functions v and v. Now intro-
duce the following abbreviations:

1
3 (Ozu + Oyv) D1

1

B (Opv — Oyu) = po

1

B (Opu —Oyv) = @

1

B (Oxv + Oyu) = qo.

Then one has

Ou = pr+aq
Oyu = —p2+q
Ov = P2+
6@/“ = p1—q1-

Substituting these expressions into the system (2.7), this system passes into

H] (xayvuavvpl + q1, —p2 + q2, P2 +q27p1 - Q1) - 07 .7 = 172

Now suppose that this system can be solved for ¢; and ¢2. Then one gets
real-valued representations

q; = Fj(z,y,u,v,p1,p2), j=1,2. (2.8)
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Introduce the partial complex differentiations
0. = L (0 i) (2.9)
and Oz = %(81 +10y). (2.10)

Since x +iy = z, u+iv = w and p1 +ip2 = J,w, the variables on the right-hand
sides of these equations can be expressed by z, w and 0,w (and their conjugate
complex values). Denoting Fy + iF» by F, and taking into consideration that
1 + ig2 = Ozw, the two equations (2.8) can be combined to the one complex
equation:

Theorem 4. = Complex normal form of systems of the form (2.7)

Ozw = F (z,w,0,w) . (2.11)

Special cases of (2.11):
o F(z,w,0,w) =0 (classical Cauchy-Riemann system).
o ['(z,w,0,w) = A(z)w+ B(z)w  (Vekua equation).
o F(z,w,0,w) =q(z)0,w (Beltrami equation).
The Beltrami equation is uniformly elliptic if |¢(z)| < go < 1.
Fundamental solutions of real (elliptic) second order equation depend on the

coefficients of the equation (see Subsection 1.7). However, for systems (2.11)
one has:

Theorem 5. In the case of all systems of the form (2.11) one can work

with the same kernels:
1

z=¢

. L. 1
its derivative —— -

T (20

and

1
the Cauchy kernel — -
T

In other words, it is not necessary to construct fundamental solutions de-
pending on the right-hand side F' (z, w, ,w).

2.2. Cauchy-Pompeiu Integral Formula
in the complex plane

Let © be a domain in the complex plane whose boundary 9f) is sufficiently
smooth. Let, further, f be a (complex-valued) function definied and continu-
ously differentiable (with respect to the real variables z and y) in Q. Suppose
the domain is positively oriented, that is, the domain is on the left-hand side
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when transversing the boundary. Using the partial complex differentiations
(2.9), (2.10), the Gauss Integral formulae

/ 10) fdxdy—/fdy

o0

/Q %fdxdy——/fdw

o0

/Q/Ggfdmdy = 21%4 fdz (2.12)
//azfdwdy: —;i/fdf.
Q onN

9(2) = Zf(_z)c

where ( is a point in 2. This new function has g an isolated singularity at (.
In order to apply the complex version (2.12) of the Gauss Integral Formula, the
singularity ¢ has be be omitted. For this purpose we introduce the domain €).:

Qezﬂ\m

can be written in the form

Consider

where U(() s the e-neighbourhood of . Applying the complex Green-Gauss
Integral Formula (2.12) to g in Q, it follows

// Ozgdxdy = — / gdz. (2.13)

895

Observe that the boundary 0€). of 2. consists of the boundary 992 of 2 and
the circle |z — (| = € with radius € and centred at {. Since the boundary has
to be oriented positively, the last circle has to be oriented negatively. Therefore
formula (2.13) implies

1 [ f(z) 1 / f(z)

——dz — — 2.14

// 2@/,2—(2 2% PR (2.14)
89 ‘Z*C‘:g

where now the circle centred at ¢ must have positive orientation. Carrying out

the limiting process € — 0, one obtains the following Cauchy-Pompeiu Integral
Formula in the complex plane:
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Theorem 6. Suppose f is in Q continuously differentiable with respect to
the real variables x and y. Then

f(¢) = 1/5(_2)Cdz—71r// %Ji(?dmdy. (2.15)
Q

2
0N

2.3. Solution of the inhomogeneous
Cauchy-Riemann differential equation

Applying Theorem 2 to the inhomogeneous Cauchy-Riemann differential
equation

ozw =h (2.16)

in the complex plane leads to the following special solution:

Theorem 7. Provided h is integrable, the function

we) = [ zh(_z)cdxdy
Q

is a special (distributional) solution of the inhomogeneous Cauchy-Riemann dif-
ferential equation (2.16).

2.4. Weyl Lemma for holomorphic functions

Applying formula (2.12) to f = wep (where ¢ is a continuously differentiable
test function), one obtains

/ / (Dzwep + wizp)dxdy = 0
Q

because dzf = dzwp + wdzp. And so a distributional solution of the homoge-
neous Cauchy-Riemann equation dzw = 0 is an integrable function satisfying

the relation
/ / wozpdrdy =0
Q
for each test function .

The complex version of the Weyl Lemma is the following theorem:

Theorem 8. An (integrable) weak solution of the homogeneous Cauchy-
Riemann system is necessarily a holomorphic function in the classical sense.
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2.5. Boundary value problems for holomorphic functions

One of the simplest boundary value problems for holomorphic functions
w = u + iv is the following Dirichlet boundary value problem:

Prescribe the values of the imaginary part v on the whole boundary 0f2
(which is supposed to be sufficiently smooth). Then the Cauchy-Riemann sys-
tem is a (completely integrable) first order system for the real part u. And so u
is uniquely determined by its value at one point (in simply conected domains).

A more general boundary value problem for holomorphic functions is the
Riemann-Hilber problem. Here one prescribes the values of a liniear combination
of u and v on the boundary. For the sake of simplicity we consider only the
Dirichlet problem in simply connected domains.

2.6. Boundary value problems
for generalized analytic functions

By analogy with Subsection 1.4 we consider now a boundary value problem
which is solvable for holomorphic functions. In order to solve the same boundary
value problem for the non-linear equation (2.11), we consider the operator

W(C) = wo(C) + w(C) — % / / dedy (2.17)
Q

where wq is a holomorphic solution of the boundary value problem under con-
sideration, and w compensates the boundary values of the integral term to zero.
Then the Statements 7 and 8 show that also the following statement is true:

Theorem 9. Fized points of the operator (2.17) are solutions of the con-
sidered boundary value problem for the non-linear system (2.11).

3. First-order systems in higher dimensions

3.1. The Clifford algebra A,,

- a generalization of complex numbers

Complex analysis of the plane is based on the fact that a product of vectors
in the plane is defined. In order to apply similar methods in higher dimensions,
one has to define also a product of vectors of R*%, n > 2.

An arbitrary point (ag, a1, ..., a,) of R'*™ can be written as linear combina-

n

tion Zaiei where e; = (0,0,...,0,1,0,...,0), : = 0,1, ...,n, and the component
i=0

1 is located at the (i + 1)-th digit. Denote the vector e;, i = 1,...,n, by Xj.
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Then the vectors of R can be interpreted as linear polynomials

ag+ a1 X1+ -+ apnX,. (3.18)
Clearly, products of vectors of R!*™ can now be defined as products of the
corresponding polynomials (3.18). We agree to distinguish two products

X X,

if they differ in the order of the factors.

While vectors of R'*™ are linear polynomials, arbitrary polynomials form
a certain extension of the Euclidean space R'™. In order to obtain a finite-
dimensional extension, one has to use suitable equivalence relations for poly-
nomials in Xy, ..., X,,. In order to find such relations, we consider the ring
R[X1, ..., X,] of all polynomials with real coefficients in X7, ..., X,,.

Firstly define the Cauchy-Riemann operator

n
D=0+ exdh (3.19)
k=1
where 0; means differentiation with respect to x;, i = 0,1, ...,n. This operator
is (up to the factor 1/2) a generalization of the Cauchy-Riemann operator ds
of the complex plane (cf. (2.10)) to R, Together with (3.19) consider the
adjoint operator

Then it follows

J
= - 07— ejerdion
Jj=1 J#k

= Z 6282 Z e]ek + €k€j)aj8k. (320)

i<k

Denote by A, 1 the Laplace operator in R'*™. Then relation (3.20) implies

bD == An—i—l
provided one uses the equivalence relations
X7+1=0 and X;Xj,+X;X;=0 (3.21)
where j,k = 1,...,n and j # k. These so-called structure relations in the

ring R[X1, ..., Xy| define the Clifford algebra .4,, which is an extension of the
Euclidean space R™™ (see also the paper [12] in the Proceedings [10]).
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The Clifford algebra A,, has 2" basis elements
L, e1,..., €n, €12,...; €12.m.
3.2. Left- and right-monogenic functions

Holomorphic functions w = w(z) in the complex plane are defined by the
Cauchy-Riemann equation dzw = 0. Analogously, left-monogenic (or shortly
monogenic) functions u are defined by Du = 0 where D is the Cauchy-Riemann
operator in R (see formula (3.19) in Subsection 3.1).

Similarly, right-monogenic functions are defined by uD = 0.

3.3. A Clifford-analytic normal form

Consider a fully non-linear first order system of 2" equations for 2" desired
real-valued functions wg, w1, ..., Un, %12, ..., Ui2.., depending on n + 1 real
variables zg, x1, ..., Tn:

Hj (1‘0, ceiy Ty UQy ooey U12...my 8m0u0, ...,anulgn_n) = 0, j = 1, ceey 2”. (322)

The 2" desired real-valued functions can be interpreted as the components of a
Clifford-algebra-valued function u(z) depending on = = (zg, z1, ..., x,). Clearly,
Du has also 2" real components g4 which can be expressed by the first order
derivatives of the real-valued components uy of u. The definition (3.19) of the
Cauchy-Riemann operator D shows that

ga = Oy,ua + derivatives with respect to z1, ..., xp.

Consequently, all derivatives with respect to xg can be expressed by the 2" real
variables g4 and derivatives with respect to z1, ..., x,. Carrying out this sub-
stitution, the system (3.22) turns out to be a system of 2" equations depending
on the (n+ 1)+ (n+2)2" variables xo, ..., Tn, ua, qa, Oy, ua, k =1,...,n. Now
assume that this system can be solved for the 2" variables ¢4. Then the given
system (3.22) can be written in the following form (see [13, 14]):

Theorem 10. = Clifford-analytic normal form

Du = F(z,u,0,u, ..., 0z, u). (3.23)

3.4. The Cauchy kernel of Clifford analysis
Next we are going to show how the Cauchy kernel

1 1 1 z-C

Toz=C m |z—(?
of complex analysis in the plane can be generalized to the case of higher dimen-
sions.
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n

Let x = x¢ —I—ijej be a point of R'™. To this point  we define a
j=1
conjugate point T by

n
T = X9 — E Tje;.
Jj=1

Note that sometimes x is called a ”Clifford number” and = the ”conjugate”
Clifford number.
The definition of T implies

2T = |z
Now let wy 1 the surface measure of the unit sphere in R1*™. Define
1 z—¢
Wn+1 ’fL‘ - €|n+1

E(z,€) = (3.24)

where € is a fixed point of R'™™. Then a direct calculation shows:
The function E(x,§) is both left-monogenic and right-monogenic for each

3.5. The Green Integral Formula
for the Cauchy-Riemann operator in Clifford analysis

Consider two Clifford-algebra-valued functions

U= ZUAGA and v = ZUBeB
A

B

with values in A,, which are continuously differentiable in  where uy and vg
are the real-valued components of u and v, respectively. Applying the (real)
Gauss Integral Formula one can prove the following Green Integral Formula of
Clifford analysis:

/(vD-u—l—v-Du)dx:/v-da-u, (3.25)
Q a0
where do is the Clifford-algebra-valued surface element
do =" e;N;dp
j=0

of Clifford analysis, N = (Ng, N1, ..., N,) is the outer unit normal of 9€2.
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3.6. Cauchy-Pompeiu Integral Formula in Clifford analysis

Again let u be an arbitrary continuously differentiable Clifford-algebra-
valued function in €. In order to apply the Green Integral Formula to this
function v and the Cauchy kernel v(z) = E(z,€) , one has to omit the singu-
larity £. Introduce the domain . = Q \ U.(§) where U.(§) = {z : |z — | < &}
is the e-neighbourhood of £&. Taking into account the properties of fundamen-
tal solutions (weak singularity and behaviour of the boundary integral over the
e-sphere centred at ), the limiting process ¢ — 0 leads the following Cauchy
Pompeiu Integral Formula:

u(f):/E(x,f)-da-u—/E(x,§)~Du-d:c.
oN Q

First special case: This formula is the Cauchy Integral Formula for monogenic
functions

u(©) = [ B(w€) do-u
o2

because one has Du = 0 for monogenic functions.
Second special case: Test functions u = ¢ can be recovered from D:

o) =— /E(:E,ﬁ) - Dy - dz.
Q

3.7. Another version
of the Cauchy-Pompeiu Integral Formula

In the preceding Subsection 3.6 we obtained the Cauchy-Pompeiu Integral
Formula by applying the Green Integral Formula to an arbitrary function u and
v = E(x,§). Now we apply the Green Integral Formula to v = E(x,{) and
an arbitrary function v. Then one obtains the following version of the Cauchy-
Pompeiu Integral Formula:

v(g):/v-da.E(x,g)—/vD-E(x,g)-dx.
o0 Q

First special case: For a right-monogenic function v (that means vD = 0)
one obtains the Cauchy Integral Formula

() = /v.da.E(a;,g).

oN



336 W. Tutschke

Second special case: If v = ¢ is a test function, then the Cauchy-Pompeiu
Integral Formula leads to the relation

ﬂ@z—/wﬂE@£%W (3.26)
Q

showing that test functions ¢ can also be recovered from @D.

3.8. Solution of inhomogeneous differential equations

Suppose h is an integrable Clifford-algebra-valued function in the (bounded)
domain 2. Denote 2 as domain in the z- and in the {-space by €, and €,
respectively. Then the following theorem holds:

Theorem 11. The function

mwz/Emom&m
Qe

is a distributional solution of the inhomogeneous Cauchy-Riemann equation

Du = f.

For the proof of this theorem we have to apply the special case (3.26) of the
Cauchy-Pompeiu Integral Formula of the Subsection 3.7.

Proof of Theorem 11. Using the Fubini Theorem for weakly singular
integrals, the definition of u and the relation (3.26) implies

/ch-ud:c = /goD /E(m,f)h(g)df dx

Q Q Qe

:/ /(’DD.E(:U, Vdz | n(e)de

Qe \Q,
- —/w@M@%-
Qe

Replacing the integration variable £ of the last integral by x, we have thus proved
that for each test function ¢ the relation

/(@D-u+<p-h>d:n:0

Qy
holds. [ ]
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3.9. Weyl Lemma for monogenic functions

If w is a continuously differentiable monogenic function (that is, Du = 0),
then the Green Integral Formula (3.25) of Subsection 3.5 implies

/apD ~udr =0 (3.27)
Q

for each test function ¢. This relation (3.27) leads to the concept of monogenic
functions in the distributional sense:

An integrable function u is said to be a monogenic functions in the distri-
butional sense if relation (3.27) is satisfied for each test function.

Then the following Weyl Lemma is true:

Theorem 12. A monogenic functions in the distributional sense is nec-
essarily a monogenic function in the classical sense, that is, u is continuously
differentiable and the equation Du = 0 is pointwise satisfied.

3.10. Boundary value problems for monogenic functions

Let 2 be a (bounded) domain in the complex plane whose boundary is suffi-
ciently smooth. Let, further, w = ug+ iu; be a holomorphic function. Since the
imaginary part u; is a solution of the Laplace equation, u; is uniquely deter-
mined by its boundary values. Knowing u1, the real part ug can be calcutated
using the Cauchy-Riemann system

Ooug = Oru1, Ohug = —0ous.

This system is completely integrable because Au; = 0. Thus wug is (in simply
connected domains) uniquely determined by its value at one point.

A similar situation occurs for monogenic functions u = ug + uie; + uses +
ujze12 in R3 (see the paper [17]). The four real-valued components satisfy the
Cauchy-Riemann system

80u0 — 81U1 — 82uz =0

Oour + O1ug + Oauiz =0
Oouz — O1u12 + Oup =0
80%12 + 81U2 — 82u1 =0.

Let u be given in ) where  is a cylincrical domain in zg-direction

0= {33 = (x0, x1,22) : Y1(21,22) < 2o < WP2(21,22), (T1,22) € Qo}.
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Here is €}y a simply connected domain in the x1, xo-plane. Again in view
of the Laplace equation, the two components u; and uo are already uniquely
determined by their values on the whole boundary.

Knowing w1 and wuo, and knowing the values of w13 on the lower covering
surface

So = {CL‘ = (Cﬂo,ﬁﬂl,xg) Ty = Qf)l(xl,.’ﬁg), ($1,$2) S QO}

of the cylindrical domain €2, the last equation (3.31) allows to calculate uj2 in
the whole cylindrical domain by a simple integration in zg-direction.

It remains to calculate the real part ug. The three first equations (3.28),
(3.29) and (3.30) form a first order system of the form

8jU0 = Py, j = 07 1727
where
po = Orur + Qaug, p1 = —0gur — Oaui2, p2 = —Oouz + O1ug2.

The system (3.28) - (3.30) is completely integrable because using the Laplace
equation for u; we have

po — Bop1 = Ouy + 0102uz + Ogus + Aodaura
= —822'LL1 + 0109usg + OgOauto = (92(—62111 + O1ug + 80“12).

Since the last bracket is equal to zero in view of equation (3.31), the condition
O1po — Ogp1 = 0 is satisfied. Similarly, the Laplace equation for us shows that
O2po — Opp2 = 0. The compatibility condition dep1 — d1p2 = 0, finally, is satisfied
if we use Auis = 0.

To sum up, a monogenic function in a cylindrical domain in R3 is completely
determined if one knows the two components u; and ug on the whole boundary,
the the component w12 on the basis Sy of the cylindrical domain, and one has
to know the value of ug at one point.

In order to carry out analogous constructions in Euclidean spaces R1*™ of
arbitrary dimensions, one has to consider domains which can be decomposed into
p~dimensional fibres (see the paper [15], cylindrical domains can be decomposed
into one-dimensional fibres). The fibres are defined by so-called distinguishing
(14 n — p)-dimensional parts of the boundary. In order to explain this concept,
we consider the interval Q = {z:0 < z; <1, j=0,1,2} in R3:
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Xo

012

X2

&

X

This interval can be decomposed into one-dimensional fibres zg-direction where
a distinguishing part of the boundary is the lower covering surface Sy = {z €
Q : 19 = 0}. The domain € is, however, can also be decomposed into two-
dimensional fibres inxg, xo-direction where a distinguishing part of the bound-
ary is the one-dimensional interval Spo = {x € Q : 0 < 27 < 1} on the ;-
axis. However, the interval {2 can also be interpreted as a three-dimensional fi-
bre where the corresponding distinguishing part is the (zero-dimensional) point
So12 = {l’ €Nz = (0,0,0)}.

In accordance with the the decomposition of domains into p-dimensional
fibres, the Cauchy-Riemann system can be decomposed into p-dimensional sub-
systems for particular components. These subsystems turn out to be completely
integrable so that the corresponding components can be calculated from their
values in the distinguishing part of the boundary.

The components of monogenic functions in R* satisfy the system

Ooug — O1u1 — Ogug — Oa3usz = 0 (3.32)
Oou1 + O1ug + G — O3u13 = 0 (3.33)
Opug — O1u12 + Oy + O3usg = 0 (3.34)
Oouz + Oru1z — Oougz + Ozug = 0 (3.35)
Oou12 + O1ug — Oy — O3uqa3 = 0 (3.36)
Oouog — O1u123 + Ooug — O3us = 0 (3.37)
Oourz — Ohug — Oatt123 + O3up = 0 (3.38)
Joui23 + O1ugs + Oouis + O3uiz2 = 0. (3.39)

Suppose €2 can be decomposed into 1-dimensional fibres in xg-directions, into
2-dimensional fibres in xg, xo-direction and also that € is a 4-dimensional fibre
in all directions. Suppose, further, the corresponding distinguishing parts of
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the boundary are Sy, Sp2 and Spi23. Suppose, finally, that all fibres are homo-
topically simply connected. Then the monogenic function can be reconstructed
from the following data (see the paper [15]):

The four components w1, ug, us, ui23 can be found from their values on
the whole boundary. Using (3.36) and (3.37), the two components u12 and a3
resp. can be found from their values on the three-dimensional distinguishing
part Sp of the boundary, while in view of the two-dimensional system (3.38) the
component w3 can be calculated from the values on the boundary curve Sps.
The component ug, finally, is as solution of (3.32) - (3.35) completely determined
by its value at the point Spios.

3.11. Boundary value problems
for generalized monogenic functions

Now we consider again the general first order system (3.22) in its Clifford-
analytic normal form (3.23) (see Subsection 3.3). Consider, further, a boundary
value problem which is solvable for monogenic functions. Define the operator

U(x) = uo(x) + a(x) +/E($,€)F(§7U(€),3w(§), oy Onu(€))dg,  (3.40)
Q

where E(x,¢) is the Cauchy kernel of Clifford analysis, ug is a monogenic func-
tion of the boundary value problem and % is a monogenic function compensating
the boundary values of the integral to zero.

By analogy with Theorem 3 in Subsection 1.4 and Theorem 9 in Subsection
2.6, one has

Theorem 13. Fized points of the operator (3.40) are solutions of the
boundary value problem for the system (3.23).

The investigation of boundary value problems for monogenic functions and
for systems of the form (3.23) is in progress.

4. Outlook
4.1. Optimization of fixed-point methods
If L is the Laplace operator in R2, then the operator (1.6) reads

U(z) = uo(z) + i(z) — % / dl E’_“f‘))dg (4.41)
Q
because
1 1

Cdm € a
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is a fundamental solution of the Laplace equation in R3. The functions u and
4 are solutions of the Laplace equation, Aug = 0 and A@ = 0. The right-hand
side F'(z,u) is supposed to be (locally) bounded by K(R), |F(z,u)| < K(R) for
r€Q and |u| <R.

In order to estimate the operator (4.41), we use the Schmidt Inequality for
domains 2 in R™ with bounded measure mf2. Suppose 0 < o < n. Then

1 N =5
/dg < Yn (M8
|€ — x|@ n—a \
Q

for each = of R™ where 7,, and w,, are the volume and the surface measure resp.
of the unit ball. And so the absolute value of the integral term in (4.41) can for
domains  in R3 be estimated by

2
1 3m\ 3
2K(R) < ym > (4.42)
in |F(z,u)] < K(R) for z € Q and |u| < R. In case the boundary values g
of the desired solution u can be estimated by |g| < C, the maximum-minimum
principle for the Laplace equation leads to the estimate |ug| < C. Analogously,
|| can be estimated by the expression (4.42).

Now suppose that € is the unit ball in R3. To sum up, we obtain the
estimate |U| < C'+ K(R). Thus the operator (4.41) maps the ball ||u| < R into
itself provided C+ K (R) < R. In other words, the maximal possible bound C for
the boundary values can be estimated by C' < A;(R) where A1(R) = R— K(R).
Clearly, possible radii R have to satisfy the condition A;(R) > 0.

Since

|F(z,u)| < [F(z,u) — F(z,0)] 4+ [F(z,0)],
we obtain K(R) < L(R)- R+ M if F(x,u) is Lipschitz continuous with the
Lipschitz constant L(R) in the ball ||u| < R, and if |F(z,0)] < M. And so
the operator (4.41) maps the ball ||R|| < R into itself also under the condition
A3(R) > 0 where A2(R) = R— (L(R) - R+ M).

Since the boundary value problem has been reduced to the fixed-point prob-
lem for the operator (4.41), one has to apply suitable fixed-point theorems
such as the contraction-mapping principle or the second version of the Schauder
Fixed-Point Theorem.

In order to compare the solvability conditions, we consider now the special
right-hand side

1
In this case we have

1 R 1
K(R) = 1(1 +R?), L(R)= 5 and M = T
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The above introduced bounds A;(R) and As(R) for C have then the form
1 1

1 1
(R)=R— R~ and Ay(R)=R- R~

The bound A;(R) is positive only in the interval Ry < R < Ry where

Ri=2—+V3and Ry =2+ V3.

Further, A;(R) takes is maximal at R, = 2, its maximal value is A;(2) = 3/4.
Similarly, Ao(R) is positive only in (R, R2) where we have now

1 1
R1:1—§\/§ and R2:1+§\/§.

The maximal value As(R,) = 1/4 is taken at R, = 1.

0 T ~C T
—0_1j 4 1 ‘x\\ i 3 4
-0.2 N

And so the contraction-mapping principle is at least applicable to boundary
values with 0 < C' < 1/4, whereas the Schauder Fixed-point Theorem can be
applied for C' with 0 < C' < 3/4.

The boundary value problem g = 0 can be solved in a ball whose radius is
equal to the minimal value R; of the admissible interval [R1, Ro]. And so the
boundary values g = 0 lead to the optimal a-priori estimates

1
ol <2- V3 and flull <1-5v2

in case one applies the Schauder Fixed-Point Theorem and the contraction-
mapping principle, resp. (where the first bound is the better one).

The operator turns out to be contractive if only L(R) < 1, and thus the
boundary value problems are always (uniquely) solvable by the contraction-
mapping principle if only C' < 3/4, whereas the Schauder Fixed-Point Theorem
is also applicable for C' = 3/4.

4.2. General structure relation

The classical Clifford algebras A,, are defined by the structure relations
(3.21) in Subsection 3.1. These structure relations imply that the related mono-
genic functions satisfy the Laplace equation. In order to include more general
(elliptic or non-elliptic) differential equations, one can replace the structure rela-
tions (3.21) by more general ones, see [12, 16, 18, 20] (the paper [16] is Chapter
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14 of the book [3], and [20] is Chapter 8 in the Proceedings [6]). Piecewise
constant structure relations are considered in [19].

4.3. Multi-monogenic functions

Let u be a function depending on n variables 2@ i =1,...,n, where () runs
in an (m; + 1)-dimensional Euclidean space R™i*1. The function u is said to be
m(z;ltz’—monogenic in case u is monogenic with respect to each separate variable
z\Y.

Suppose € is a domain in R™1 1 x ... x R™» 1 Suppose, further, that K
is a compact subset of {2 such that Q \ K is connected. Suppose, additionally,
that there exist domains §2; (with sufficiently smooth boundaries 92;) in R™i*1
such that the polycylinder

QOZQ1X"-XQn

has the following properties (see the figure below):

e The closure of )y is completely contained in 2.
e The compact subset K of Q) is completely contained in .

S
Q @ \
Q. }
Q g
Then the following continuation theorem holds:
Theorem 14. = Hartogs continuation theorem

for multi-monogenic functions
Suppose u is multi-monogenic in QL \ K. Then u can be uniquely extended to a
multi-monogenic function in the whole domain ).

Indeed, applying the Cauchy Integral Formula for separately monogenic
functions, the function u can in €y \ K be represented by an integral over
S = 001 x -+ x 0Qy,. Since the Cauchy kernels are monogenic functions of
the particular variables z(*), the integral defines the desired continuation of u to
the whole domain €, concerning details see the paper [5] and [8] which is the
Chapter 5 of the book [6].
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