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FOREWORD

The Telangana Academy of Sciences (TAS) has been engaged in the Science
popularization activities including Publications, Journals and Special Issues on
different occasions. The recent publication activities include “Diabesity: The
Unacknowledged Indian Knowledge”, “Jivanayanam lo Rasayanalu “ and “21%
Century Noble Awards in Chemistry”. As a part of its continued efforts in this
direction, a Special Issue of the Proceedings of the Telangana Academy of
Sciences entitled "Frontiers In Mathematics" has been brought out now with
Prof. B. Sri Padmavati, School of Mathematics and Statistics, University of

Hyderabad as a Guest Editor.

This issue contains different research topics of Mathematics with leading authors
drawn from different national and international Centers of Excellence including
California Institute of Technology, Emory University of USA, besides premier
institutions like TIFR, Chennai Mathematical Institute, University of Hyderabad,
IIT Delhi- Kanpur- Palakkad-Kharagpur-Hyderabad , University of Mumbai, Indian
Statistical Institute, Kolkata. | hope this Proceedings will serve as a pace setter
for detailed investigations in Mathematics and Applied Mathematics and be
beneficial for the young researchers in the field and also for aspiring
mathematicians.

| express my gratitude to Prof. B. Sri Padmavati, Guest Editor of the special issue
and to Prof. S.M. Reddy, Editor of Publications for bringing out such an excellent

special issue entitled “Frontiers in Mathematics”.

@ﬂ“‘/‘“/
S. Chandrasekhar
Hon. Secretary, TAS



From the Guest Editor

It gives me immense pleasure to bring out this special issue of the Proceedings of Telangana Academy of
Sciences entitled “Frontiers in Mathematics” as a Guest Editor. This issue includes articles by some very
eminent and senior mathematicians and also by some promising young mathematicians.

This issue contains and assortment of topics in mathematics and applied mathematics that will appeal to
serious researchers in quest of original results, to aspiring mathematicians trying to get a flavour of
some research topics in mathematics and also to those who just enjoy and love reading about
mathematics and mathematicians.

| thank all the authors who contributed their original results, all those who contributed expository
articles and also those who wrote some other very interesting, insightful and illuminating articles for this
special issue. | also thank all the reviewers who spared their precious time to send their valuable
comments and suggestions to the authors.

Prof. B. Sri Padmavati
Guest Editor



From the Editor of Publications

Telangana Academy of Sciences, the erstwhile AP Akademi of Sciences, is one of the oldest of
the state Academies of the country, and has been serving the cause of science in particular and
society at large in a befitting manner. It has been publishing scientific documents of
international, national and regional relevance since its inception in 1963. It has been publishing
the official journal of the academy covering the areas of Life Sciences, Chemical, Physical,
Engineering and Earth Sciences. In view of its long standing contributions, we are making
earnest efforts to make it vibrant which can bring name and fame to the Telangana Sciences in
particular and to India at large.

India has made great strides in different fields of sciences and made remarkable efforts to
realize different revolutions such as green, white, blue, yellow and rainbow which made India
one among different countries in the world to become self-sufficient in agricultural products.
Even though our R&D contributions in the world stand at 3.2%, no institute stands in the list of
top 200 research organizations in the world, even though the contributions of some individuals
are of high standard. There is a need for concerted efforts in basic research which can be
translated into world class technologies.

The Academy has initiated printing of special issues and books on popular sciences in which
established researchers were requested to contribute for this purpose. We are now ready with
some special issues including the present one on ‘Mathematics’. | thank Prof. B. Sri Padmavati,
Guest Editor, and all the contributors for their valuable articles.

We also look forward to the whole hearted co-operation from the Fellows of TAS through their
contributions of high quality scientific and research articles for publication in these
Proceedings.

S.M. Reddy
Editor of Publications, TAS
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The Special Issue of The Proceedings of Telangana Academy of Sciences
Vol. 01, No. 01, 2020, 1-11

Some Highlights of Indian Contributions to
Mathematics in the 20" Century *

M S Raghunathan®

University of Mumbai - DAE Centre for Fxcellence for Basic Sciences,
Mumbai 400098.

Abstract: In this paper we describe some of the major research
works of Indian mathematicians in the twentieth century. These re-
searches attracted considerable international attention and in some
cases are in fact landmarks in their mathematical areas.

1. Prognosis of Andre Weil

Andre Weil (1906-98), one of 20" century’s greatest mathematicians, addressing
the Moscow Mathematical Society in 1935, said:

“The intellectual potentialities of the Indian nation are unlimited and not many
years would perhaps be needed before India can take a worthy place in world
mathematics”.

It is now 85 years since that pronouncement. Have our mathematicians lived up
to Weil’s expectations of them? Have we taken a “worthy place” in world mathe-
matics? Before answering that question one needs to ask what is a “worthy place”.
Our mathematicians have made highly significant contributions over those 85 years
and some of those contributions had a big role in the very evolution of the field.
That said, the influence our mathematics has had is not comparable to those of the
US, Russia, Britain, France, Germany and Japan. But we are ahead of the rest of
the Western world and the developing countries including China (which however
is currently challenging our primacy there). A nuanced response to the question
then is “No, not yet, but we are getting there.”. The progress achieved in the 20"
century was considerable and the momentum of that progress has been maintained
in the last two decades.

Weil was aware of what was going on in mathematics in India: he had spent two
years (1930-32) at the Aligarh Muslim University (AMU). He had contacts with
several Indian mathematicians and was basing himself not just on the work of the
legend Ramanujan (1887-1920) (who was instrumental in making the world sit up
and take notice of us). There is a Telangana connection to Weil’s Indian sojourn.
Syed Ross Masood (1889-1937) who was the education minister of the princely
state of Hyderabad in 1930 quit his job to take up the vice-chancellorship of AMU
and one of his first initiatives as vice-chancellor was the appointment of the (then

'This is a slightly expanded version of a talk with the same title given in the School
of Mathematics and Statistics of the University of Hyderabad on 17th January, 2020
*Email: madabusisr@gmail.com



26-year old) Weil as Professor and Head of the Department of Mathematics at that
university.

This article’s aim is to highlight some Indian achievements of high significance
in world mathematics in the 20" century. It is constrained by three factors, all
personal. I have written only about areas in pure mathematics with which I have
some acquaintance; secondly even in those areas, it is on the cards that I have
missed out some significant work by oversight; also what I rate as significant is
evidently a matter of personal judgement which of course is far from infallible;
third: I may have missed out on work done in the last decade of the last century - 1
was much less alert to what was going on in mathematics in those years than in the
previous years. I have not touched upon most areas of applied mathematics (that
includes Statistics where India has a big presence) at all and as the title indicates
any mathematics of the present century.

Finally, in most cases 1 have not been able to state the theorems proved and
even where I have attempted to do it, the statements would be accessible only to
mathematicians with some knowledge of the relevant field - the technical concepts
involved are not explained. This is inevitable as cutting edge research in most
mathematical areas requires considerable back-ground in the area.

I have not given any references. This is partly because listing the various works
would make a rather unwieldy bibliography. In any case since I have given only a
broad idea of the work of the various people who were important players on the
mathematical scene, pin-pointing references may give a misleading picture. In any
case the interested reader can always go to the Mathscinet and look through the
reviews to gt a better idea of the contributions of these mathematicians.

2. Before Ramanujan

There was one piece of work that drew international attention long before Ra-
manujan came on the scene and has had a sustained impact in mathematics: the
“Four vertex theorem” due to Shyamadas Mukhopadhyaya (1866-1937). In 2009
there was a conference to commemorate the centenary of Mukhopadhyaya’s paper
in which the theorem was proved, an indication of the importance attached to the
work. I will briefly describe what Mukhopadhyaya proved. Recall that for a smooth
plane curve C : [0,1] — R? and a point C(t) on it the osculating circle at C(t)
is the circle passing through C(t) and having a second order contact with it; the
curvature k(t) of C' at C(t) is the reciprocal of the radius of the osculating circle
at C(t). Mukhopadhyaya’s theorem says that if C' : [0,1] — R? is a simple closed
convex curve (conver means that k(t) > 0 for all t € [0,1]), the curvature function
k(t) has at least four stationary points. This was the first result in global differ-
ential geometry proved by an Indian mathematician. The result has since been
generalized to any simple closed curve (without any restriction on the curvature).

It needs to be noted that Mukhopadhyaya’s work was done before Ramanujan
appeared on the scene. One can be sure that Weil’s optimistic prognosis took into
account Mukhopadhyaya’s work.

3. Ramanujan
Ramanujan is a once in a century phenomenon. His work was essentially in Num-

ber theory; it covered three distinct themes in each of which his work broke new
ground. There is a large body of work proving various identities between essen-



tially formal infinite algebraic expressions (products or series), most of them with
implications in Number theory. A second theme is about the partition functions
where he introduced what is known as the circle method which became a powerful
tool for solving many problems, some of which are quite unrelated to the partition
function. The partition function p : N — N is the function that associates ton € N
the number p(n) of ways in which n can be written as a sum of positive integers.
And Ramanujan, in collaboration with G H Hardy (1877-1947) proved beautiful
theorems about the behaviour of the function p.

Arguably the most important work of Ramanujan relates to the theme of modular
forms. A modular form of weight k is a holomorphic function f : H — C on the
upper half plane H = {z € C| Im(z) > 0} ’satisfying the following condition: for

in SL(2,R), f((a-z+b)/(c-z+d) = (c-z+d)*- f(z). Taking

a=b=d=1 (and ¢ = 0), we see that f is periodic with period 1: f(z + 1) =
f(z) for all z € H. It follows that f has a fourier expansion Y % ja,(f) - e*™"=.
Ramanujan defined a fuction 7 : Z — Q by the formal identity:

> )" =q- [J(1-gm*
n=1

n=1

ab
zeHand‘cd

Then the function A : H — C defined by setting for z € H, A(z) = >.>°_7(n) -

[ee]
is a modular form of weight 12. Moreover every modular form f weight 12

and with ag(f) = 0 is a scalar multiple of A. Ramanjan conjectured that certain
congruence relations hold for the 7(n) and that |7(n)| < n'Y2. The conjecture
evoked a lot of interest in many leading number theorists and one of them, Mordell
(1888-1972), proved the first part of the conjecture. It took half a century for the
second part to be proved: it was done by the Fields Medallist Deligne (1944-).
Ramanujan had other insights related to modular forms, but I will not go into
these.

e?ﬂ'znz

4. Number Theory: Diverse topics

During the three decades 1925-1955 a number of Indian mathematicians were mak-
ing interesting contributions to diverse topics in Number Theory. Notable among
these were S S Pillai (1901-50), T Vijayaraghavan (1902-55), Hansraj Gupta (1902-
88) and R P Bambah (1925-). I will later describe some of Pillai’s work. The works
of the other three attracted considerable attention, even if not to the same extent
as Pillai’'s work on the Waring Problem. Bambah’s work is largely in Geometry of
Numbers and he (along with Hansraj Gupta) built a school in the area at Panjab
University, Chandigarh.

5. Number Theory: Automorphic Forms

In the early sixties K Chandrasekharan (1920-2017) and Raghavan Narasimhan
(1937-2015) wrote a series of joint papers on Dirichlet Series in the prestigious
Annals of Mathematics. Dirichlet Series have close connections with modular forms.

Another landmark in Indian mathematics to have a big impact in number the-
ory is the publication of an important paper by K Ramachandra (1933-2011) in
the sixties. In a paper entitled “Some applications of Kronecker’s Limit Formu-



las” published in the Annals of Mathematics), Ramachandra showed that a “ray
class field” over an imaginary quadratic field K/Q is generated by the value of a
certain modular form at a suitable point. He also obtained beautiful results about
units in ray class fields.

The theory of modular forms has undergone a big transformation since Ramanu-
jan. In the first instance the notion was generalized to functions on what is known
as the Siegel upper half space. In the sixties Harish-Chandra introduced the very
general concept of an automorphic form as a function on a semi-simple Lie group
invariant under the left action of an arithmetic discrete subgroup and transforming
according to certain rules under the action the maximal compact subgroup on the
right. Investigations of these automorphic forms led people to study representa-
tions of real and p-adic algebraic groups. In the sixties there was some work of
significance on Siegel modular forms by Indian mathematicians, notably S Ragha-
van (1934 -2014). Work of much greater significance on representations of p-adic
groups connected with automorphic forms came from Dipendra Prasad (1960-),
(currently working in IIT Bombay), in the last decade of the 20" century. I will
not attempt to describe the work - it is far too technical for this account. However
the importance of the work can be gauged by the fact that in recent years there have
been several conferences on the “Gross-Prasad conjectures” which were formulated
already in Dipendra Prasad’s thesis (done under the supervision of Benedict Gross
of Harvard).

6. Number Theory: Waring’s Problem

The Waring’s problem in Number Theory is the following question raised by Ed-
ward Waring a British mathematician in 1770:

given a positive integer k, does there exist a (minimal) integer g(k) such that
every positive integer is the sum of g(k) k' powers of non-negative integers.

This question had already been raised in the case kK = 2 by the Greek mathe-
matician Diophantus (circa 300 CE) who had in fact conjectured that g(2) = 4
and J L Lagrange (1736-1818) proved that conjecture in 1770 (which is probably
what led Waring to ask his question). In 1909 David Hilbert (1862-1943) answered
Waring’s question in the affirmative. After that mathematicians were after giving
an exact formula for the number g(k) for all k. By the thirties, when the Indian
mathematician S S Pillai got interested in the problem, g(3) and g(5)had been
determined. Pillai, basing himself on some work of the Russian mathematician
Vinogradov (1891-1983) came up with a formula for g(k) for all £ > 6. The same
result was also obtained by the American mathematician L E Dickson (1874-1954).
That has ensured that Pillai’s name will figure in any history of mathematics. Pillai
who was born in 1901 died tragically in an air accident over Cairo in 1950 when
he was on his way to the International Congress of Mathematician where he was
to give a talk. So by 1950 g(k) had been determined for all k # 4. It was an Indian
mathematician - R Balasubramanian (1951-), former Director, Institute of Math-
ematical Sciences, who came up with the proof that ¢g(4) = 19 (in collaboration
with two Frenchmen).

That is not the end of the engagement of Indians with the Waring problem. C L
Siegel (1896-1981) generalizing the work of Hilbert proved the following

THEOREM 1 Let F be a number field O its ring of integers. Then for any integer
k > 1, there is an integer g(k,F) such that any element in Op which can be
expressed as a sum (of an unspecified number) of k" powers of elements of O can



be expressed as a sum of g(k, F) of k™ powers of elements of 9.

Siegel went on to conjecture the following:

There is a positive integer G(k) (independent of the number field F') and a posi-
tive integer v(F') such that all elements o € O with Npg(a) > v(F) which can be
expressed as a sum of k" powers of elements of O can be expressed as a sum of
G(k) k™ powers of elements of Op.

Around 1964, C P Ramanujam (1937-1974) gave a brilliant short proof of a
stronger result for p-adic fields and deduced Siegel’s conjecture. Altogether, Indian
mathematicians had a big role in advancing this area substantially.

7. Differential Geometry / Differential Equations

The heat equation is the differential equation that governs the propagation of heat:
it is the partial differential equation:

ou(z,t)/0t — A(u(x,t)) = F(x,t)

Ganesh Prasad (1876-1935) studied this equation and obtained some interesting
results and a paper he wrote in 1903 incorporating this was solicited by the famous
mathematician- F Klein for publication in a German journal of which he was an
editor. Ganesh Prasad’s work however is perhaps more of a contribution to physics
than to mathematics.

Minakshisundaram (1913-1968) was more interested in purely mathematical
questions relating to the heat equation and that in a more general context. There
is a natural elliptic differential operator A of order 2 on any closed compact Rie-
mannian manifold M called the Laplacian of M. This enables one to talk of the
heat equation du(t,z)/0t — A(u,x) = f(t,z) on RT x M. The heat kernel is the
function K (t,z,y) on Rt x (M x M\D) where D = {(z,z)| © € M} such that
OK (t,x,y)/0t — Ap(K(t,z,y) = 0 and Limy [,; K(t,z,y)f(x)dz = f(y) for all
y € M. Here dz is the volume form on M. In 1949, Minakshisundaram, in col-
laboration with a Swedish mathematician Pleijel, gave an asymptotic expansion in
powers of ¢ of the form ¢t~/>*" r € {0} UN for the function K (t,z,y) as t tends
to 0. As a corollary they could provide interesting information on the growth of
the eigenvalues of the Laplacian on compact Riemannian manifolds. The work is
at the interface of Differential Equations and Differential geometry and has many
interesting off-shoots in both the areas and so had a big impact on both areas.

I M Singer and H P Mckean (1930-) proposed in 1969 a new approach to proving
the Atiyah-Singer index theorem - one of the great theorems of the 20th century
- making use of the theorem of Minakshisundaram and Pleijel. An Indian mathe-
matician V K Patodi (1945-1976) showed that the proposed approach works in a
series of brilliant papers proving many special cases of the index theorem culmi-
nating in a joint work with M F Atiyah (1929-2019) and R Bott (1923-2005) where
the theorem itself was proved. Patodi went on to produce more interesting work;
sadly he was cut off in his prime by health problems. Unfortunately I cannot go
into the statement of the index theorem as it needs a lot of back-ground material.

In a totally different direction M S Narasimhan (1932-)and S Ramanan (1937-
) proved the existence of a universal connection on the classifying bundle of a
Lie group: If G is a Lie group and Bg(n), the classifying space for G-bundles on
manifolds of dimension < n there is a connection w, on the classifying bundle
Ug(n) such that any connection on a G-bundle Eg on a manifold M of dimension



n is the pull back of w, by a bundle map F : Eq — Ug(n).

8. Algebra

I have so far talked areas of mathematics where significant advances were made
in the pre-independence days and continued by the generation that came of age
post-independence. Commutative Algebra saw its first major Indian contributions
of importance in the late fifties when C S Seshadri (1932-) made the first dent in
the following conjecture of J-P Serre (1926-):

Conjecture. Fvery projective module over a polynomial ring k[ X1, X2 -+, X,] in
n variables over a field k is free.

Many leading algebraists were after this problem when Seshadri came up with
a proof of the conjecture when n = 2 (the case n = 1 had been known for a long
time, well before Serre made the conjecture). This was followed up with many
interesting related results by M Pavaman Murthy (1935-) (a student of Seshadri
at the Tata Institute of Fundamental Research). Incidentally Pavaman Murthy is
an alumnus of Osmania University and is to-date the best mathematician to come
out of Telangana.

The Serre conjecture for polynomial rings in 3 variables was proved by Pavaman
Murthy in the early seventies. Soon after (in 1976) the full conjecture was settled
by D Quillen (1940-2011) and A Suslin (1940-) independently; and this triggered
a new interest in the problem, or rather in related problems at TIFR. Specifically
the question attacked is the following one:

Is any non-degenerate quadratic form on a free module over a polynomial ring
over a field k equivalent to one with coefficients in k?

Raman Parimala (1948-) came up with a negative answer to the question soon
after the Quillen-Suslin theorem in a paper closely related to an earlier work of
hers done in collaboration with R Sridhran (1935-). A little later M S Raghunathan
(1941-) came up with an affirmative answer to the question when k is algebraically
closed. The question can be reformulated in algebraic geometric language as a ques-
tion about principal orthogonal bundles on affine space; and in that formulation,
it can be posed for any principal G-bundle, G an algebraic group. Raghunathan
handled this problem giving comprehensive answers.

Significant contributions have come from S M Bhatwadekar (1946-) and Ravi A
Rao (1954-).

9. Algebraic Geometry: Affine varieties

The problem discussed in the last section as I said,really belongs with affine al-
gebraic geometry, but affine algebraic geometry is essentially an avatar of com-
mutative algebra; even so many questions it deals with are difficult to formulate
elegantly in the language of commutative algebra. Here is a beautiful result proved
by Ramanujam.

THEOREM 2 Let X be an affine variety over C of complex dimension 2 which is
contractible and simply connected at infinity. Then X is isomorphic to C? as an
affine variety.

This set in motion extensive studies of the topology of complex algebraic sur-
faces.There are interesting results due to R V Gurjar (1950) and A R Shastri



(1948-) to do with the topology of affine surfaces (that is complex affine algebraic
varieties of complex dimension 2). An important paper of Gurjar, written in col-
laboration with the Japanese mathematician M Miyanishi (1940-) eventually led
to the classification of homology planes i.e, affine surfaces which have the same
homology as the affine plane.

Gurjar also proved interesting results about finite group actions on affine varieties
as also did Shrawan Kumar (1953-).

10. Algebraic Geometry: Cohomology Vanishing Results

A result of Ramanujam shed light on what is known as the Kodaira Vanishing
Theorem, a theorem which asserts the vanishing of cohomology groups of certain
kinds of line bundles on a smooth projective variety over complex numbers. The
original proof of Kodaira of this theorem made use of Hodge theory. Ramanujam
came up with a proof that uses only topology, and no analysis (Hodge theory
involves some deep analysis). This result has been very influential.

A path-breaking paper of Vikram Mehta (1946-2014) and A Ramanathan (1946-
93) in which they showed that a large class of varieties (over fields of positive
characterestic) are “Frobenius-split”, opened up a completely new approach to
cohomology vanishing theorems for varieties in positive characteristic. Analogous
results are proved using the Kodaira vanishing theorem in characteristic 0.

11. Algebraic Geometry: Moduli

Mathematicians are often interested in classifying mathematical structures up to
isomorphisms. This circle of problems are called moduli problems. One such prob-
lem is the study holomorphic vector bundles on a compact Riemann surface up
to isomorphism. The American mathematician David Mumford introduced the no-
tion of a “stable” vector bundle and showed that the set of isomorphism classes
of stable bundles of fixed rank and degree has a natural structure of an algebraic
variety. M S Narasimhan and C S Seshadri gave a remarkable “transcendental”
characterization of stable bundles. Andre Weil had shown that an in-decomposable
holomorphic vector bundle of rank r and degree d with 0 < d < r on a surface
X of genus g arises in a natural fashion from an r-dimensional representation of
a certain Fuchsian group I, acting on the upper half plane H so that T',\H ~ X.
The Narasimhan-Seshadri theorem asserts that a bundle of rank r and degree d is
stable if and only if it arises from a irreducible unitary representation of I',.. This
beautiful result has triggered a lot of interesting work on vector bundles by other
Indian mathematicians, notably S Ramanan, A Ramanathan, Vikram Mehta, Nitin
Nitsure (1957-), Indranil Biswas (1964-), V Balaji (1962-) ..... and is being con-
tinued by a number of younger mathematicians. Some of this extends the results
of Narasimhan and Seshadri to principal bundles while others are contributions to
the study of vector bundles on higher dimensional varieties.

Both Seshadri and Narasimhan have also studied non-stable bundle in extenso.
Narasimhan in a joint paper with G Harder (1938-) proved interesting results about
the topology of moduli spaces of stable vector bundles and their compactifications
(introduced by Seshadri). In that paper they introduced what is now called the
Harder- Narasimhan filtration which is a key concept in the study of non-stable
bundles. Altogether Indian work on this circle of problems constitutes a very sub-
stantial part of all developments in the second half of the 20*" century.



12. Algebraic Geometry: More on Projective Varieties

C S Seshadri initiated a study of complete homogeneous spaces of reductive alge-
braic groups taking off from what the British school had done earlier. The “standard
monomials” theory developed by him in collaboration with C Musili (1941-2005)
and V Lakshmibai (1950) has shed a great deal of light on these varieties and their
sub-varieties known as Schubert varieties. Incidentally Musili was on the Mathe-
matics Faculty of the University of Hyderabad.

Madhav Nori (1949-) defined the Fundamental Group Scheme of a scheme over
a field (thereby settling a conjecture of Grothendieck). His elegant construction
of this object drew instant attention and is a pioneering work. M V Nori has
numerous other important and elegant results in algebraic geometry, among them
new and elegant proofs of the Hirzebruch Riemann Roch Theorem, an example of
a projective variety whose fundamental group is not residually finite; but a more
detailed description would be somewhat lengthy and so I will not attempt it here.
I must mention in particular his outstanding work on “motives” which is getting
its long over due attention now.

13. Representation Theory

Representation theory of semi-simple Lie groups has held a central place in math-
ematics since the fifties. In the early days the focus was on finite dimensional
representations; infinite dimensional representations of the Lorentz group was of
interest to the physicists, but did not attract much attention from mathematicians.
In the mid fifties Harish-Chandra (1923-83) with his profound insights into infi-
nite dimensional representation theory brought it to centre-stage in mathematics
where it has continued to stay. However Harish-Chandra had moved to the U S
before he turned to mathematics and all his work was done in that country. The
first piece of important work in (infinite dimensional) representation theory that
came from India came from the Indian Statistical Institute. In a paper that ap-
peared in the Annals of Mathematics (1966), K R Parthasarathy (1936-), Ranga
Rao (1936 - ) and V S Varadarajan (1937-2019) obtained deep and beautiful re-
sults on infinite dimensional representations of a complex semi-simple Lie algebra
(with implications for infinite dimensional unitary representations for Lie groups).
In that paper they made a conjecture which came to be called the PRV conjecture
which drew considerable attention. It was eventually proved in the eighties by the
Indian mathematician Shrawan Kumar.

Harish-Chandra’s work in representation theory culminated in his construction
of the characters of the so called discrete series representations of a semi-simple
Lie group G. These are irreducible unitary representations that occur as sub-
representations of L?(G). One of the immediate problems that presented itself
after this work was to construct concrete realizations of these representations;
and the first such construction beyond the case of G = SL(2,R) was given in
a beautiful paper by M S Narasimhan (written jointly with the Japanese mathe-
matician H Okamoto (1956-)) in 1970 for groups G' whose associated symmetric
spaces are hermitian symmetric. The representations were realized on the space
square integrable holomorphic sections of suitable holomorphic vector bundles on
the symmetric space.

R Parthasarathy (1945-) followed this up with an equally beautiful paper that
showed that whenever G admits a discrete series, discrete series representations can
be realized in the space on square integrable “spinors” in suitable vector bundles



with a spin reduction. This settled the problem of realization of discrete series
completely.

Parthasarathy went on to establish several deep results which placed him among
the handful of people who are responsible for the very direction in which rep-
resentation theory has moved since the advent of the discrete series. I should
mention S Kumaresan (1950-) whose thesis was written under the direction of
R Parthasarathy: the main result of the thesis is a cohomology vanishing theorem
known by Kumaresan’s name. Kumaresan retired as a Professor from University
of Hyderabad a few years back.

14. Lie Groups and their Discrete Subgroups

This is another area where Indian contribution has been both deep and prodigious.
In 1960 A Selberg (1917-2007) made the remarkable discovery that unlike in the
case of SL(2,R), discrete co-compact subgroups of SL(n,R) for n > 3 cannot
be moved continuously inside SL(n,R) except by inner conjugation. Soon after A
Weil extended the result to all semi-simple Lie groups without compact factors;
he also pointed out a connection between this “rigidity” and the cohomology of
the discrete subgroup. M S Raghunathan proved a number of interesting vanishing
results for the cohomology of discrete subgroups I' of semi-simple Lie groups G
with G/I" of finite volume introducing new techniques to handle the case when I
is not co-compact.

He also made considerable progress towards a conjecture asserting that all non-
co-compact discrete subgroups of finite co-volume in higher rank semi-simple
groups are “arithmetic”. The Russian mathematician G A Margulis (1946-) in
1974 proved the arithmeticity conjecture for both co-compact and non-co-compact
lattices and was awarded the Fields Medal essentially for that work. T N Venkatara-
mana (1958-) later extended Margulis’s arithmeticity result to positive character-
istics.

R Parthasarathy (1945-) proved some deep results about the cohomology of
compact locally Hermitian symmetric in the eighties. Venkataramana embarked
on this topic somewhat later and has proved very interesting and profound results
some of it in collaborations with L Clozel (1953) and B Speh (1949-). A description
of the work would need elaboration of many concepts and definitions which I do
not want to embark on.

15. Algebraic groups and arithmetic

Some interesting work on Galois cohomology of algebraic groups related to the so
called Kneser-Tits conjecture were obtained by Gopal Prasad (1945-) and Raghu-
nathan in the early eighties. Raman Parimala in collaboration with Eva Bayer-
Fluckiger (1951-) settled a conjecture of J.-P Serre on Galois cohomology for clas-
sical groups over fields of cohomological dimension 2.

Another topic in which Indian work has had considerable impact is the “Con-
gruence subgroup problem”. A subgroup I' in SL(n,Z) is a congruence subgroup
if there is a non-zero ideal a in Z such that

I > SL(n,a) Y [T € SL(n,Z)| T = 1,,(mod a)}

where 1,, is the identity matrix. The congruence groups are evidently subgroups of



finite and the congruence subgroup problem for SL(n,Z)is the question whether
these exhaust the family of all subgroups of finite index. This question can be
posed in a more general context: Z can be replaced by S-integers Oy, s in a global
field (in particular number field) k, S being a set of places of k including all the
Archimedian ones, and SL(n,Z) replaced by Go, ;, = GNSL(n,Og). Karl E R
Fricke (1862) and Felix Klein (1841-1925) had answered the question negatively at
the fag end the 19"" century in the case k = Q, G = SL(2) and S is the unique
real place.

Interest in the problem revived with an answer in the affirmative by H Bass
(1932-), M Lazard(1924-85) and and J-P Serre and independently by J Mennicke
in 1962. The problem for “isotropic groups” over a global fields was completely
solved in a series of papers of M S Raghunathan, some of them jointly with Gopal
Prasad; the answer is not always in the affirmative but when not in the affirmative
there is a measure of the failure (suggested by Serre) and in these papers that
measure is determined.

Using the ideas used in the solution of the congruence subgroup problem Raghu-
nathan and T N Venkataramana were able to show that the virtual first Betti
number of an arithmetically defined compact Riemannian manifold of constant
curvature of dimension > 4 is non-zero, a much sought after result (also proved
independently by Li and Milson by very different methods).

16. Homogeneous Dynamics

This area is in the interface of Lie Theory and Ergodic Theory. Let G be a Lie
group with a bi-invariant Haar measure and I' a discrete subgroup such that the
measure on G/I' induced by the Haar measure is invariant under the left action
of G. Homogeneous dynamics is the study of actions of sub-groups, in particular
1-parameter subgroups of G on G/T". S G Dani (1947-) wrote a series of papers in
the area starting in the seventies which are foundational in nature. A conjecture of
Raghunathan on unipotent subgroups of G rendered accessible to ergodic theory
techniques by a twist given by Dani, was pursued by many mathematicians over
more than a decade till Marina Ratner (1938-2017) proved the conjecture in 1989.
Dani himself had written a number of papers connected with the conjecture which
had an influence on the final solution. Nimish Shah (1967-) proved the conjecture
in an important special case. After the conjecture was proved, Nimish Shah went
on to prove using it some very nice results about distribution of integral points on
homogeneous spaces of algebraic groups defined over number fields. The conjecture
opened up the possibility of proving many number theoretic results of this nature.

17. Differential Equations

I have already mentioned some work on Differential Equations in the section Dif-
ferential Geometry/ Differential Equations; Ganesh Prasad’s work mentioned there
properly belongs in this section, but was mentioned there as a preliminary to the
description Minakshisundaram’s work which belongs to the interface of Differential
Geometry and Differential Equations.

A paper of M S Narasimhan (jointly with the Japanese mathematician) published
in 1959 is a truly important work in the area to come out of India. The paper
among other things proves that a (distribution) solution of a linear elliptic partial
differential equation with analytic coefficients is necessarily analytic.
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Adimurthy (1952-), Kesavan (1952-), Vanninathan (1951-) and Srikanth (1950-
) at the TIFR Centre for Applicable Mathematics have all done excellent work
dealing with non-linear partial differential equations. My acquaintance with this
area is inadequate for me to say more about their work. I will content myself saying
that they are all internationally recognized experts in their area.

18. Complex Function Theory

Raghavan Narasimhan’s early work done in India during 1959-65 already estab-
lished him as a leading expert in Complex Function Theory in the world. In his
very first paper in this area proved the following theorem (which was a 50 year old
conjecture).

THEOREM 3 A non-compact (= open) Riemann surface admits a proper imbedding
in C3.

He followed it up proving that a Stein manifold of (complex) dimension n can be
imbedded in C"t1), Being Stein is a somewhat technical condition which I will
not go into. It is a necessary condition for imbeddability; an open Riemann surface
is Stein. He also wrote a series of papers dealing with Levi Convexity in the short
space of time at TIFR. He continued with excellent work in the area but all that
was done outside the country.

R R Simha (1936-2019) is another mathematician with significant contributions
in the area.

19. Other Areas

I have written about Indian contribution to mathematics in areas with which I
have more than a fleeting acquaintance which naturally limits the coverage of this
article. Functional Analysis and Combinatorics are two areas conspicuous by their
absence in this account. I will content myself with mentioning some names of people
who have contributed significantly to these areas: Rajendra Bhatia (1952-) and V
S Sunder (1952-) to Functional Analysis and S S Shrikhande (1917-2020) and N M
Singhi(1949-) to Combinatorics. There have been highly significant contributions in
these areas but I have not attempted to say anything about them as I am somewhat
diffident about handling them. Probability is an area where Indian mathematicians
have done us proud, but I am not in a position to sift out the more outstanding
contributions from a very large output. S R S Varadhan is a name to reckon with
in this area (He was awarded the Abel Prize in 2007). He has been at the Courant
Institute New York since before the mid sixties; however his early work, done when
he was at ISI Kolkota, had already established him as an outstanding probabilist.

One other piece work that I should mention is the disproof of a conjecture of
Euler on Latin Squares by S S Shrikhande jointly with R C Bose (1901-87) and
E T Parker (1926-91). News of this work had the distinction (not shared by any
other mathematical publication by an Indian) of making it to the front page New
York Times.
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Abstract: This is a redaction of the Inaugural Lecture the author
gave at the University of Hyderabad in January 2019 in honor of
the late great Geometer (and Fields medalist) Maryam Mirzakhani.

What is presented here is a limited perspective on a huge field,
a meandering path through a lush garden, ending with a circle of
problems of current interest to the author. No pretension (at all) is
made of being exhaustive or current.

1. Something light to begin with

When Nasruddin Hodja claimed that he could see in the dark, his friend pointed
out the incongruity when Hodja was seen carrying a lit candle at night. ”Not so,”
said Nasruddin, ”the role of the light is for others to be able to see me.”

The moral is of course that one needs to analyze all possibilities before asserting
a conclusion.

Maryam Mirzakhani, whom this Lecture is named after, would have liked the
stories of Hodja.

Mirzakhani’s mathematical work gave deep insights into the structure of geodesic
curves on hyperbolic surfaces. Such surfaces also play a major role in the field of
Number theory, often through an analysis of Diophantine equations.

Etymology: Hod (or Khod) is of Persian origin meaning God, and ‘Hodja’ serves
God, signifying a Mullah, Priest, Rabbi, Minister or Pundit (depending on one’s
favorite religion).

The expression Khoda Hafez (or ‘Khuda Hafiz’ in Urdu) of course means ‘May
God protect you’ or just ‘Goodbye’ in the modern usage.

Hafiz is of Arabic origin meaning ‘protector’.

2. A basic Definition
By a Diophantine equation, one means an equation of the form

f( X1, Xo,...,X,) =0

*Corresponding author. Email: dinakar@caltech.edu
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where f is a polynomial (in n variables) with coefficients in the ring of integers
Z = {0,£1,£2,...,£n,...}. Denote as usual by Q the field of rational numbers.

One wants to find integral (or rational) vectors x = (x1,...,zy) such that f(z) =
0.

A study of these equations was initiated by Diophantus of Alerandria, who
lived in the third century AD. He wrote a series of books titled Arithmetica, whose
translation into Latin by Bachet influenced many including Pierre de Fermat. See
[D], which gives a link to an English translation, and [Sch] which links to an
interesting essay on Diophantus.

Diophantus may have lived earlier, and a key commentary on him by Hypatia
is missing. Also one of Diophantus’s works is missing, as he quotes some Lemmas
from there in Arithmetica.

The consensus seems to be that he was Greek. He was likely well versed in
Ancient Greek, as many learned people probably were in Alexandria, but could he
have been Egyptian (or Jewish or Caldean)?

Of particular interest ar homogeneous Diophantine equations, i.e., with
f(x1,...,2,) = 0 with f a homogeneous polynomial. In this case, any integral
solution a = (aq,...,a,) leads to infinitely many integral solutions (ba,...,ba,)
as b varies in Z. One calls the solutions a primitive if the ged of {ay,...,an} is 1.

More generally, one may consider Diophantine systems, which are finite collec-
tions of Diophantine equations, and look for simultaneous integral (or rational)
solutions.

3. Pythagorean triples

These are (positive) Integral Solutions of X2 + Y2 = Z2.

The first sixteen primitive Pythagorean triples are
(3,4,5),(5,12,13),(8,15,17), (7,24, 25), (20, 21, 29), (12, 35, 37),
(9,40,41), (28,45,53), (11,60,61), (33,56, 65), (16,63, 65),
(48,55,73), (36, 77,85), (13, 84, 85), (39, 80, 89), and (65,72,97).

A larger triple is (403,396, 565).

Many old civilizations (in Babylon, China, India, for example) studied this equa-
tion long before Pythagoras. The Babylonians even found the non-trivial triple
(3367, 3456, 4825).

All primitive solutions can in fact be parametrized by:
(2mn, m? —n? m? +n?), m > n, with
m,n of opposite parity, (m,n) = 1.

To get at this, one looks for rational solutions of u? +v? = 1, which are geomet-
rically realized as rational points on the unit circle S.

They are obtained by intersecting S with secant lines with rational slope ema-
nating from (—1,0).

This illustrates the basic idea of embedding rational solutions inside real, or com-
plex, points of the variety V defined by the diophantine equation f(x) = 0.

Once we have the rational solutions (u,v) of u? 4+ v? = 1, one can clear the
denominators and get integral solutions of 2 +y? = 22. A bit more work yields all
the primitive Pythagorean triples.

A quick subjective comment. The approach of the Greeks in such problems
stressed the importance of a proof (of completeness), which forms the basis of
modern mathematics, while that of the earlier ones was more algorithmic.

13



4. X?2-dy?=1

Fermat’s challenge of 1657 to find an integral solution for d = 61 brought this
equation, attributed to Pell, to prominence.

However, three centuries earlier, Bhaskara in India had derived the solution
(1766319049, 226153980)
using the Chakravaala Vidhi (Cyclic method or ‘rule’) due to him and (earlier)
Jeyadeva.

This method provided an algorithm to construct from one solution many other
solutions, infinitely many, and one gets all solutions this way, though there was no
proof at that time.

In fact, already in the seventh century, Brahmagupta had solved this equation
for d = 83. He derived a composition law and also ‘shortcuts’ like going from a
solution of u? = dv? = —4) to u? — dv? = 1; for N = 61, 39% — 61(5%) = —4.

For an instructive and beautiful discussion of this method of the Indian math-
maticians of olden times, see [We].

5. Sums of three squares

Diophantus investigated the representation of a positive integer n as a sum of three
squares, i.e., looked at the equation

X*+Y?*+ 2% = n.
For n = 10, he found the elegant solution in positive integers:

C 1321 1285 1288

T YT T T

His method is still interesting to peruse. He also wanted the minimum of {z,y, z}
to be /3, which he achieved.

In 1797/8, Legendre proved that the only positive integers n which are not sums
of three squares are those of the form

n = 4%(8b+7), with a,b> 0.

By contrast, one knows by Lagrange that every positive integer is a sum of four
squares.

6. X*+Y*= Z? and Fermat

Fermat proved that this equation, and hence X*+Y* = Z4, has no positive integral
solutions, and in the process introduced the Method of infinite descent.

His argument: By the previous section, any solution (x,y, z) will need to satisfy
2 = 2mn, y?> = m? — n?, implying that m or n is even, say m; then y? + n? is
0 modulo 4, forcing n to be even as well, leading to a smaller solution. One can
continue this ad infinitum, resulting in a contradiction.

This case led Fermat to claim (in the 1630’s) that X + Y = Z¥ has no positive

integral solutions for N > 3. He claimed that the margin was too small to contain
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his reasoning, but there seems to be a general scepticism that he had a proof. For
n = 3, substantial progress was made a century late by Euler.

It is now elementary to observe that to establish FLT, it suffices to settle it for
odd prime exponents.

7. Sophie Germain

Given that this lecture is in honor of Maryam Mirzakhani, it is imperative to point
out a terrific female mathematician who made significant progress on the Fermat
problem. Sophie Germain, born in 1776 in Paris, was extremely talented in Math,
and since at that time the Ecole Polytechnique would not admit women, she could
not attend the lectures of Lagrange there, but still followed them by getting the
notes under a male psuedonym!

In the early eighteen hundreds she made a real breakthrough and proved the
following:
Let p be any prime such that 2p+1 is also a prime. Then there is no solution (x,y.z)
in whole numbers with p { xyz satisfying the Fermat equation XP +YP = ZP.

These primes are now called Sophie Germain primes, with obvious examples
being p = 5 and p = 11. It is expected that there are infinitely many such primes,
but this is still open.

8. Faltings

In 1983 the German mathematician Gerd Faltings supplied a dramatic proof (in
[F]) of a Conjecture of Mordell, implying:

There are only a finite number of rational solutions (up to scaling) of the Fermat
Equation Fn : XN + YN = ZN for all N > 4.

In fact he proved this for solutions in any number field, i.e., a finite extension
field K of @, and moreover, one could replace Fy by any plane curve defined by
an irreducible polynomial equation of degree > v/3 (so that each square is greater
than 3, but they all add up to 10, making each square roughly of the same size).

This also showed the stark contrast between the number of (projective, meaning
up to scaling) rational solutions of Fiy for N< 2 and N > 4. One sees a dichotomy
here. But in fact, there is a trichotomy.

9. View from Riemann Surfaces

Given a homogeneous polynomial f(X,Y,Z), one always has the trivial (zero)
solution, and any multiple of a given solution is another.

So one scales the solutions, to get an algebraic curve C' defined by f in the
Projective plane P?, which can be thought either as the space of lines through the
origin in the (affine) three space, or as the compactification of the (affine) plane
by adding a line at infinity.

When C' is smooth, its complex solutions form a compact Riemann surface M,
which has a genus g. (Simply speaking, a Riemann surface is a real surface on
which one can measure angles.) Note that M is a real surface and a complez curve!
(It of course makes sense as C is a 2-dimensional vector space over R.)
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One can think of g as the number of handles one can attach to the Riemann
sphere to obtain M (up to homeomorphism) or as the number of independent
holomorphic differential 1-forms w on M.

When M is defined by a homogeneous equation f(X,Y,Z) of degree n, then g
is given by (n — 1)(n — 2)/2. In particular the genus is > 1 when N > 4 and is 0
when N > 2.

What Mordell conjectured was that when g > 2, the number of rational points
of C, embedded in M, is finite. This is what Faltings proved in its full generality!

10. The Trichotomy

In genus zero, as soon as one has a rational point, then there are infinitely many,
in fact in bijection with the points on a projective line.

For example, the projective curve X2 +Y? + Z? = 0 has no rational point at all,
while F, defined by X2 + Y2 — Z2? = 0 has infinitely many points.

And by Mordell (proved by Faltings), the number of rational points is finite for
g=>2.

The case g = 1 is special; it has either no rational point, or else it is an elliptic
curve, whose Q-points form an abelian group E(Q), known by Mordell to be iso-
morphic to Z" x G, for a finite group G and r a non-negative integer, called the
rank.

So in this intermediate (boundary) case, the number of points could in general
be finite or infinite! For F3, it happens to be finite.

11. Wiles and FLT

One would be remiss to not mention the deep and successful program of Andrew
Wiles, completed in 1995, resulting in the establishment (in [W]) of FLT for all
N > 2, partly relying on an important joint work with Richard Taylor ([TW]).

The proof is ingenious, involving a series of difficult arguments, but quite com-
plicated for us to attempt to describe it here! It also involves deep results on elliptic
curves and modular forms, and proceeds by establishing a modularity conjecture
for elliptic curves over QQ, the sufficiency of which had earlier been established by
K. Ribet using some ideas of G. Frey. The starting point of the strategy is to make
use of the theorem of Langlands and Tunnell (cf. [La], [Tu]) that Artin’s conjec-
ture holds for Galois representations with image in GL2(IF3) (which is solvable),
resulting in the modularity modulo 3 of any F.

For a thousand-word exposition, see https://simonsingh.net/books/fermats-last-
theorem/the-whole-story/

In a related vein, a deep conjecture of J.-P. Serre asserting the modularity con-
jecture for odd 2-dimensional Galois representations was settled in 2005/8 by the
elegant works of C. Khare and J.-P. Wintenberger [KW].

12. L-functions

To be concrete, let us look at elliptic curves E over Q, defined by Y2 = f(X), with
f a cubic polynomial with Q-coefficients and distinct roots (in C); For FLT, one
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is interested in E such that f has three distinct roots in Z. One can look at the
number of points v, of the reduction of £ modulo p, which will be non-singular at
all p not dividing its conductor N. One sets a, = p+ 1 — v, for each p, and defines
the L-function by the infinite (Euler) product

L(s,E) =[] !

L= app™ +w(p)pt =

with w(p) = 1 iff p4 N and = 0 otherwise. By a basic result of Hasse, one knows
that |a,| < 2,/p, and this implies the normal convergence of L(s, E) in R(s) > 2.
The modularity of E signifies the existence of a (normalized new) cusp form f
of weight 2, level N , with Q-coefficients and trivial character, such that for each
p{ N, ap is the p-th Hecke eigenvalue of f. In other terms, the L-functions of E
and f coincide (where an argument is needed at the bad P).

The utility of modularity for arithmetic is that by Hecke theory one knows that
L(s, f) admits a holomorphic continuation to the whole s-plane, and satisfies a
functional equation relating s to 2 — s, making s = 11 the critical center.

The modularity of arbitrary, not just semistable, elliptic curves over Q was ac-
complished (extending [TW], [W]), by the works of Brueil, Conrad, Diamond and
Taylor (cf. [BCDT]).

For general V over Q, the Langlands philosophy predicts a modularity, for each
degree j > 0, of the degree j L-function L) (s, V) of the j-th cohomology H7 (V)
in terms of automorphic forms on GL(b;) which are Hecke eigenforms (generating
automorphic representations), where b; is the j-th Betti number (= dim(H’(V)).
(When V is an elliptic curve E, L (s, E) is the L-function defined above, while
LO)(s, E) = ¢(s) and L?) (s, E) = ¢(s—1), where ((s) is the Riemann Zeta function
defined by the Dirichlet series > ;7™ (in R(s) > 1). Some positive, striking
results are known beyond elliptic curves, mostly tied up with modular (or Shimura)
varieties ([Pic|, [SSA]). Moreover, a fundmental new viewpoint has been brought
to the subject by P. Scholze; see his recent works with A. Caraiani and others on
the arxiv.

13. BSD

Let E be an elliptic curve over Q. Then as noted earlier, one knows by Mordell that
the (commutative) group F(Q) of Q-rational points on F is finitely generated, i.e.,
of the form Z" x H, with H a finite group. The exponent r is the rank of E(Q).
It turns out, by a major theorem of Mazur that there are only a finite number of
possibilities for H as one varies E over all elliptic curves over Q; see [B1].

So the remaining (very) difficult problem is to understand the rank r. The famous
Conjecture of Birch and Swinnerton-Dyer, colloquially referred to as BSD, predicts
that r equals the order of zero at s =1 of L(s, E).

This is one of the Clay Millennial problems; see

https://www.claymath.org/millennium-problems/birch-and-swinnerton-dyer-
conjecture

In particular, BSD predicts that when r is positive L(s, E) must vanish. Here
is the heuristic argument in that case: Suppose we ignore that fact that the Euler
product expansion of L(s, F) does not make sense at s = 1, and formally plug in
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s =1, we see that

p b
LB <= [[——~ =[]+
S p —ap + w(p) oIV Vp

with C' # 0, where we have used a, = p + 1 — v,. When r > 0, one expects a lot
of points mod p for lots of primes p, which by the Hasse bound implies that v, is
close to p + 1 + 2,/p for many p, which results in the infinite product being zero,
suggesting the same for L(1, E).

There is an enormous body of literature on this fundamental conjecture with
several partial, but striking, theorems. We will content ourselves to describing one
recent result of Bhargava, Skinner and Wei Zhang [BSZ].

In this paper the authors show that over 60 percent of elliptic curves E over Q,
when ordered by the height, have r = ords—1L(s, E) < 1. Their method is to
analyze the Selmer group at p = 5. If that can be done at an arbitrary p, then they
can reach 100 percent (statistically).

14. Sato-Tate

Given any elliptic curve E over Q, we may, thanks to the Hasse bound, write
ap = 2,/pcos by, for a phase 0, € [0,7] C R. When E admits complex multiplication
(by an imaginary quadratic number), the distribution of the angles 6, has been
understood for some time.

In the non-CM case, an elegant conjecture of Sato and Tate, independently
made, asserts that the angles 6, are equidistributed on [0, 7] according to the
measure %sin2 0df. This conjecture was brilliantly solved by L. Clozel, M. Harris,
N. Shepherd-Barron and R. Taylor (under a multiplicative reduction condition at
a prime p) in an elaborate joint program, with the proof stretched over a series of
three papers [CHT], [HST], [T].

Roughly speaking, these authors vastly generalize [TW] in the higher dimen-
sional case, utilizing unitary Shimura varieties, and deduce the requisite analytic
properties of L(s, F,sym™) ,the symmetric power L-functions of E.

A generalization valid for non-CM holomorphic newforms f of weight &k > 2,
removing also the multiplicative reduction condition for E attached to f of weight
2, was established in [BGHT].

A beautiful recent preprint of J. Newton and J.A. Thorne has made a break-
through and established the modularity of all the symmetric powers of all
semistable elliptic curves E/Q, and of all newforms f of level 1 (cf. [NT]).

15. Hyperbolicity and Lang’s Conjecture

The Uniformization theorem implies that every compact Riemann surface M of
genus g > 2 is covered by the upper half plane H := {x + iy € C|y > 0}, or
equivalently the open unit disk in C.

For g = 0 (resp. g = 1, the universal cover is the sphere S? (resp. the complex
plane C)

The natural Poincaré metric dzdy/y? on H furnishes a hyperbolic structure to
M of genus > 2, i.e., gives it negative sectional curvature. Note that for g = 0,
(resp. g = 1), the curvature is positive (resp. 0).
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Suppose V is a smooth projective variety of dimension n defined by a system of
diophantine equations.

Let us call V' hyperbolic if there is a non-constant holomorphic map ¢ : C — M,
where M is the complex manifold (of complex dimension N') defined by the complex
points of V.

Note that in dimension one, being hyperbolic is the same as the genus being > 2.

Conjecture (Lang) When V is hyperbolic, it is Mordellic, i.e., has only a finite
number rational points, and in fact over any number field.

This was partly inspired by groundbreaking work of Paul Vojta ([V]), who,
through his analogy between Nevanlinna theory and Diophantine approximation,
made his own strong conjectures.

For an insightful discussion of general conjectures on rational points, see [M2].

16. The Bombieri-Lang Conjecture

An algebro-geometric generalization of algebraic curves of genus g > 2 is given by
the algebraic varieties of general type.

The Bombieri-Lang Conjecture asserts that for n-dimensional V' of general type,
the Zariski closure Z of the rational points has irreducible components of dimension
<n.

When n = 2, i.e., when V is a surface, this conjecture is closely related to
Lang’s conjecture above. Indeed, for V a surface of general type, the Bombieri-
Lang Conjecture asserts that the irreducible components of Z are all of dimension
< 1. If C is (the normalization of) a dimension one component, then C' must have
genus > 2 if V is hyperbolic, as any C of genus < 1 will have universal cover S? or
C, inducing a non-zero holomorphic map from C to B, which is impossible. Then
by Faltings, Z could have only a finite number of rational points, thereby yielding
Mordellicity.

A very interesting situation is when V = Y U D with Y open and hyperbolic,
with D a divisor with normal crossings. Such a situation arises for the celebrated
surfaces of Picard.

17. Picard Modular surfaces

Now we will focus on dimension 2, i.e., when V is a smooth projective surface
which is itself hyperbolic or contains an open surface Y which is hyperbolic.

Here, hyperbolicity does not guarantee the universal cover being the unit disk B
in C2.

However, many beautiful examples are furnished by the Picard modular sur-
faces Y (C) = I'\B, which have smooth compactifications V' (C) with complement
a divisor D with normal crossings.

I is a discrete subgroup of finite covolume in SU(2,1) defined by a hermitian
form on K? with K an imaginary quadratic field. It is known that such quotients
admit models over number fields.

The divisor D at infinity turns out to be a finite union of elliptic curves with
complex multiplication by K.

Much is known about these surfaces - due to J. Rogawski, R. Kottwitz, J.S. Milne
and others [Pic|, [Ro].
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Here is something this lecturer proved jointly with Mladen Dimitrov [DR].

Theorem LetV =Y UD be a Picard modular surface as above relative to an
arithmetic subgroup T of SU(2,1). Then Lang’s conjecture holds for a finite cover
Y of Y.

As a consequence, one gets Mordellicity of surfaces Y which arise this way.

There is also a version establishing an analogue for compact arithmetic quotients
X of B. In that case, the result had earlier been known (by a different method) by
Emmanuel Ullmo.

One gets examples this way of general type surfaces arising as intersections of
hypersurfaces in P". A particularly simple one is the surface in P° given by the
solution set of the Diophantine system of equations:

5 .5 5 5 .5 5 5

ay+y’ =2" a5 +2° = w’, 2§ + w’ =y,

which involves the familiar Fermat equations.

If a beginner wants more information on the rudiments of Number the-
ory, zie could look at the author’s Notes: Introduction to Number Theory at
http://www.its.caltech.edu/ dinakar/
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Fermat’s last theorem states that if there exist integers x, y, z such that xyz # 0
and " 4+ y™ = 2" for some natural number n then n < 3. There are, of course,
infinitely many Pythagorian triples, i.e., natural numbers x, v, z such that 2% +y? =
22, like (3,4,5), (5,12,13) etc. More than 350 years after the conjecture was originally
made Wiles and Taylor proved FLT in 1996 published in their famous paper in the
Annals of Mathematics.

A natural question to ask is whether there are FLT-type results in other integral
domains besides Z. The first integral domain that comes to mind are the polynomial
rings F[X]| where F' is a field. This domain, like Z, is also a Euclidean domain and
therefore a unique factorization domain. Analagous to the set of natural numbers
sitting inside the set of integers we have the set of MONIC polynomials (leading
coefficient is 1) sitting inside F'[X]. The units (multipicatively invertible elements)
in Z are {£1} whilst the units in F'[X] are the non-zero constants. Just as every
non-zero integer is the product of a unit and a natural number so also every non-
zero polynomial is the product of a constant and a monic polynomial. Just as every
natural number other than 1 can be written uniquely (upto order) as a product of
primes so also every monic non-constant polynomial can be written uniquely (upto
order) as a product of monic irreducible polynomials, i.e, those monic polynomials
p(X) such that if p(X) = u(X)v(X), where u(X),v(X) are monic polynomials
then either u(X) or v(X) must be 1.

To simplify let us assume that F' is of characteristic 0. In general the monic
irreducible polynomials in F[X] can be quite difficult to determine and may require
more than a single parameter to define but there is one case in which a single
parameter defines a monic irreducible in F'[X], viz., when F is algebraically closed.
Then the monic irreducibles are of the form X — a where a € F' (and so uniquely
determined by the single element a € F'). And so just as we know that every natural
number n # 1 can be written uniqely (upto order) in the form p{'pS*....pS where
the p;’s are distinct prime numbers we also know that every non-constant monic
polynoial p(x) can be be written uniquely (upto order) in the form (X —a1)® (X —
az)®....(X — a,) where the a;’s are distinct elements of F'. Define then ord,n =
e; and analogously ordq,p(X) = e;. Then we have logn = Y] log p;.ordy,n and
analogously deg p(X) = >_7 L.ord,,p(X).

What follows is part of some lectures given by Richard Mason at Cambridge.
It needs to get wider publicity. So suppose that A(X), B(X),C(X) are non-zero
polynomials in F'[X] and n is a natural number such that A(X)"+B(X)" = C(X)".

*Corresponding author. Email: rajattan@gmail.com
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Will there be any restrictions on n 7 If A(X) = a, B(X) = b,C(X) = ¢ are non-
zero constants then since we are assuming that F' is algebraically closed and of
characteristic zero (so every element of F' has an nth root) there will be plenty
of solutions of a™ 4 b" = ¢ whatever n may be. So let us assume that not all of
A(X), B(X),C(X) are constants. Again if a,b,c € F — {0} are such that a™ +b" =
¢ then for any polynomial p(X) we have (ap(X)™) + (bp(X)" = (ep(X))". With
these kind of trivial exceptions in mind let us reformulate our question as follows:
If we have non-zero polynomials A(X), B(X),C(X) € F[X] such that they are
MUTUALLY COPRIME and not all constants and if A(X)" + B(X)" = C(X)"
are there any restrictions on n 7 Remarkably the answer is that n must be less
than 3. Even more remarkably the proof is almost trivial (especially compared to
the Wiles-Taylor proof !). So let us formally state our theorem:

Theorem: Let F be an algebraically closed field of characteristic zero. Suppose
we have mutually coprime non-zero polynomials A(X), B(X),C(X) € F[X], not
all constants, and for some natural number n we have A(X)" + B(X)" = C(X)".
Then n < 3.

Before we go to the proof let me remark that there are infinitely many
triples (A(X), B(X),C(X)) satisfying the conditions of our theorem and such
that A(X)%2 + B(X)?2 = C(X)2. For instance if ¢ is a natural number then
(1 — X2),2Xt (14 X?)) is such a triple.

For the proof we first introduce some notation. If p(X) is a non constant polyno-
mial in F'[X] we denote by Z, = {a € F|p(a) = 0}, in other words Z, is the set of
roots of p(X) in F.

Lemma: Let A(X), B(X),C(X) € F[X] be non-zero polynomials, not all constant
and mutually coprime such that A(X) + B(X) = C(X). Let Z = Z, U Zp U Z¢.
Assume degree of A(X) is greater than or equal to the degree of B(X). Then |Z| >
degree A(X):

Proof: We first remark that the fact that A(X), B(X), C(X) are mutually coprime
simply means that they have no common roots, i.e., that the union that defines Z
is a disjoint union. For a polynomial p(X) by p/(X) we simply mean the (formal)
derivative of F, i.e., if p(X) = ¢ a; X" then p/(X) = > Tia; X*~'. We define the
Wronskian of A, B to be the polynomial

W (A, B)(X) = det [ o

o~
~—
=
>
| IS |

Hence W (A, B)(X) = A(X)B'(X) — A/(X)B(X). By the simple properties of de-
terminants and the fact that A(X) + B(X) = C(X) we know that

W(A, B)(X) =W (C,B)(X) = W(4,C)(X)
We call this polynomial just W(X). We claim that if a € F then
ord,W > ord, A + ord,B + ord,C — 1

If a ¢ Z then the left hand side of the inequality is greater than or equal 0 whilst
the right hand side is -1. Suppose a € Z4. Then a ¢ Zp and a € Z¢ and so ord, B =
ord,C = 0. Suppose A(X) = (X —a)®u(X) Then W(X) = (X — a)®u(X)B(X) —
e(X —a)* 'u(X)B(X)— (X —a)/(X)B(X). This is clearly divisible by (X —a)®~!
and so ord,W > e—1 = ord, A+ ord,B + ord,C — 1. A similar proof can be given
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if a € Zp or a € Z¢. Summing over all a € Z we have

Z ord,W > Z ords A + Z ord,B + Z ord,C — |Z|

ac”Z ac”Z a€”Z ac”Z

But ) e p0rdi A=), o, ord, A= degree A because for a ¢ Z4 we have ord, A =
0. Similarly for B and C. Hence we have

Z ord,W > degreeA + degreeB + degreeC — |Z|
acZ

If 7' is the set of roots of W(X) then

degreeW = Z ord, W = Z ord, W > Z ord, W
acZ’ acZUZ’ acZ

Hence
degreeW > degreeA + degreeB + degreeC — |Z|
From the way W (X) is defined it is clear that
degreeW (X) = degreeWW (C, B)(X) < degreeB(X) + degreeC(X) — 1

Putting these last two inequalities together we get |Z]| —1 > degree A(X) or |Z] >
degree A. q.e.d.

We are now in a position to prove our main theorem. Observe that for any non-
constant polynomial A(X) we have Za» = Z4. Let now A(X), B(X) and C(X) be
non-zero polynomials in F'[X] which are not all constants and are mutually coprime
such that A(X)" + B(X)" = C(X)™. Let, as before, Z = Z4, U Zp U Z¢ (disjoint
union). Assume without loss of generality that degree A(X) > degree B(X). Then
by the previous lemma we have |Z| > ndegreeA. But

|Z| = |Za| + |ZB| + | Zc| < degreeA + degreeB + degreeC' < 3degree A

since, by our assumption the degree of A(X) is the maximum of the degrees of
A(X),B(X),C(X). Hence ndegreeA < |Z] < 3degreeA and so n < 3. q.e.d

A natural qustion to ask is whether there is. in the context of integers, any
lemma like the lemma above. Recall that if n is a natural number other than 1
and if n = p'ps?...pS" is the unique factorization of n as a product of distinct
prime powers then logn = Y7, logp; ordp,n. Similarly if n(X) is a non-constant
polynomial in F[X] where F is a field and n(X) = ¢p1 (X)) p2(X)2...p, (X)) is the
unique factorization of n(X) as a product of powers of distinct monic irreducible
polynomials then degree n(X) = 7, degree p;(X).ordy, x)n(X). So logn is
analagous to degree n(X). |Z| may thus be interpreted as the sum the degrees of
all the distinct, irreducible factors of A(X)B(X)C(X). (Remember these are all of
degree 1 when F' is algebraically closed.) Define now for a natural number n # 1
the RADICAL of n (denoted by rad(n)) to be the set of distinct prime factors of
n and define rad(1) to be {1}. Then an exact replica of lemma 1 in the context of
natural numbers would state that of a, b, ¢ are mutually coprime natural numbers
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such that a + b = ¢ then

Z log p > max(log a,log b, log c) = log ¢
perad(abe)

or Hpaad(abc) p > c. This, of course, is not true as the example ofa = 1,b=8,¢=9
shows. However, in the mid eighties of the last century Masser and Oesterle made
the following conjecture: define for a natural number a Rad(a) = Hperad( a) P- Let
€ > 0. Then there are only finitely many natural numbers ¢ such that for any
natural number a < ¢, coprime to ¢, we have ¢ > Rad(a(c — a)c)'*¢. This can be
reformulated as follows:

The abc conjecture: Let € > 0. Then there exists an absolute constant k(e)
such that for any triple of natural numbers (a, b, ¢), mutually coprime, such that
a+ b= c we have ¢ < k(e) Rad(abc)' <.

The fact that the € is necessary can be seen from the following example. Let p be an
odd prime and let @ = 1, b = 2°?~Y — 1 and ¢ = 2°(*~1_ Then by Euler’s theorem
we know that p? divides b. Then Rad(abc) = 2Rad(b) = 2Rad(%) < 2% < 2¢.
Clearly no matter what absolute constant k& we take we cannot have ¢ < 2%0
irrespective of p.

Suppose the conjecture is true and that k(%) = 1. Then if a,b,c are mutually
coprime natural numbers such that a™ 4+ 0™ = ¢ the conjecture would imply that
" < Rad(a™"c")2 = Rad(abc): < (abc)g 3. Hence n < 5 and we would only
need to prove FLT for n = 3,4.

In 2012 Shinichi Mochizuki of Kyoto University announced that he had a proof of
the conjecture but very few people have been able to understand it. Even the 2018
Fields medallist Peter Scholze thinks that there are gaps in the proof. So we are
now in the strange position that whilst many in Japan think that the conjecture
has been proved the rest of the world thinks not !
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Abstract: Origami is the art of paper folding, and it borrows its
name from two Japanese words ori and kami. In Japanese, ori means
folding, and the paper is called kami. While origami is just a hobby
to most, there is a lot more to it. If you fold a square sheet of
paper into any of the traditional origami model (for example the
flapping bird) and unfold it, you can see crease patterns. These
crease patterns tell us that there is a lot of geometry hidden behind
the folds.

In this article, we investigate the symbiotic relationship between
mathematics and origami. The first part of this article explores
the utility of origami in education. We will see how origami could
become an effective way of teaching methods of geometry, mainly
because of its experiential nature. Complex origami patterns can-
not be created out of thin air. They usually involve understanding
deep mathematical theories and the ability to apply them to paper
folding. In the second part of the article, we attempt to provide a
glimpse of this beautiful connection between origami and mathe-
matics.

Keywords: Origami, geometry, paper folding, fold-able numbers, tree-maker,
cubic polynomials.

1. Introduction

Origami is a technique of folding paper into a variety of decorative or representative
forms, such as animals, flowers etc. The origin of origami can be traced back to
Japan. Originally, the art of paper folding was called as orikata, the craft acquired
its current name in 1880 [5].

The early evidence of origami in Japan suggests that origami was primarily used
as a ceremonial wrapper called the Noshi. Noshi is a wrapper which is attached to
a gift, expressing good wishes (similar to greeting cards of today). A popular such
Noshi is a pair of paper butterflies known as Ocho and Mecho that were used to
decorate sake bottles (see Figure 1(a)!). Origami initially was an art of the elite,
mainly because the paper was a luxury item. As the paper became more accessible,
origami also became a well-practiced art.

The practice of origami can also be traced to Europe, the baptismal certificates

Email:sarchana.morye@gmail.com
IPic source: https://www.origami-resource-center.com/regular-mecho.html
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(a) Japanese Origami (b) European Origami (¢) Wet Folding

Figure 1.

issued during the sixteenth century were folded in a specific way. (see Figure 1(b)?).
Here, the four corners of the paper was folded repeatedly to the center. Interestingly
this techniques is very different from the ones used in Japan. It is said that such
a crease pattern closely resembles an old astrological horoscopes. For this reason,
historians believe that folding in Europe developed more-or-less independently [5].
Some of the popular origami models from Europe are the Pajarita, the Cocotte
and the boat .

1.1. The modern origamsi

The modern era of origami can mainly be attributed to the grand master of origami,
Akira Yoshizawa. It was because of his relentless efforts that origami has trans-
formed into a living art, from a mere craft. Apart from contributing towards de-
veloping more than 50,000 origami models, he also pioneered the wet-folding tech-
nique (see Figure 1(c)?). This technique involves slightly dampening the paper
before using it for folding. This technique allowed the paper to be manipulated
more easily, resulting in models with rounded and sculpted looks. The famous
Yoshizawa-Randlett diagramming system is also his invention. Since the introduc-
tion of this system, origami has seen several advancements. Origami is now one of
the well-established topics of research in major universities across the world.
Origami as it exists today has several variations, we list some of them below.

(1) Pure Origami : This form of origami is arguably one of the oldest and well
studied form, the models here are made from a single square sheet of pa-
per, without the use of scissors and glue. Coloring the final model is also
strictly discouraged. Several models along with instructions can be found in
www.happyfolding.com. My personal favorites and recommendations include
the traditional crane, the swallowtail butterfly and the fawn models.

A more stringent variation is the Pureland Origami developed by John
Smith. This version disallows certain types of folds allowed by the pure
origami. Interestingly this type of origami is considered to be disable friendly.

(2) Action Origami: This form of origami involves developing models that can
be animated. The most famous among the models of this type is the flapping
bird. The bird flaps its wings when its tail is moved. Other interesting models
of this type include origami airplanes and the instrumentalist created by Prof.
Robert Lang.

(3) Modular Origami: In this form of origami, several identical units are folded
and then assembled into a more complex origami model. An of this type is the
Kusudama flower. In this model, sixty identical units are folded and arranged

2Pic source: https://www.origami-resource-center.com/history-of-origami.html
3Pic source: https://en.wikipedia.org/wiki/Wet-folding
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(a)  Fujimoto Hy- (b) Kusudama (c) knotology torus
drangeas

Figure 2.

into twelve flowers. These flowers are then arranged such that they form a
regular dodecahedron, the pieces are held in place using glue or a thread.
Many models have pocket and flap in each unit, so that units bind together
without a glue or a thread.

(4) Origami Tessellation: An origami tessellation is created by repeating a pat-
tern multiple times in all the directions, and this creates a mosaic. The kind
of folds in this process predominantly includes pleats and twists. The in-
vention of this technique can be attributed to Shuzo Fujimoto. This type of
origami has an additional feature, and they produce a beautiful effect when
they are backlit (when they are held against the light). Fujimoto Hydrangeas
(see Figure 2(a)) is an interesting model of this type.

(5) Strip Origami: Strip folding is a technique that involves both paper folding
and paper weaving. A fascinating model of this type is that of knotology
torus (see Figure 2(c)?) by Dasa Severova.

While origami certainly has evolved as an amazing art, its applicability has also
been phenomenal. Origami-inspired techniques are being sought after by almost
every engineering field, ranging from space science to medical equipment and even
automobile manufacturers. In medicine, origami techniques are often applied to
stent designs. Stents are collapsible tubes that can be inserted into a patient’s
veins or arteries. When deployed, the stent expands to open the veins or arteries to
improve blood flow. Origami design techniques are instrumental in developing thin
and small stents. NASA’s James Webb Telescope (JWST), the planned successor of
Hubble space telescope, is a rather sizable infrared space telescope with a primary
mirror of 6.5-meters. Origami techniques are being deployed to fold such a large
telescope compactly so that it can be airlifted to space, where it can be unfolded
again. Automobile manufacturers are pursuing efficient flat-folding techniques for
airbags so that it occupies less space and yet unfurls quickly enough when needed.

The use of origami techniques in the science and engineering field is endless.
Hence it is only prudent to study and understand origami as a science. One of the
aims of this article is to illustrate the deep connections of origami with mathemat-
ics. The article is divided into two parts; the first part deals with using origami as
a means to understand mathematics, geometry in particular. For example, a proof
for the Pythagoras theorem merely is folding a square sheet of paper. Trisecting
a line using just folds is possible. Interestingly, even trisecting an angle can be
achieved. The latter is of significant interest due to its impossibility within the
realms of Euclidean geometry. The second part of the article briefly dwells upon
the need for mathematics to design complex origami models.

4Pic source:https://www.flickr.com/photos/dasssa/3426754850
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Before we delve into the technical details, I would like to share my experience
with the folding and origami community. While this subsection is unconventional,
the reason I write this is to get an opportunity to acknowledge individuals who
helped and inspired me during my journey. I also hope that this will nudge others
to start their journey into the world of folding.

1.2. My Origami Journey

My first exposure to origami was like any other kid when I learned to fold simple
models like box, flower, purse, and so on in school. The first complicated model I
folded was that of a fish, from a magazine I found in my relatives’ place. Learning
this model gave me a huge sense of accomplishment and satisfaction. My first formal
tryst with origami was during my undergraduate days when I chanced to find a
Marathi and English origami series written by Indu Tilak [16]. This series is part
of the textbooks prescribed by Maharashtra board for primary education. Even
though these are school books, they are quite interesting and extensive. The book
includes the necessary foundations to start creating basic and complex structures
in origami.

While I was helped and inspired by many in the origami community, one who
was extremely helpful and kind to me was Dé3a Severové. Papers are the lifeline for
origami artists. Some particular models require individual papers. Dasa Severova
was kind enough to help me obtain certain papers that were difficult to get in
India. She has also helped me fold some intricate origami tessellations.

These are some other origami books that one may wish to read.

Origami Tessellations: Awe-Inspiring Geometric Designs, by Eric Gjerde [3].
Origami Boxes by Tomoko Fuse [2].

Origami Butterflies by Micheal LaFusse [11].

Origami Journey: Into the Fascinating World of Geometric Origami, by Dasa
Severova [15].

e Origami Inspiration by Meenakshi Mukerji [14].

The website www.happyfolding.com, owned by Sara Adam, is a one-point source
of abundant information, beginners or otherwise.

2. Origami for Mathematics

Mathematics has unfortunately attained the notoriety of not just dreading the
youngsters but also the adults. How many times have we not heard the phrase,
“Thank god, I do not have to study mathematics anymore.” This feeling has been
captured aptly by the following Marathi couplet.

WTATATY 34T AT IT(0raT=T 9T
ITETd ATEAT &b THT g9 & L AT

Bholanath is a mystical, mythological, and benevolent Ox. The children pray
to him for ill-health, for it is their mathematics paper the next day. It is not
very surprising that mathematics is viewed so unfavorably, as it involves many
abstract concepts challenging to comprehend. Even a simple definition such as
an area or volume is very abstract, for it is a measurement irrespective of the
shape. One reason why mathematics lacks the popularity of the other sciences
is that it lacks visual appeal. Prof. John J Hopfield (the recipient of the ICTP
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Dirac medal, 2001) in one of his articles [6] wrote that the reason for him being
a scientist was because of the encouragement he received to do experiments. Labs
and experiments are never associated with mathematics. While one could still argue
that mathematics does provide the same experience through puzzles and problems,
my personal experiences and memories negate such claims. Solving mathematical
problems in the current day scenario has degenerated to learning to apply formulas
to score high. Here is where origami can fill in to provide the missing fun.

FEzample 2.1 Consider a simple problem of proving that the sum of interior angles
of a triangle adds up to 180°. While there are many ways to prove this, the folding
in Figure 3 demonstrates this clearly and crisply. Here the desired rectangle is

Figure 3.

identified, and the cones of the triangle are folded so that their tips meet. Since the
angles a, 3,7 covers a straight line, this proves that their sum is indeed 180°. Now
the same folding also provides us with the argument of why the area of a triangle
is 1/2 x base x height. Notice that the fold covers the rectangle with height h/2
and length b/2 two times. So the area of the triangle is two times the area of this
rectangle. This immediately provides us with the relation

Area(AABC) =2 x (b/2) x (h/2) =1/2 x b X h.

This demonstrates that every folding has a deep mathematical connection, pos-
sibly many. Discovering them depends on the creativity of the folder. After all,
creativity is in the eye of the beholder, beautifully summarized by our beloved
Dr. A. P. J. Abdul Kalam as

“Creativity is seeing the same thing but thinking differently.”

We will demonstrate the deep connection of origami with mathematics through
another example, this time, the famous Pythagorean Theorem. The Pythagorean
theorem is one of the oldest known theorems and was studied by Babylonian,
Egyptian, Indian, and Greek mathematicians centuries earlier. It states that the
square of the hypotenuse of any right-angled triangle is equal to the sum of the
squares of the other two sides. This geometric theorem probably has the most
number of proofs. The standard proof which is given in the most high-school books
is using similar triangles. Another exciting proof is as follows. Let AABC be any
right-angle triangle with c¢ as its hypotenuse and its other two sides being a, b. Let
C be a square-shaped bucket with length and height being c-units and its width
1-unit. Similarly, let A ( respectively B) be a square-shaped bucket with length and
height a (respectively b) and with width exactly 1-unit. It can be demonstrated that
the C bucket can be filled using the water in buckets A and B, respectively. While
this is undoubtedly a fun proof, the knowledge of volumes is needed to understand
the proof. Further conducting such an experiment in a class is cumbersome.
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Ezxample 2.2 Now consider the folding in Figure 4, it clearly demonstrates the
proof of Pythagoras Theorem. In the figure, we take a square sheet of paper and

Figure 4.

mark out four right-angled triangles of equal sizes along the four corners. Each of
these triangles has c as its hypotenuse and a, b as the size of its other sides. Each
of these triangles has its hypotenuse in the inner part of the square, touching each
other. Dotted lines in the figure denote these. Folding along the hypotenuse gives
us a square of length c. Notice that the area of such a square is ¢2, the area of the
original square we started with was (a + b)?. What was folded in were 4 triangles
each of area 1/2 x a x b. With this, we get the following equation, which also proves
the Pythagoras Theorem.

A =(a+0b)?—(4x(1/2xaxb))=a*+b

While we could go on demonstrating the utility of origami in proving theorems
involving simple properties (for example see [4]), one may ask whether origami can
also be used to solve more involved problems and theorems. For this, we need to
formalize folding, i.e., make precise what kind of folds are allowed and what are
not. This would allow us to investigate the constructible geometric objects through
origami. This is in the same lines as the classical ruler-and-compass construction.

2.1. Huzita-Hatori Axioms

The formal axioms for origami is given by the Huzita—Hatori azioms. We briefly
recall them here and direct the interested readers to [7, 10] for a comprehensive
coverage on the subject.

(1) Given two distinct points p; and ps, there is a unique fold that passes through
both of them.

(2) Given two distinct points p; and po, there is a unique fold that places p; onto
p2.

(3) Given two lines l; and 2, there are folds that places I; onto ls.

(4) Given a point p; and a line [y, there is a unique fold perpendicular to I; that
passes through point p;.

(5) Given two points p; and ps and a line [j, there are folds (possibly empty)
that places p; onto l; and passes through po.

(6) Given two points p; and py and two lines [; and [y, there are folds (possibly
empty) that places p; onto I; and p2 onto ls.

(7) Given a point p, and two lines I; and lg, there are folds (possibly empty)
perpendicular to Is that places p onto line [;.

31
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Figure 5.

Remark 2.3 The relevant question here is, what can these postulates achieve in
comparison to the classical ruler-and-compass. While the above set of operations
are termed as axioms, they do not necessarily indicate that such a fold is achievable
or unique (see [8, 9] for details). For example, in Axiom 5, it is impossible to obtain
a fold when p; = ps. Similarly in Axiom 6, it is impossible to obtain a fold if p1 = po
and ¢ # £9 two parallel lines. Rest of the article only deals with the scenarios where
the relevant fold is achievable.

Towards understanding the axioms, we note that the first four postulates are
self-explanatory. We will examine the fifth and sixth postulates more closely. In-
terestingly the fifth postulate can be used to solve a quadratic equation and the
sixth a cubic equation. We will demonstrate the latter in the sequel. We first prove
the following lemma which states that the dotted line in the Axiom 5 of Figure
5 is actually a tangent to a parabola with its focus on p; and the directrix on [;.
This proof is an adaptation from [10]. Recall that a parabola is those set of points
(called the locus) that are equidistant from a fixed point (called the focus) and a
fixed-line (called the directriz).

Notation 2.4 1If d(z,y) denotes the Fuclidean distance between two points x and v,
then the distance between the point x and the line [ is equal to min{d(z,y)|y € l},
and is denoted by d(z,l). Notice that, d(x,l) = d(x,y) where y is the foot of a
perpendicular drawn from the point x to the line [. This distance d(z,[) is called
the perpendicular distance between x and [.

LEMMA 2.5 Given two points p1 and po and a line 11, assume that there exists a
fold ¢ that places p1 onto l1 and passes through ps. Then £ is tangent to the parabola
P defined by the focus p1 and the directrix .

Proof. To prove the lemma, we prove that there is a unique point x on the line /¢
which is equidistant from p; and I;. By definition, this point will lie on the parabola.
Since this point is unique, no other points of the line will lie on the parabola. This
will prove that, the line will be tangential to P.

For this, we prove two things. Firstly we prove that there is a point x in ¢, which
is equidistant from p; and [;. Then we will prove that for any point y # « in ¢,
d(y, p1) is not equal to d(y, ;). Without loss of generality, we will assume that the
line /1 is the bottom edge of a square and that the point po lies on the left edge
of the square. Observe that given any [1,p1,p2, one could arrange them in this
manner in an appropriate large enough square. By assumption, the line ¢ folds Iy
in such a way that a point in it coincides with p;. Let this point on I; be pj (see
Figure 6 for an illustration). Now draw a line perpendicular to the line [, starting
at p1, let this line intersect ¢ at . We claim that this intersection point z is the
required point. This is easy to observe since p; coincides with p; when the paper
is folded along ¢. This immediately implies that d(z,p1) = d(z,p1).

For proving the second part (uniqueness), we again use the fact that p; coincides
with p; when the paper is folded along ¢. This immediately also tells us that
for any point y on the line ¢, d(y,p1) = d(y,p1). Let p, denote the foot of the
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perpendicular drawn from y to line /;. Hence d(y, 1) = d(y, p,). Now for any point
y # x, consider the right angle triangle Ayp,p1. In this triangle since yp; is the
hypotenuse, it follows that d(y,p1) > d(y,py) = d(y,l1). This proves that y ¢ P.
Hence ¢ is tangent to P. [ ]

larxz=2 l;:y:sz4
1
YA 1
P2 /
N 1
> 7 ’
7 p1 = (0,1) ,
Nz ’
y P1 : )
AN , o= (4,—1)
\\ o II l1:y=-—1
1
N p2=(-2-3) ¢
N ’
\\ 7
Ay
y ! =(2,-5)
Py p1 Iy K P2 = (2,
Figure 6.: lllustration for Lemma 2.5 Figure 7.: lllustration of Theorem 2.7 on Eqn:z® 4022 — 3z — 2

Remark 2.6 Notice that in the proof above, the role of ps is non-existent. The fact
that ¢ is a tangent to the parabola P is invariant to py. Indeed, any fold obtained
by placing the point p; onto the line #; creates a tangent to the parabola P. Also,
notice that there are infinite tangent lines to the parabola, one for every point on
it. This collection of tangent lines is called the tangent bundle. The point ps picks
out a set (of size < 2) of tangent lines from this tangent bundle.

Using the same technique of Lemma 2.5, one could also prove that the fold ¢
obtained in Axiom 6 is a line tangent to two parabolas P71, Ps, determined by the
focus and directrix p1, I1 and po, lo respectively. We will instead illustrate how
to use Axiom 6 to solve a cubic equation. More specifically, we will show how to
obtain a solution for equations of the form 22 + az? 4+ bz + ¢ = 0 where a, b, ¢ € R.
The idea here is to use the points p; = (a,1), p2 = (¢, b), and the lines [; given by
y = —1 and Iy given by x = —c¢ in Axiom 6 and show that the slope of the fold
obtained is a solution to the equation. The idea behind the Theorem is illustrated
in Figure 7.

THEOREM 2.7 Let 23 + ax?® + bz 4+ ¢ = 0 be any cubic equation with a,b,c € R.
Consider a large enough square paper with origin at its center, let p1 and p2 be two
point in it with the coordinates given by (a,1) and (c,b) respectively. Let 1y and ly
be lines defined by the equation y = —1 and x = —c respectively. Then the slope t
of the line ¢ that folds the point p1 onto ly and ps onto ls is a solution to the given
cubic equation.

Proof. We wish to prove that any solution to the slope of the line ¢ obtained as
a result of applying Axiom 6 to the points and lines specified below, is a solution
to the given cubic equation 3 + az? + bz + ¢ = 0. The points are specified as
p1 = (a,1) and py = (¢,b) and the lines given by the equation I; : y = —1 and
lo : x = —c. Let the equation defining the line ¢ be £ : y = tx 4+ u. Recall that, t is
the slope and u is the y intercept here.

Firstly notice that in both Axiom 5 and 6, the point p; is placed onto the line ;.
By Lemma 2.5 and Remark 2.6, we obtain that the line ¢ is tangent to the parabola
defined by its focus on p; and the directrix on the line /. Let this parabola be P.
Using the focus given by p; and the directix given by line {1, we obtain the equation
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of P as

1

yiz(ﬂﬂ—a)z- (1)

Since the line ¢ is tangent to the parabola, we obtain the equation of its slope as
t= % = 2(z — a). Let (21,y1) be the point on ¢ where it makes contact with the

parabola. Evaluating the equation of slope at this point provides us with:

t= %(azl—a). (2)

Since we know the slope of £ and also that (z1, 1) lies on ¢, we obtain the equation
of ¢ as follows.

y =tx —tx; +y1. (3)

From this we obtain that v = —tx1 + y1. Further from Equation 1, we know that
y1 = t2. We also know the equation of z; in terms of ¢ ( x; = 2t 4 a from the
Equation 2), as a result we get the following equation.

u=—t> —ta. (4)

Notice that Axiom 6 mandates that the line £ is tangential to another parabola P’,
defined by the focus p2 = (¢,b) and the line and Iy : © = —c. The equation of this
parabola is given by

1

= —(y—b)>.
T 4C(y )

Applying the technique seen earlier, we obtain that the equation of the slope of ¢

in this case to be t = (y2_cb). Using this, we get u = b+ 7. Equating the value of u

obtained in Equation 4 with this, we obtain the following equation.
c
b+¥:—t2—ta. (5)

Notice that this translates to the equation t> + at? + bt + ¢ = 0, matching with the
original equation that we started with, this completes the proof. |

3. Mathematics for Origami

While in the previous section, we saw that origami could be very handy to learn
mathematical concepts, in this section effectively, we will see that the relationship
is symbiotic. Many of the origami models require deep mathematical insights and
techniques, and we will survey some of them.

The complexity of an origami model depends on the number of attachments it
has. For example, an origami model resembling a bird with a head, a tail, and two
wings is less complex than a model resembling a beetle with a head, two horns, and
six legs. One approach to building an origami model is to come up with what is
called a base. A base is a geometric object which roughly resembles the end product.
Historically most of the origami models were constructed by trial and error basis.
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Figure 8.

That is, the paper is folded roughly in the direction of the base until the desired
objective is achieved. One of the most difficult and important tasks in coming up
with an origami construction is to identify how and when to create a fold. This
translates to identifying the crease pattern required for the construction. While for
simpler models, the trial and error approach is possible, it is highly inefficient for
complex models. One important and pertinent question in this regard is whether
one can come up with the crease patterns that can be folded into the desired base.
The computer programs TreeMaker and Origamizer achieve this objective. Here,
we survey the techniques used in the Tree Maker program. We closely adopt the
definitions and language used in the TreeMaker manual [13]. To keep the article
simple, we are making our exposition is very brief and informal. We direct the
interested readers to [1, 12] for an extensive exposition on the subject. TreeMaker
is a computer program developed by a famous origami artist and scientist Robert
Lang. The software has been used to develop several complex origami models, see
Figure 9°.

Figure 9.

Given any base, let its tree diagram be the graph obtained by shrinking its
skeleton to straight lines. In reality, the edges of such a tree diagram can have
weights; these weights correspond to the size of foldings required in the base. For
example, Figure 8% is the tree diagram of the lizard model next to it. Notice that
it has a head, a tail, two forelegs, and two hind legs, not all have the same size. A
tree diagram is said to be uni-axial if firstly it is tree-like (i.e., it is connected and
has no cycles) and further, it has a main stem, and every branch only originates
from this stem. The TreeMaker algorithm works when the required base is of type
uni-axial.

The tree diagram is crucial to obtaining the desired algorithm. Every vertex (in
a graph sense) of such a tree diagram, which has no outgoing edges, is called the
terminal node. In the figure, these are represented by circular nodes. Every other
vertex is called the internal node; in the figure, these are the rectangular nodes.
An important mathematical property that allows a given uni-axial tree diagram to
be folded to its base is as follows:

5Pic source: https://langorigami.com/artworks/
6Pic source: https://origami.me/lizards/
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If one can find in a square, a set of points, each corresponding to a vertex in the
tree diagram such that the distance between any two points is greater or equal to the
distance between the corresponding vertices in the tree diagram, then it is possible to
fold such a set of points into the required base.

Notice that the property is existential and does not immediately provide a way
to recover the folding pattern. To obtain the crease pattern, the first observation
is as follows:

If the distance between any two terminal points is equal to the distance between their
corresponding vertices in the tree diagram, then the line between them is definitely a
crease in the final base.

The algorithm crucially identifies points in the square so that maximal such creases
occur, partitioning the square into polygons. This already is a computationally hard
problem and has deep connections to a famous graph theoretical problem called
the cycle packing problem.

The algorithm then depends on yet another mathematical property that: creases
for each polygon partition of the square can be identified separately. The handling
of a triangle and quadrilateral is well known, i.e., there are well-known methods to
find creases for such simple polygons. However, other complex polygons can create
complexities. One way to get around this is to simplify these polygons by adding
extra terminal vertices to the tree diagram. This roughly translates to refining the
creases and hence, partitioning of the complex polygons into simpler polygons. The
algorithm can now be summarized as follows:

Obtain the tree diagram of the desired base.

Obtain points on the square such that the points have appropriate distances.
Mark all the creases with minimum lengths.

Identify the polygons partitioning the square, based on the crease marking
obtained earlier.

Process the crease pattern for the polygons individually. Simplify the poly-
gons if needed.

While this algorithm provides the necessary crease pattern to obtain the base,
identifying whether a crease is an inside fold (valley fold) or an outside fold (moun-
tain fold) is another problem entirely. While there are effective heuristics for this,
the problem, in general, is still open.

Another interesting problem that one encounters in origami is that of identifying
whether a given crease pattern can be flat-folded. An origami model is said to be
flat-folded if it can be compressed without making any additional creases. The
question is whether it can be determined automatically, just by looking at the
crease pattern, if it can be flat-folded. While there are results for sub-classes of the
crease pattern due to Maekawa Jun and Kawasaki Toshikazu, the general problem
still remains open. Thus, there are very many mathematical properties of origami
that are being actively studied, some of which are still waiting to be solved. This
demonstrates the profound impact that mathematics has on the folding art.

4. Conclusion
In this article, we investigated the connections between origami and mathematics.

We first surveyed different types of origami models that are in vogue. We then
showed how origami can effectively be used to prove mathematical theorems. We
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also explored briefly the use of mathematics in constructions of complex origami
models.
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Abstract: Let S be a class of groups and let fs(n) be the number
of isomorphism classes of groups in S of order n. Let f(n) count
the number of groups of order n up to isomorphism. The asymp-
totic bounds for f(n) behave differently when restricted to abelian
groups, A-groups and groups in general. We survey some results and
some open questions in enumeration of finite groups with a focus
on enumerating within varieties of A-groups.
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AMS Subject Classifications: 20D10, 20C20, 20E10

1. Introduction

Let f(n) denote the number of isomorphism classes of groups of order n. Let S be
a class of groups and let fs(n) be the number of isomorphism classes of groups in S
of order n. Some interesting classes that have been studied are the class of abelian
groups, the class of solvable groups, varieties of groups, p-groups and A-groups, etc
(see [1]). (A-groups are groups whose nilpotent subgroups are abelian.)

The asymptotic bounds for f(n) behave differently when restricted to abelian
groups, A-groups, and groups in general, primarily due to whether the group itself
or its Sylow subgroups are abelian or not. In 1993, L. Pyber proved a result which
settled a conjecture about f(n). The result [2] was published in The Annals of
Mathematics and uses results related to Classification of Simple Finite Groups.
Pyber showed that f(n) < n(zTeWum)?® ag wu(n) — oo, where p(n) represents the
highest power to which a prime divides n.

While Pyber’s upper bound has the correct leading term, it is certainly not the
case for the error term. The key to this puzzle may lie in deeper investigation of
A-groups. A correct leading term for an upper bound of f4(n) could lead to the
correct error term for an upper bound for f(n). The best we do know about A-
groups is that fa so1(n) < nTHmM+6  where fA,s01(n) is the number of isomorphism
classes of solvable A-groups of order n (see [3]). The method to finding the correct
upper bound for the enumeration function for A-groups may be via enumerating
within varieties of A-groups. (For varieties of groups see [4].)

*Corresponding author. Email: geetha@aud.ac.in
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In this article we survey some of the results in enumeration of finite groups to
provide a context for enumeration within a small variety of A-groups. The aim
of the article is to provide a flavour of the representation theory and counting
techniques used in such enumeration problems. Much of the material here is a
selection of existing published work. Some unpublished material is also used to
illustrate the structure of groups in a particular variety of A-groups.

The article unfolds as follows. The next section surveys main results in enumera-
tion of finite groups with brief commentaries. The third section provides some basic
background related to varieties of A-groups and specifically the varieties 4 = 20,2,
and U = A2, VA2, where p and ¢ are distinct primes. A discussion on bounds
for fy(n) is also presented with a sketch of the main steps of the proof. In the
fourth and final section, we present unpublished material related to the structure
of a finite group in the variety 24,22, where p,q and r are distinct primes. The
last section will also discuss some open questions related to enumeration in varieties
of A-groups. Logarithms are taken to the base 2, unless stated otherwise.

2. A brief history of group enumerations

Enumeration questions and questions about classification of groups have been top-
ics of study from even before the time when the notion of an abstract group was
defined. From the latter part of the 19th century to the first quarter of the 20th cen-
tury, several mathematicians worked on classifying and hence enumerating groups
of specific types or order. For a good survey of these results see [5].

In 1895, Otto Holder [6] gave a precise answer to the question about number of
groups of order n when n was a product of distinct primes. If n is square-free, that
is, a product of distinct primes, then any group G of order n is meta-cyclic and so
G will be a semidirect product of a cyclic group by a cyclic group. He was able to
use this to prove that if n is square-free then

c(p) _
=117,

mln P

where, in the product, p ranges over prime divisors of n/m and ¢(p) denotes the
number of primes ¢ dividing m such that ¢ = 1 mod p.

A lot of the modern work on group enumerations dates back to a paper [7],
published in 1960, by Graham Higman. In the paper he showed that

f(pm) > p%ms‘fO(mz)
where p is prime. In 1965, Charles C Sims [8] showed that
f(pm) < p2—27m3+0(m%).

An unpublished result of Mike Newman and Craig Seely, referred to and shown in
[1], brings down the error term to O(m?=). This led to much speculation on what
would be the corresponding estimates for f(n).

Let n = p{" ---pp* be the prime decomposition of n. Define A(n) = oy +-- -+ ay.
Note that when n = p™, p prime, then u(n) = A(n) = m.
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The speculation or conjecture that arose and which was quoted by Mclver and
Neumann [9] was that

f(n) <m0

where € — 0 as A(n) — 0.

The conjecture stemmed from the feeling that the reason for the number of groups
of order n must be because of the large number of choices we have for p-groups to
chose as Sylow p-subgroups rather than the number of ways of putting the groups
together.

This sentiment was shown to be right in 1991 by Laszlo Pyber [2]. He showed that
the number of groups of order n with specified Sylow subgroups is at most n">#+16,
This together with the choices available for p-groups to be Sylow subgroups, gives

the result that f(n) < n k() +0(u(n) %) Again, due to the results for p-groups we
see that the above upper bound has the right leading term.

Broadly speaking, the leading term comes from the choices of p-groups that are
available to be Sylow subgroups and the error term arises from the number of ways
in which the Sylow subgroups can be put together to create the required group of
order n. The error term above is certainly not the best.

Recall that a finite A-group is a group whose Sylow subgroups are abelian. A
bound for solvable A-groups was first given in 1969 by Gabrielle Dickenson in [10].
She showed that fa so1(n) < n¢l°8™ for some constant ¢ > 0. It was improved by
Meclver and Neumann in 1987 in [9], where they showed that fa(n) < n W+
Since the number of choices for an abelian group of order m up to isomorphism
is at most m, Pyber’s result on number of groups with specified Sylow subgroups,
gives us fa(n) < n™#+17. His proof shows that for solvable A-groups, we can get
fa,s01(n) < nA0r+17 The best bound know till date is fa,s01(n) < nTH(M)+6  shown
in [3]. However the bounds in the case of A-groups or even solvable A-groups is
certainly not best possible. So a question still open is that what are the best possible
constants ¢ > 0 and d > 0 such that fa(n) < nc#+d?

We can see now that A-groups become an important class of groups from the
enumeration point of view. Further if a ‘best possible’ value of ¢ is found in the
upper bound of f4(n) then we will be closer to the correct error term in the bound
for f(n). Note that, whenever n is a prime power, fa(n) < n. It is therefore not
possible to hope that there is a constant ¢ > 0 such that n% < fu(n) for all n.
Consequently we need to elaborate further on what is meant by a best possible c.
We refer to [3] for this. Let S be a class of A-groups such that there are infinitely
many n for which fs(n) < n. Then ¢ > 0 will be called best possible if there exists
d > 0 such that fs(n) < n®*¢ and given any e > 0 there exist infinitely many n
with u(n) unbounded such that n(c=* < f(n).

In [9] and [2] it was shown that fa go1(n) > n% for certain specific types of n.
In both the cases 0 < ¢ < 0.08. So the gap between these lower bounds and the
best upper bounds we have is huge. The task therefore is to consider certain classes
of solvable A-groups where the structure of the groups will allow for enumeration
techniques leading to ‘good’ upper bounds and by that process also get ‘good’ lower
bounds.

Let 21, denote the variety of abelian groups with exponent n and let L = 24,2,
and U = ApA, vV A, where p and ¢ are distinct primes. In [11], it was shown
that 3 and ¥ are both classes of solvable A-groups and that there exist positive
constants ¢ = ¢pq,d = dpg,d = ¢, ,,d = d,, such that fy(n) < n%*¢ and
fu(n) < nPt4 where ¢ and ¢ are best possible in the sense discussed above.
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Further it was shown in [1] that ¢ = max{cp 4, ¢qp}, Where ¢4 is the leading term
for the product variety 24,2(,. The value of ¢, , is given by

1 logp.2  logp log p
cp’q_d_Q\/(logq +dlogq+210gq’

where d is the order of p modulo ¢. In [12], Sophie Germain primes were considered.
These are primes ¢ such that p = 2g—+1 is also prime. For such p, ¢ we see that d = 1
and so the chance of getting larger value for ¢, , occurs. It is not known if there
are infinitely many Sophie Germain primes, but if we assume this and let ¢ tend

to infinity, then }ggg — 1 and 50 ¢pq — 3 —2v/2 = 0.17157.... If ¢ is the largest

currently known Sophie Germain prime, namely ¢ = (2618163402417 x 21290000y _1
and p = 2¢ + 1, then ¢, , already agrees with 3 — 21/2 to several decimal places. So
¢ =0.171 is the ‘best’ possible lower bound that we have currently for A-groups.

3. Varieties of A-groups

In this section we consider the varieties 4 and U and give an idea of some of the
techniques used to enumerate within these varieties. The original work for this was
done in [11] and then presented with modifications in [1].

A variety ® is said to be a variety of A-groups if all its nilpotent groups are
abelian. It is sufficient to check if the finite nilpotent groups in the variety ® are
abelian. Consider the product variety 4 = 2(,2(,, where p and ¢ are distinct primes.
Any finite group in this variety is an extension of an elementary abelian p-group
by an elementary abelian g-group and by the Schur-Zassenhaus Theorem it is a
semi-direct product.

Let us now consider U = 2,2, V A,2,. The finite nilpotent groups in U are
abelian and any group in U is solvable. Indeed U is locally finite. Thus U is a locally
finite solvable variety of A-groups. Further it can be shown that U has exponent
pq, any finite group of order p®¢® and elementary abelian Sylow subgroups lies
in . The converse is also true. Any finite group G € 9 has order p®¢” and its
Sylow-subgroups will be elementary abelian.

Next we present a sketch proof of the main steps involved in finding the ‘best’
bounds for { and 2U. As mentioned above any finite group in U = 2,2, is a
semi-direct product of its elementary abelian Sylow p-subgroup by an elementary
abelian Sylow g-subgroup. That is, if G € 4, then G = P x Q where P is a Sylow
p-subgroup of G and @ is a Sylow g-subgroup of G.

To count the number of isomorphism classes of groups of order p®¢® in &I, it
suffices to count the number of isomorphism classes of groups P xg () where P
is a fixed elementary abelian group of order p®, @ is a fixed elementary abelian
group of order ¢? and € runs over all homomorphisms from @ to AutP. Indeed,
two possible approaches could be taken at this stage. One would be to regard 6(Q)
as a subgroup of AutP, and count the possibilities. The other would be to regard
P as an a-dimensional F,()-module and to then count the possibilities for P up to
isomorphism. The approach described below, essentially follows the second route.

We explore the structure of finite groups in 4l further. Define X' := {G € A2, |
G is finite and Z(G) = 1} and let Y be the same as X’ with p and ¢ interchanged.
Then for any finite group G in 4, there exists a group G € X such that G =
G1 X Z(G). Further, the isomorphism class of G; in X determines the isomorphism
class of G in L
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Let G be a group in . Then G has a normal Sylow p-subgroup. Let us denote
it by P and let @ be any Sylow g-subgroup of G. As Z(G) = 1, we have @ acting
faithfully by conjugation on P. Thus P is a F,(-module and it has no non-zero
trivial submodules.

Now let a and 8 be natural numbers. Let () be an elementary abelian g-group of
order ¢” and let P be a F,Q-module of dimension o. We shall say that the F,Q-
module P is of type (1) if @ acts faithfully on P and P has no non-zero trivial
F,Q-submodule.

Let fy(p®q¢”) denote the number of groups of order p®¢” in X up to isomor-
phism. Then fx(p®¢®) is the number of orbits under the action of AutQ on the
isomorphism classes of FpQ-modules of dimension « and type (1). Note that, by
Maschke’s Theorem the type (1) modules are completely reducible.

It is shown in [11] that each orbit under the action of AutQ) contains another
special type of a-dimensional F,@Q-module that are specifically constructed using
certain irreducible F,Q-modules which have certain chosen subgroups of @ as ker-
nels of the action of () on these modules. If we call these special representatives as
type (2) modules, then fy(p®q¢?) will be bounded above by the number of type (2)
modules up to isomorphism.

Using the above it can be shown that fy(n) < nc«*("+1 Here

1 logp 2 logp logp
PaT g 2\/(logq + dlogq + 2logq7

and d is the order of p modulo ¢g. Further for every ¢ > 0 there exist infinitely many
n such that fy(n) > n(%a=9rM) . So ¢, is best possible.

Let G be a finite group in U = AA, V A2, then G = X X Y where X €
A2, and Y € A,2,. Using this, we can show that fo(n) < n@(M+2 where d =
max {¢p g, Cqp}. Further for every € > 0 it can be shown that there exist infinitely
many 7 such that fo(n) > n(@=9#() So d is best possible.

4. Structure of groups in 2,2 %A,

As seen in the earlier discussions we still do not have ‘best’ bounds for A-groups
or even solvable A-groups. While enumerating in small varieties of A-groups did
gives a class of A-groups for which ‘best’ bounds exist, these still do not help us
bridge the gap between the upper and lower bounds for fa si(n). The problem
with the small variety of A-groups considered above is that they did not provide
a large enough collection of A-groups, up to isomorphism of a given order, to be
able to build a good lower bound.

To decrease the gap beween 7 and 3 —21/2 we could enumerate in another larger
variety of A-groups, namely, T = Vyeg, %o (p) Ao (q)2o(r) Where p,q,r are distinct
primes and S3 represents the permutation group on 3 letters. A first step towards
analysing the join variety ¥ would be to understand the structure of finite groups
in W = A,A,2A,. The next would be to analyse the structure of groups in €. In
this section we present some of the unpublished work done in [12] on the structure
of groups in 2J. The first lemma shows us that finite groups in 20U are solvable
A-groups.

LEMMA 4.1 Let p, q and r be distinct primes and let G be a finite group in
W = AA,.. Then
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(i) |G| = p*¢°rY for some a, 3,7 in N;
(i) G = PQR where P is the (unique) normal Sylow p-subgroup of G; @ and R
are some Sylow q and Sylow r-subgroups respectively. Further P, QQ and R
are elementary abelian groups and QR € A2, .
(#i) PQ is a normal subgroup of G.
() G is solvable.

Proof Product of varieties is associative and so G € ,(A,2,). Therefore by the
Schur-Zassenhaus Theorem, there exists a subgroup H in G such that G = P x H
where P is the normal Sylow p-subgroup of G. A similar argument shows that
H = @ x R where @ is the normal Sylow g¢-subgroup of H and R a Sylow r-
subgroup of H. Thus G = PQR and P, Q and R are elementary abelian p, ¢ and r
Sylow subgroups of G respectively. Therefore G has the required order. In order to
show that P(@ is normal in GG, we note that R normalises both P and () and hence
it normalises P(). For the last part we note that P is abelian and hence solvable.
Further G/P is in the metabelian variety 2,2, and so is solvable. Therefore G is
solvable.

THEOREM 4.2 Let G be a finite group in A,A A, where p, q and r are distinct
primes. Then there exists a Gy € A2, such that Z(Gy), the centre of Gy, is
identity and G = Gox Z(G). Further the choice for Gy is unique up to isomorphism.

Proof By Lemma 4.1 we know that G = PQR. We show that there is a subgroup
G, as required, by essentially showing that each Sylow subgroup of G decomposes
as a direct product with the corresponding Sylow subgroup of Z(G) being a part.

Now P can be regarded as a F,QR-module, where p does not divide the order
of QR. So by Maschke’s Theorem, P is completely reducible. Let P, be the Sylow
p-subgroup of Z(G). Then P; is a F,QR-submodule of P. Since P is completely
reducible there exists a normal subgroup Py of G such that P = Py x P;. Further it
is obvious that PoQR N P, = {1}. Since P; is a subgroup of Z(G) every element of
P; commutes with every element of PyQR. Thus G = PyQR x P, = G x P, where
G = P,QR.

Now @ is a completely reducible F,R- module with a submodule @ where Q1
is the Sylow g-subgroup of Z(G). Thus we can write @ = Qo X Q1 such that R
normalises Q). By a similar argument as above G= PyQoR x Q1 = G x Q1 where
G = PyQoR.

For the final step we note that since R is elementary abelian we can write R =
Ry x Ry where Ry is the Sylow r-subgroup of Z(G). Since PyQp is a normal subgroup
of G, we get that G = PyQoRo x R1 = Gy x Ry where Gy = PyQoRy. Consequently
G = Gox Py xQ1 xRy = Gyx Z(G). Further since Gy is isomorphic to the quotient
group, G/Z(G), the choice of Gy is unique up to isomorphism.

We have the following corollaries to the above theorem. The proof follows obvi-
ously from Theorem 4.2.

COROLLARY 4.3 Let p, q and r be distinct primes. Let
X={X e, | X is finite and Z(X) = 1}

and let G be a finite group in A,A,A.. Then there exists X € X and an abelian
group Z such that G = X x Z. Further if G = X1 X Z1 for some X1 € X and some
abelian group Zy, then X = X1 and Z = Z;.
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COROLLARY 4.4 Let p, q and r be distinct primes. Let U = A,A,2,.. Then

fa(p®d®r) = fx(p™ ")

where the sum is over ordered triples of natural numbers (o, B1,71) such that
ar <a, f1 <Bandy <7.

We can see from Corollary 4.4 that we now need to investigate the enumeration
of groups in X of a given order, up to isomorphism. Let G be a group in X. Then
by Lemma 4.1 we know that G = PQR where P is the normal Sylow p-subgroup
of G. Further P can be regarded as a F,Q R-module. Since G has a trivial centre,
as a F,QQR-module P, has no non-zero trivial submodule. We end this section with
a theorem that explains the module structure of P further.

THEOREM 4.5 Let G be a group in X with G = PQR where P, Q and R satisfy
the conditions of Lemma 4.1. Let H = QR. Then

(i) P =P ® P», where Pi and Py are FpH-submodules of P satisfying
Po={x€P|h(x)=ux forallh € Q} .

Further Py has no non-zero trivial R-submodule and P> does not have any
non-zero trivial Q-submodule;
(i) If P’ is a FpH-module such that P’ = P\’ ® Py’ where

P'={z e P |h(z)=x forallh € Q}

then P = P' as F,H-modules if and only if P, = P’ and P, = Py as
F,H-modules.

Proof Let P = Cg(Q) N P. Then Pi = Ou(Z(PQ)). Since PQ is a nor-
mal subgroup of G, we get that P; is a normal subgroup of G. Thus P;
is a FpH-submodule of P and it is obvious that as a F,H-module, P =
{z € P|h(z) =z for all h € Q}.

Further, since p does not divide |H|, by Maschke’s Theorem we have that P
is completely reducible. Thus there exists a F,H-submodule P of P such that
P = P, @& P,. Since we know that P has no non-zero trivial F,H-submodule.
Therefore P; cannot have a non-zero trivial R-submodule and P, cannot have any
non-zero trivial (J-submodule.

Let P = P’ as F,H-modules via the mapping ¢. Then ¢(P;) = P;’. From this
we get Py & ¢(Py) = P'/P,’ = Py’ as required. The converse is obvious.

From Corollary 4.4 and the above Theorem, to find a ‘good’ bound for groups in
2,22, we need to count in X. This in turn depends on counting F,, H-modules P,
and P, up to isomorphism. Since these are completely reducible, and H € 2A,2,.,
we need to investigate the irreducible F,, H-modules. A start towards this process
was made in [13]. However, much more needs to be done before we are able to get

the bounds of the ‘best’ kind.

We end with a few open questions which were posed in Chapter 22 of [1], which
are relevant to the discussions in this article. We reproduce them here.

Question 22.21 Is it the case that fa(n)/fa so1(n) — 1 as A(n) — oco? How big
is fa(n) — fa,so1(n) compared with fa(n)?
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Question 22.22 Define a = limsup,,_,, logfaln) \What is a? Could it perhaps

be 3 —21/2?

Question 22.23 For which varieties U of A-groups is it true that the leading term
of the enumeration function fy(n) is equal to the leading term of fy(n) for some
minimal non-abelian subvariety Ll of 2U?

(n) logn
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Local Global Principle for Quadratic Forms
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Abstract: In this article we explain a result on local global princi-
ple for quadratic forms over function fields of curves over complete
discrete valued fields and an application to the computation of a
field invariant associated to quadratic forms.
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1. Introduction

Let K be a field of characteristic not 2. By a quadratic form over K we mean a
homogeneous polynomial of degree 2 with coefficients in F, i.e )<<, aij XiX;
with a;; € F'. We say that q is isotropic over K if there exist ; € K, 1 <7 < n, not
all zero, such that g(z1, -, Zn) = > 1<, @ijziz; = 0. If ¢ is not isotropic, then
we say that ¢ is anisotropic, i.e ¢ is anisotropic if ¢(z1,- -+ ,x,) = 0 implies z; = 0
for all i. One of the central problem is to decide when a given ¢ quadratic form
over a field F is isotropic (or anisotropic). Given a quadratic form ¢(Xy, -+, X,) =
Zl<i<j<n a;; X;X; with a;; € F, we associate a n X n symmetric matrix B, =
(aij) € My(K), where for i > j, a;; = aj;. We say that ¢ is non singular if
det(By)) # 0 and singular if det(B,) = 0. The number of variables in ¢ is called
the dimension of ¢ and det(By) is called the determinant of q.

If ¢ is singular, then it is easy to see that ¢ is isotropic. Hence, from now on, we
assume that all quadratic forms are non singular. We say that two quadratic forms
q and ¢’ in n variable are isometric over K if there exists a non singular matrix
If ¢ and ¢’ are isometric, then we denote by q = ¢'.

Let ¢1 and ¢o be two quadratic forms over K of dimension n and m respec-
tively. The orthogonal sum of q1 and ¢y is defined as (¢1 L ¢2)( X1, -+, Xpim) =
@1 (X1, X0) + @ (X1, s Xnpom)-

Let ¢ be a quadratic form. Since char(K) # 2, by a change of variables, we can
assume that q(X1,- -+, X,,) = a1 X7+ - +a, X? for some a; € K* ([7]). We denote
this diagonal form by < ai,--- ,a, >. We have det(B;) = a1 - - - a, ([7]).

Let ¢(X1,--,X,) = a1X? + -+ + a, X2 be a quadratic form over K ( with
ay---ay, # 0). Suppose n = 1. Since a1 # 0, g(z1) = 0 if and only if ;1 = 0.
Hence if n = 1, then ¢ is anisotropic. Suppose n > 2. Suppose K is algebraically
closed, e.g. the field of complex numbers. Then every element in K* is a square and

hence there exists 1 € K* such that 22 = 2 € K*. Since q(x1,1,0,---,0) =

a
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a17? +ay = al(—g—’:‘) + ag = 0, g is isotropic over K.

Let R be the field of real numbers and q(X1, -, X,) = a1 X? +---+a, X2 be a
quadratic form over R. Since the square of a non zero real number is positive and
every positive real number is a square of a real number, it follows that ¢ is isotropic
over R if and only if at least one a; is positive and at least one a; is negative ([7]).
Let Q be the field of rationals and ¢(Xi, -+, X,) = a1X? + -+ + a, X2 be a
quadratic form over Q. Since Q C R, it follows that if ¢ is isotropic, then at least
one a; is positive and at least one a; is negative. Since not every positive rational
number is a square of a rational number, the converse is not true. For example,
q(X1, X3) = X? —2X7 is anisotropic over Q. Let q(X1, Xo, X3) = X? —2X3 —3X3.
Is ¢ isotropic over Q? Suppose ¢ is isotropic. Then by the definition of isotropic
quadratic forms, there exist x1,x2,x3 € Q such that at least one z; # 0 and
x? — 223 — 323 = 0. Since every rational number is ratio of two integers, write
z; = £ for some y;, z; € Z and 2; # 0. Since (%)2—2(2—2)2—3(%)2 = 0, multiplying
by 222323, we get that ¢? — 2¢3 — 3¢ = 0 for some integers ¢; and at least one c¢;
is non zero. By going modulo 3 and using the fact that 2 is not a square modulo
3, one can show that ¢ is anisotropic over Q. Similarly, by going modulo 5, one
can show that the quadratic form q(Xi, Xo, X3, X4) = X? —3X3 —5X2 +15X? is
anisotropic.

Let (X1, -+, Xp) = a1X? + --- + a, X2 be a quadratic form with a; integers.

It is easy to see that if there is no non trivial solution to ¢(X1,--- , X,) = a1 X? +
-+ ap,X2 = 0 modulo some m € N, then ¢ is anisotropic over Q. This leads
to a very natural question. If there is a non trivial solution to ¢(Xi,---,X,) =

a1 X? + -+ a, X2 = 0 modulo every m > 2, is q isotropic over Q? It is known
that (X1, X2, X3, X4, X5) = X7+ X3+ X3+ X7+ X2 = 0 has non trivial solution
modulo every m > 2 ([7, Theorem 4.2, p.217]). Hence for ¢ to be isotropic over Q, it
is not enough that ¢(Xi,---, X,) = 0 has a non trivial solution modulo every m >
2. Suppose there is a non trivial solution to ¢(X1, -+ , X)) = a1 X2+ +ap, X2 =0
modulo every m > 2 and q is isotropic over R. Is ¢ isotropic over Q7 This question
is answered affirmatively by Hasse and Minkowskii ([7, Theorem 7.2, p.192]). Let
K be a number field (i.e. a finite extension of Q). Let Qx be the set of discrete
valuations of K and all Archimedean valuations of K. For each v € K, let K,
be the completion of K at v (cf. §2). A theorem of Hasse and Minkowskii ([7,
Theorem 6.5, p.223]) asserts that a quadratic form over K is isotropic if and only
if ¢ is isotropic over K, for all v € Qp. A natural question is whether there are
any other fields which have this property. In this direction we have the following
theorem

THEOREM 1.1 ([1]). Let K be a complete discretely valued field with residue field
k and F the function field of a curve over K. Suppose char(k) # 2. Let q be a
quadratic form over F of dimension at leas 3. If q is isotropic over F, for all
discrete valuations of F', then q is isotropic.

2. Quadratic forms over complete discretely valued fields

In this section we recall the definition of discretely valued fields and structure of
quadratic forms over such fields.

Let K be a field and K* = K \ {0}. A discrete valuation on F' is a surjective
homomorphism v : F* — Z such that v(a + b) > min{v(a),v(b)} for all a,b € F*
with a + b # 0. A field with a discrete valuation is called a discretely valued field.

Let K be a discretely valued field and v a discrete valuation on K. Let R =
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{z € K* | v(z) > 0} U{0}. Then using the properties of v, it can be checked
that R is a sub ring of K. The sub ring R is called the valuation ring of K. Let
> ={x e K* | v(x) > 0} U{0}. Then > is a maximal ideal of R. The field R/>
is called the residue field at v. Since v is surjective, there exists m € R such that
v(m) = 1. Any such ™ € R is called a parameter. In fact > is the unique maximal
ideal of R with » = Rr for any parameter 7. An element v € R is a unit if and
only if v(u) = 0. Any element of K* can be written as un™ for some u € R a unit
and m € Z.

Let K be a discretely valued field and v a discrete valuation on K. Let d :
K x K — R be the function given by d(z,y) = (3)"@ ¥ if x # y and d(z,z) = 0.
Then, it can be shown that d is a metric on K. Since K is a metric space, we have the
completion K of K with respect to the metric d. The addition and multiplication
on K extends to K, making K into a field. The valuation v also extends to a
valuation on K. We say that K is a complete discretely valued field if K ~ K. Note
that the number 2 in the definition of d is irrelevant and one can take any real
number bigger than 1. We denote the completion of K at v by K, and the residue
field at v by x(v).

Let p € Z be a prime and a € Z, a # 0. Then a = p™b for some m >0 and b € Z
which is not divisible by p. Let v,(a) = m. For any x € Q, x # 0, write z = ¢ and
define vp(x) = vp(a) — vp(b). Then it is easy that v, is a discrete valuation on Q.
The completion of QQ at p is denoted by Q, and called the field of p-adic numbers.
Any discrete valuation on Q is equal to v, for some prime p. Let K be any finite
extension of Q. Let v be a discrete valuation on K. Then the restriction of K to Q
is a discrete valuation on Q and hence is equal to v}, for some prime p. Further the
completion of K at v is a finite extension of Q,. A place of K is either a discrete
valuation of K or an Archimedean valuation of K. If v is an Archimedean place of
K, then the completion K, of K at v is either R or C.

Let k be any field and K = k(x) be the field of fractions of the polynomial ring
k[X]. Let p(z) € k[z] be an irreducible polynomial. Then, as in the case of Q, we

have a discrete valuation v,y on K. Let K = k[X]/(p(r)). Then K is field and

the completion of k(x) at v, is isomorphic to K((t)). Since 1 is irreducible in

the ring k[1] and the field of fractions of k[] is k(z), we have a discrete valuation
Voo ON k(x). Any discrete valuation on k(z) which is trivial on k is equal to vy
for some irreducible polynomial p(z) or vee.

Let K be a complete discretely valued field with discrete valuation v. Let s be
the residue field at v. Suppose that char(x) # 2. Then char(K) # 2. Let R be the
valuation ring of K. Let ¢ =< a1,---,a, > be a (non singular ) quadratic form
over K. Since each a; € K*, we have a; = u;n"* for some u; € R a unit and r; € Z.
Since, < ab® >~< a > for all a,b € K*, with out loss of generality, we assume that
r; = 0 or 1. Hence, by reindexing a;, we have < ay, -+ ,a, >>~< uy, -+ ,u, >1
T < Upyl,  * ,Uy, > . For a unit u € R, let w € Kk = R/m be the image of u. Since
K is complete, by a theorem of Springer ([7, Corollary 2.6, p. 209]), ¢ is isotropic
over K if and only if either < uy,--- , %, > or < Up41,--- , Uy > is isotropic over k.
Hence, if we know when a quadratic form is isotropic over k, then we know when
a quadratic form over K is isotropic. Thus complete discretely valued fields play a
very important role in the study of quadratic forms.
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3. Function fields of curves

Let K be a field and Qg the set of discrete valuations of K. Let v € Qg and K,
the completion of K at v. As we have seen in the previous section, the study of
quadratic forms over K, is well understood in terms quadratic forms over x(v).
Thus it is natural to ask whether one can derive some properties of quadratic forms
over K using the structure of quadratic forms over K, for all v. We say that the
local global principle for quadratic forms over K holds if a quadratic form ¢ over
K is isotropic is and only if ¢ is isotropic over K, for all v € Qg. Let K be a
totally imaginary number field (i.e. a finite extension of @Q which is not isomorphic
to a subfield of R). Then the classical Hasse-Minkowskii theorem asserts that local
global principle for quadratic forms holds for K. In this section we give a class of
fields for which the local global principle for quadratic forms holds.

Let k be a field and F a finite extension of k() (such a field is called the function
field of a curve over k). Let Qp be the set of discrete valuations of F. Let v €
and F, the completion of F' at v. Our main theorem is the following

THEOREM 3.1 ([1]). Let K be a complete discretely valued field with residue field
k and F the function field of a curve over K. Suppose char(k) # 2. Let q be a
quadratic form over F of dimension at least 3. If q is isotropic over F,, for all
discrete valuations of F', then q is isotropic.

To give an idea of the proof of our main theorem, we need to recall the patching
techniques developed by Harbater, Hartmann and Krashen ([2]).

Let K be a complete discretely valued field with valuation ring R and residue
field k. Let F' be a function field of a curve over K. Then there exists a regular
integral two dimensional scheme 2" over R with the function field F' ([5], [6] ). Let
X be the special fibre of 2". For each point x of X, let F, be the field of fractions
of the completion of the local ring at x on 2Z". We have the following

THEOREM 3.2 ([3]). Let K, k and F be as above. Let q be a quadratic form over
F. Then q is isotropic over F if and only if q is isotropic over F, for all x € X.

Note that if = is not a closed point of X, then F, is the completion of F' at a
discrete valuation of F'. On the other hand if = is a closed point of X, then F is
not a complete discretely valued field. In particular we do not know much about
the structure of quadratic forms over F,. Thus we are still interested in the local
global principle for quadratic forms. We now give an outline of the proof of our
main theorem.

Proof. Let ¢ =< a1,--- ,a, > be a quadratic form. Then, first we choose a regular
proper model 2 of F such that the special fire X of 2  and the union of the
support of divy (a;) for all i is a union of regular curves with normal crossings.
Suppose that ¢ is isotropic over F, for all v € Qp. Let x € X. Suppose that x is
not a closed point of X. Then F, ~ F,, for some v € Qp. Since ¢ is isotropic over
F,,, q is isotropic over F,.

Suppose z is a closed point of X. Let A, be the local ring at x. Then A, is
a two dimensional regular local ring. By the choice of on %", the maximal ideal
of Ay is (m,0) for some primes m,§ € A, and a; = u;w" 6% for some u; € A, a
units and r;,s; € Z. Then, as in the case of complete discretely valued field (cf.
§2), after reindexing a;, we have ¢ =< uy, -+ ,up, >L T < Up, 41, ,Up, >L <
Upytls s Upy >L T < Upyt1,- -+ ,Up, >. Since u; € A, are units, A, is a com-
plete ring and char(k) # 2, using Hensel’s Lemma, one can show that ¢ is isotropic
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over F, if and only if one of the forms < uy, -+ ,un, >, < Upj41, ", Un, >,
< Upggl, 5 Ung >y < Upggl, " ,Up, > 1S isotropic over Fj.

Let flx be the completion of A, at its maximal ideal. Then F, is the field of
fractions of flx Since m € A is a prime, 7 gives a discrete valuation v, on F, and
its restriction to F' is also a discrete valuation on F'. Since ' C F,, F,, C F,, .
Since ¢ is a isotropic over F),, ¢ is isotropic over Fj ,. Since F,, is a complete
discretely valued field with 7 as a parameter and g is isotropic over Fj ,, it follows
that either < wn,, -+ ,up, >L 6 < Upyr1, -+, Upy > OF < Upy41,-  ,Up, >L J <
Upgt1,° " »Upn, > is isotropic. The residue field x(7) of the discrete valuation v,
on F,, is the field of fractions of A,/(r). Since (r,) is the maximal ideal of A,
(8) is the maximal ideal of A, /() and hence (7) is a complete discretely valued
field with & as a parameter. Hence, using the fact that either < w,,, - ,up, >L
0 < Upyt1y  5Uny > O < Up g1y ,Upy, >L 0 < Upyy1,---, Uy, > is isotropic,
one concludes that one of the forms < wuy,- - ,up, >, < Upjt1, " ,Un, >, <
Unytly 5 Uny >y < Upgtl, - ,Up, > 18 isotropic over Fy. Thus, by (3.2), ¢ is
isotropic over F'. |

Let K be a number field (i,e a finite extension of ) and F'/K (t) a finite extension.
It is known that the local global principle for quadratic forms over F' does not hold.
We end this section with the following

CONJECTURE 3.3 Let K be a totally imaginary number field (e.g. Q(v/—1) ) and
F/K(t) a finite extension. Let q be a quadratic form over F of dimension at least
6. If q is isotropic over F,, for all v € Qp, then q is isotropic over F.

4. w-invariant of fields

Let K be a field with char(K) # 2. The u-invariant of K, denoted by u(K), is the
supremum of dimensions of anisotropic quadratic forms over K. For example if K
is algebraically closed (e.g. the field of complex numbers), then u(K) = 1. If K is
a finite field, then u(K) = 2. If K is a finite extension of Q,, then u(K') = 4. More
generally, let K be a complete discretely valued field with residue field x. Suppose
char(k) # 2. Then u(K) = 2u(k). By the Hasse Minkowskii result it follows that
for any totally imaginary field K, u(K) = 4. As a consequence of our main theorem
we have the following

THEOREM 4.1 ([2], [1]) Let K be a complete discretely valued field with residue
field k. Suppose char(k) # 2. Suppose there exists an integer n such that for every
finite extension k of k(t), u(k) < n. Let F be the function field of a curve over K.
Then u(F) < 2n.

Let K be totally imaginary number field. Then, as we mentioned above, u(K) =
4. However it is not known whether w(K (t)) is finite. We have the following

THEOREM 4.2 ([4]) Let K be a totally imaginary number field and F/K(t) a finite
extension. If a conjecture of Colliot-Thélne on the existence of zero-cycles of degree
1 holds, then u(F') < oo.

Since we do not know the validity of conjecture of Colliot-Thélne on the existence
of zero-cycles of degree 1, we do not know whether «(F') is finite or not. On the
other hand if the conjecture (3.3) in §3 holds, then it follows that u(F') = 8.

We end with the following
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CONJECTURE 4.3 Let K be a totally imaginary number field and F/K(t) a finite
extension. Then u(F) = 8.

The author thanks S. Illangovan for carefully reading the manuscript and suggesting
improvements.
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Abstract: In this semi-expository article, we discuss about the non-
vanishing of the Fourier coefficients of primitive forms. We shall
make a note of a discrepancy in the statement of [5, Lemma 2.2].

1. Introduction

In 1947, Lehmer conjectured that Ramanujan’s tau function 7(n) is non-vanishing
for all n. In [6], he proved that the smallest n for which 7(n) = 0 must be a prime
and showed that 7(n) # 0 for all n < 33,16, 799. It is well-known that the Fourier
coefficients of Ramanujan’s Delta function A(z) are in fact 7(n)(n € N). Note that
A(z) is a cuspidal Hecke eigenform of weight 12 and level 1. It is a natural question
to ask if a similar phenomenon continue to hold for cusp forms of higher weight
and higher level.

In this semi-expository article, we study the non-vanishing of the Fourier coeffi-
cients of primitive forms of any weight and any level. We take this opportunity to
make a correction in the statement of [5, Lemma 2.2].

2. Preliminary

In this section, we shall define modular forms and recall some basic facts about
them. For more details, we refer the reader to consult [3], [7].

2.1. Congruence subgroups

The modular group SLg(Z) is defined by

SLo(Z) ::{(‘;Z) :a,b,c,dGZ,adfbc:l}.

*Corresponding author. Email: narasimha@math.iith.ac.in
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For any N € N, we shall define a subgroup of SLs(Z) by
I(N)={yeSL(Z) [v=(}9) (mod N)}.

Definition 2.1 We say that a subgroup I' of SLy(Z) is a congruence subgroup, if
" contains I'(IV) for some N € N.

In this theory, the following congruence subgroups play an important role

=(¢7) (mod N)},
SI) (mod N)} for any N € N.

The subgroup I'(V) is called the principal congruence subgroup of SLs(Z). Note
that T'(N) < T (N) <To(N) < SLy(Z), and T'(1) =T'1(1) = T'y(1) = SLa(Z).

The modular group SLs(Z) acts on the complex upper half plane $ = {7 € C |
Im(7) > 0} via

ar +b

’YT:m7

where 7 € §), v = (‘é 2) € SLy(Z). For more details, please refer to [3, §1.2].

2.2. Modular forms

In this section, we shall define modular forms and recall some results related to
them.

Let X be the space of all complex valued holomorphic functions on $). We can
define an action of SL(Z) on X by using the action of SLa(Z) on $ as follows. For
any k € N, f € X and v € SLy(Z), we define the slash operator

(flen)(7) = (et +d) 7" f(y7), 7€ 9,

where v = (g g). Now, we define the notion of modular forms for any congruence
subgroup I' of SLy(Z).

Definition 2.2 Let I' be a congruence subgroup of SLy(Z). A function f € X is
said to be a modular form of weight k with respect to I' if

(1) f’kfy = f,V’Y erl,
(2) f|re is holomorphic at oo, Yoo € SLa(Z).

Remark 2.3 Note that one needs to verify condition (2) only for the representatives
of distinct cosets of I' in SLy(Z).

Now, we explain the meaning of f being holomorphic at co. From condition (1),
it is clear that then f will be hZ-periodic, where h is the smallest integer such that
(§%) €T (such h exists since I'(N) < T'). This implies that there exists a function
g: D' — C, where D’ is unit puncture disk, such that f(7) = g(q) for all T € $,
where ¢, = e n . Tt is clear that, the function g is holomorphic on D’, since f is so
on $. The function f is said to be holomorphic at oo if g extends holomorphically
to ¢ = 0. Similarly, one can define the meaning of f|ya being holomorphic at oc.
For more details, please refer to [3, §1.1, §1.2].

We denote the space of all modular forms of weight k& and level I" by M(T").
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2.3. Fourier expansion

Let f € My(T'). Let h be the smallest integer such that ((1) ’f) € TI'. Since f is
holomorphic at oo, then f has a Fourier expansion

o0
27wiT

f(r)= Zaf(n)q;?, where ¢, =e n

n=0

for 7 € 9.

Definition 2.4 Let f € My(I"). We say that f is a cusp form if ay),,(0) = 0 for
all a € SLy(Z). We denote the space of all cusp forms of weight k and level T' by
Sk(I).

Note that My (I'), Si(I") are vector spaces over C. By [3, Theorem 3.5.1 and
Theorem 3.6.1], these are in fact finite dimensional vector spaces over C. Now, we
shall give some examples of modular forms and cusp forms.

Ezample 2.5 For any k > 2, we define the Eisenstein series of weight 2k

1
Gox(7) = Z (cr + d)2F € Moy (SLa(Z)).
(e,d)€Z?—{(0,0)}

It is easy to check that Ggi is a modular form of weight 2k and level 1 (cf. [3,
Page 4]). The Fourier expansion of Goy at oo is given by

(2mi)** n
T > ounoi(n)g", k=1, (2.1)

!
n=1

Gor(7) = 2¢(2k) + 2

where ok-1(n) = 32, nm>0 m?~1. The normalized Eisenstein series is defined by

Eop (1) := 5262(;)) Therefore, the Fourier expansion of Ey; at oo is given by

where By’s are the Bernoulli numbers (cf. [3, Page 10]).

Ezample 2.6 From the dimensions of S;(SL2(Z)), one can see that 12 is the least
integer for which there is a non-zero cusp form for SLs(Z). Moreover, dimension of
S12(SLy(Z)) is 1 and it is spanned by

A(z) = (60G4(2))% — 27(140Gg(2))? € S12(SLa(Z)), z € $.

The product formula for A(z) is given by A(z) = g H(l —¢M* = Zr(n)q",
n>1 n>1

where g = 2™,

Ezample 2.7 ([8], Example 2.28) For N € {2,3,5,11}, (A(z)/A(N2)Y/N+D €
Soa/(N4+1)(To(IV)). Moreover, the space Syy/(n41)(I'o(IV)) is one dimensional and
it is spanned by (A(z)/A(Nz))V/(N+1),
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2.4. Modular forms with character

A Dirichlet character modulo N is a group homomorphism x : (Z/NZ)* — C*.

Definition 2.8 The space of all modular forms of weight k level N with character
X is defined by

Mi(N,x) = {f € Mp(T1(N)If6(25) = x(@) f.V(4]) € To(N)}.

The space My(I'1(N)) decomposes as

My(T1(N)) = @ Mi(N, ),

where x varies over all Dirichlet characters of (Z/NZ)* such that x(—1) = (—=1)*
(cf. [7, Lemma 4.3.1]). Similarly one can define the space of cusp forms of weight k
level N with character x and they are denoted by Sk (N, x). One can easily check
that Si(N,x) = Sk(T'1(N)) N My(N, x). Moreover, a similar decomposition holds
as well, i.e.,

ST (V) = ) SN, ).

where y varies over all Dirichlet characters of (Z/NZ)* with x(—1) = (=1)* (cf.
[7, Lemma 4.3.1]).

Ezample 2.9 (Poincaré series) Let I' = {(}%) | b € Z}, and x be any Dirichlet
character modulo N. For m > 1, we define

1 :
Pr(z) == E Y(V)mexp@mm’ﬂ)-
7=(¢§)er=\rov)

for any integer k > 2. By [4, Proposition 14.1], P,,(z) € Sk(N, x).

Now we will define two types of operators on the space of modular forms (resp.,
cusp forms). They are known as Hecke operators.

2.5. Hecke operators

Let My (I'1(IN)) be a space of modular forms of weight k, level N. For any (n, N) =
1, we define the diamond operator

(n) : My(I'1(N)) — My(T'1(N))
(n)f = flpe, for any o= (2%) €To(N) with§=n (mod N).

We can also extend the definition of diamond operator to N via (n) = 0 if (n, N) >
1. Observe that for any character x : (Z/NZ)* — C*,

Mi(N,x) = {f € Mp(T1(N)[{n) f = x(n)f,vn € (Z/NZ)"}.
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Note that, the diamond operator acts trivially on My (Ty(N)), since My(Io(N)) =
M (N, x%), where x%; is the trivial character modulo N
Now, we will define the second type of Hecke operator for any prime p, and

they are denoted by T,. If f(7) = Y2 s af(n)g™ € My(I'1(N)), then

(Tpf)(7 Zaf np)q" + X (p)p"~ lza(p q"" € M(T'1(N)).
n=0

Similarly, one can also defined the action of T,, on My (N, x) as follows: If f(7) =
>z af(n)g" € My(N, x), then

[e.o]

(T,)(7) =Y ap(np)g" + x(p)p"*~ 1Zaf " e Mg(N,x),

n=0

In fact, for n € N, one can define the Hecke operators T}, as follows:

(1) For any prime p and r > 2 we define T),r = T),T)r—1 — pk_lx(p)prz.
(2) For n=p{ ...p* we define Tj, = Tper ... Tpen.

One can check that, any two primes p # ¢, 1,7, = T,T,. In fact, the Hecke
operators respects the spaces Si (N, x) and Si(I'o(N)). For more details, we refer
the reader to [3, §5.3].

2.6. Petersson inner product

To study the space of cusp forms Si(I'1(NN)) further, we make it into an inner
product space. In order to do so, we need to define an inner product on the space
of cusp forms.

The hyperbolic measure on the upper half plane is defined by

dxdy
32

du(t) == , T=x+ 1y € N.

For any congruence subgroup I' < SLy(Z), the Petersson inner product
(v Sp(I) x Sk(I) — C
is given by

1

(f.9)r = W Jous

F(F)g0) (Im(r))Edu(r), where Vi /F )

This inner product is linear in f, conjugate linear in g, Hermitian symmetric and
positive definite. By [3, Theorem 5.5.3], the Hecke operators (n) and T, are normal
operators for (n, N) = 1. By [3, Theorem 5.5.4], we have that

THEOREM 2.10 The space Sk(I'1(N)) has an orthogonal basis of simultaneous
eigenforms for the Hecke operators {(n), T, : (n,N) = 1}.

Now, we shall introduce the theory of old forms and new forms. This in fact leads
to define the notion of primitive forms. (cf. [3, §5.4] for more discussion on this).
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2.7. Old forms and New forms
For d|N, we define the mapping

a: (SpT1(Nd™1))? — Sp(TL(N)) by

(f.9) — f+al(d9).

The space of old forms is defined by

SeT1(N)? = i ((Se(Tr(Np™)))?).
p|N

The space of new forms (denote by Si(I'1(N))""V) is defined to be the orthogonal
complement of S(I'1(N))°d with respect to the Petersson inner product. By [3,
Proposition 5.6.2], we see that the spaces S(I'1(N))° and Sy, (T'1(N))"®" are stable
under the action of T;, and (n) for all n € N.

Definition 2.11 A primitive form is a normalized eigenform in f € Si(I'1(N))™v,
i.e., f is an eigenform for the Hecke operators T),, (n) for all n € N, and ay(1) = 1.

By [3, Theorem 5.8.2], the set of primitive forms in the space Si(I'1 (N))"*" forms
an orthogonal basis. Each such primitive form lies in an eigen space Sy (NN, x) for
an unique character y. In fact, its Fourier coefficients are its 7T;,-eigenvalues.

Note 2.12 When we say that f € Si(IV, x) is a primitive form of weight k, level
N, with character y, actually we mean f € Si(I'1(IN))™" is a primitive form and
it belongs the eigenspace Sk (N, x).

PROPOSITION 2.13 ([3], Proposition 5.8.5) Let f = > ap(n)q" € Sp(N,x).
Then f is a normalized eigenform if and only if its Fourier coefficients satisfy the
following relations

(1) ap(1) =1,
(2) ag(m)ay(n) = af(m)ays(n) i (m,n) =
(3) ay(p") = af(p)af(p”_l) —ph X(p af(p ), for all prime p and r > 2.

For more details on this content, please refer to [3, §5.7, §5.8].

3. Classical modular forms

Recall that, Lehmer proved that the smallest n for which 7(n) = 0 must be a
prime. We are interested in studying a similar question for the Fourier coefficients
of primitive forms of higher weight and higher level. Let f = > > af(n)¢" €
Sk(N, x) be a primitive form of even weight k, level N, with character .

Suppose that af(n) = 0 for some n = [[,p;* > 1. By Proposition 2.13, we see
that ar(p]) = 0 for some prime p;. In this section, we shall explore the relation
between the vanishing (resp., non-vanishing) of af(p) and ay(p") for r > 2. We
begin this discussion with a lemma of Kowalski, Robert, and Wu (see [5, Lemma
2.2]).
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PROPOSITION 3.1 Let f =3 >, ar(n)¢" € Sp(N,x) be a primitive form of even
weight k, level N, with character x. There exists an integer My > 1, such that for
any prime p{ My, either ag(p) =0 or ar(p”) # 0 for all r > 1.

Proof. If p | N then af(p") = af(p)” for any r > 1, so in this case the conclusion
holds trivially. Let p be a prime number such that p { N. If af(p) = 0, then there
is nothing prove. Suppose that af(p) # 0 but af(p") = 0 for some r > 2. Since f is
a primitive form, then by Hecke relations, we have

m+1)

af(p =ayz(p)ay(™) — x(p)p

for any m € N. These relations can be re-interpreted as

;af(pr)Xr T 1-a(p)X i x(p)pF—1 X2 (3.1
Suppose that
1—ap(p)X +x(p)p* ' X = (1 - a(p)X)(1 - B(p)X). (3.2)
By comparing the coefficients, we get that
a(p) + Bp) =ar(p)  and  a(p)Bp) = x@P)p" ' #0,
since pf N and hence x(p) # 0. If a(p) = B(p), then
ar(p') = (t+a(p)’ # 0, (3.3)

for any ¢t > 2 and this cannot happen. Therefore, a(p) # B(p). Then, by induction,
we have the following

a(p)™ — B(p)t
a(p) — B(p)

for any ¢ > 2. Recall that a;(p") = 0 for some r > 2. Therefore,

ap(p') =

r+1
a¢(p”) =0 if and only if (ggi;) =1, (3.4)

which implies that the ratio % is a (r+1)-th root of unity. Since a¢(p) # 0, we get

that a(p) = (B(p) where ( is a root of unity and ¢ # —1 . By the product relation,
we get that a(p)? = (x(p)p*~!, hence a(p) = +yp*~D/2, where 4% = (x(p).
Therefore,

ap(p) = (1+¢ Malp) = (1 + ¢ Hpk D72 0.

In particular, y(14 ¢~ 1)p*—1/2 € Q(f), where Q(f) is the number field generated
by the Fourier coefficients of f and by the values of x. Since k is even, we have

Y1+ ¢ VP € Q). (3.5)
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We have that the number of such primes p are finite, since Q(f) is a number field.
Take My to be the product of all such primes p. Thus, for any prime p { My, we
have either af(p) = 0 or as(p") # 0 for all r > 1. |

COROLLARY 3.2 Let f,M; be as in the above Proposition. Then the smallest
m € N with (m, M) =1 with ag(m) =0 is a prime.

If My = 1, then the corollary is exactly the generalization of Lehmer’s result
that that the smallest n for which 7(n) = 0 must be a prime. Now, this leads to
the question of calculating My for f. In the second part of [5, Lemma 2.2], it was
stated as follows:

PROPOSITION 3.3 Let f, My be as in Proposition 3.1. If the character f is trivial
and the Fourier coefficients of f are integers, then one can take My = N.

However, we are able to produce examples which contradicts this statement.

FEzample 3.4 Let E be an elliptic curve defined by the minimal Weierstrass equa-
tion y? +y = 2% — z. The Cremona label for E is 37al. Let fr denote the primitive
form (of weight 2 and level 37) associated to E by the modularity theorem. The
Fourier expansion of fg is given by

o0
fe(q) = ap,(n)q" = ¢—2¢* = 3¢> + 2¢" — 2¢° + 6¢° — ¢" + 6¢° + O(¢"7).
n=1

Note that (2,37) = 1 and ay,(2) is non-zero but ay,(8) = 0.

Example 3.5 Let E be an elliptic curve defined by the minimal Weierstrass equa-
tion y2 + 2y + y = 23 — 22, The Cremona label for E is 53al. Let fr denote
the primitive form (of weight 2 and level 53) associated to E by the modularity
theorem. The Fourier expansion of fg is given by

felq) = ZafE (n)¢" = q—q¢* —3¢° — ¢* +3¢% — 4¢" + 3¢® + 6¢° + O(¢"").
n=1

Note that (3,53) = 1 and ay,(3) is non-zero but a simple calculation using the
relations among the Fourier coefficients shows that af, (3%) = 0.

For the convenience of the reader, we shall recall their proof of Proposition 3.3.

Proof. Let p be a prime number such that p { N. If af(p) = 0, then there is
nothing prove. Suppose af(p) # 0 but af(p”) = 0 for some r > 2. Arguing as in
Proposition 3.1, the argument is valid till (3.5). After that, they wished to show
that (3.5) does not hold for any prime p{ N.

By (3.2), (3.4), we get that % = ( is a root of unity in a quadratic extension

of Q, hence ¢ € {—1,4i, w3, w3 }. All those except ( = —1 contradict the fact
that f has integer coefficients by simple considerations such as the following, for
¢ = ws say: we have a(p)? = wyph~1, v = :I:w%p% and Af(p) = (1 —1—w§1)'y =
+(1+ wgl)wgp% = (w2 + wg)p% ¢ 7. Therefore, (3.5) does not hold for any
prime p{ N. [ ]

In the last part of the above proof, when we calculated the expression in (3.5)
for ¢ # +1, it seem to hold for p = 2 (resp., p = 3) with some special values of
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ar(2) (resp., ar(3)). In the next proposition, we have calculated the optimal value
of My and the correct version of Proposition 3.3 is

PROPOSITION 3.6 Let f, My be as in Proposition 3.1. If the character x is triv-
ial and the Fourier coefficients of f are integers, then My can be so chosen that
(My,N) =1 and My | 6.

Proof. If p | N then af(p") = a¢(p)” for any r > 1, so in this case the conclusion
of Proposition 3.1 holds trivially. Hence, the number M} is relatively prime to N.
If pt N, we argue as in the proof of Proposition 3.3 till the last step. Now, we

compute (3.5) for all values of ¢ to prove our proposition. Let w,, denote e“n for
any n € N.

(1) The root of unity ¢ cannot be 1 because of (3.3).

(2) The root of unity ¢ cannot be —1 because 0 # af(p) = a(p) + B(p).

(3) If ¢ = ws, then a(p)? = wp*™t = a(p) = iw%p%. This implies that
ar(p) = £(1 + w%)wgp% = $p% ¢ 7. For ( = w3, we will get the same
conclusion.

(4) If ¢ =i, then a(p)? = ip* L = a(p) = fwsp' 7 = ar(p) =+(1 —iwsp' T =
+v/2p"5 . This implies that

V2p'T €7 = p=2,

in which case as(2) = £2%/2. For ¢ = —i, we will get the same conclusion.
(5) If ¢ = —ws, then a(p)? = —w3p* ! = a(p) = i@p% = as(p) = £(1 +
%J)%p% = :l:\/gp%. This implies that

V3p'T €Z < p=3,

in which case ay(3) = £3%/2. If ¢ = —w2, then we will get same conclusion.

This case by case analysis would imply that M} is a divisor of 6. This means that
the possible values of My are 1,2, 3,6. |

For any prime p, X, denote the trivial character on (Z/pZ)*, i.e., for any N € N,
we have

0 if p|N
ON — )
Xp(N) {1 it ptN.

Based on the proof of the above proposition, we can re-interpret the above result
as follows:

LeEMMA 3.7 Let f,My be as in Proposition 3.6. Then My can be taken to be
23 (N)3E(N) - Purther if

2| My, ar(2) # +25/2 then 2 can be dropped from My, i.e., My can be taken
to be 3x3(N)

o 3| My, ar(3) # +35/2 then 3 can be dropped from My, i.e., My can be taken
to be 2 (V)

o 6| My, ar(p) # +p¥/2 (for p = 2,3), then 6 can be dropped from My, i.e.,
My can be taken to be 1.
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Note that the above lemma gives an optimal My for which Proposition 3.6 con-
tinues to hold. The following corollaries describes the nature of the first vanishing
of Fourier coefficients of primitive forms of higher weight k& and higher level N.

COROLLARY 3.8 Let f =3 " ar(n)g" € Sp(Lo(N)) be a primitive form of even
weight k and level N with ay(n) € Z. Let My be as in Lemma 3.7. Then the smallest
n € N with (n, M¢) =1 with ay(n) =0 is prime.

Proof. Let n be the smallest integer with (n, My) = 1 such that ay(n) = 0. Since
f is a primitive form, we know that the Fourier coefficients of f satisfy

af(ning) = ag(ni)as(ng) if (ni,n2) = 1. (3.6)

This forces that n = p", where p is a prime with (p, My) = 1. By Proposition 3.6,
we get that » = 1. Therefore n has to be a prime. [ |

The following two corollaries can be thought of as a generalization of the result
of Lehmer which states that the smallest n for which 7(n) = 0 must be a prime.

COROLLARY 3.9 Let f =3 " ar(n)g" € Sp(Lo(N)) be a primitive form of even
weight k, level N with af(n) € Z. If 6 divides N, then the smallest n for which
ar(n) =0 is a prime.

Proof. Since My | 6, and 6 | N, we have that My | N. Since (M, N) = 1, we have
that My = 1. By Corollary 3.8, the result follows. [ |

In order to get a similar conclusion as above for cusp forms when 6 1 N, e.g.,
for A-function, we need to impose some conditions on a¢(2),ar(3), which is the
content of the following Corollary. It follows from Lemma 3.7 and coincides with [10,
Proposition 4.2],

COROLLARY 3.10 Let f =32 ar(n)g” € Sp(o(N)) be a primitive form of even

weight k, level N with ag(n) € Z. Suppose ar(2) # +25 and ar(3) # +3%. Then
the smallest n for which af(n) =0 is a prime.

Proof. We know that My | 6 and (Mg, N) = 1. By Lemma 3.7, it follows that M;
can be improved to 1. Therefore, the result follows by Corollary 3.8. ]

4. Hilbert modular forms

There is a generalization of Proposition 3.1 available in the context of Hilbert
modular forms. In fact, we used this generalization to study the simultaneous non-
vanishing of Fourier coefficients of distinct primitive forms at powers of prime ideals
(cf. [2]). We shall state that generalization in this section.

Let K be a totally real number field of odd degree n and P denote the set of
all prime ideals of Ok with odd inertia degree. Let P denote the set of all prime
ideals of Og.

Let f be a primitive form over K of level ¢, with character x and weight 2k =
(2k1,...,2ky,). Let 2ky denote the maximum of {2k, ...,2k,}. For each integral
ideal m C O, let C(m, f) denote the Fourier coefficients of f at m.

Now, we state the result which is analogous to Proposition 3.1 for f.
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PROPOSITION 4.1 Let f be a primitive form over K of level ¢, with character x
and weight 2k. Then there exists an integer Mg > 1 with N(c) | Mg such that for
any prime pt Mg and for any prime ideal p € P over p, we have either C(p,f) =0
or C(p",f) #0 for allr > 1.

Proof. Let p be a prime number such that p { N(c). Let p € P be a prime ideal of
Ok over p and p 1 c. If C(p,f) = 0, then there is nothing prove. If C'(p, f) # 0, then
we need to show that C(p”,f) # 0 for all » > 2, except for finitely many prime
ideals p € P.

Suppose that C(p,f) # 0 but C(p”,f) = 0 for some r > 2. Since f is a primitive
form, then by Hecke relations, we have

Cp™ . £) = Clp, £)C(™,£) — x(P)N(p)* 1 C(p™ 1, ).
These relations can be re-interpreted as

> 1
Chr" . H) X" = .
2 O DX = X N X

Suppose that
1= C(p, £)X + x(P)N ()71 X% = (1 = a(p)X)(1 - B(p)X).
By comparing the coefficients, we get that
a(p) +B8(p) =C(p,f)  and  a(p)B(p) = x(p)N(p)* " #0,
since p f ¢ and hence x(p) # 0. If a(p) = B(p), then
Cp",f) = (r+ Dalp)" # 0,

which cannot happen for any r > 2. So, a(p) cannot be equal to 3(p). Then by
induction, for any r > 2, we have the following

o(p) = Blp)+

N R I0)

In this case, we have

r+1
C(p",f) =0 if and only if (ggg;) =1,

which implies that the ratio % is a root of unity. Since C(p,f) # 0, we get that
a(p) = ¢B(p) where ( is a root of unity and ¢ # —1 . By the product relation, we get
that a(p)? = Cx(p)N(p)™ ™", hence a(p) = £y N(p)#7V/2, where 77 = (x(p).
Therefore,

C(p.£) = (14 ¢ Nalp) = £9(1+ ¢ N (p) D72 £ 0.

In particular, Q(y(1 + ¢"YH)N(p) =z ) C Q(f), where Q(f) is the field generated
by {C(m,f)}mco, and by the values of the character . Since p € P, N(p) = p/,
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where f € N odd. Hence, we have

Q1+ ¢ R C Q). (4.2)
Since 2ky — 1, f are odd, we have that
Q(y(1+ ¢ Hvp) S Q(f). (4.3)

By [9, Proposition 2.8], the field Q(f) is a number field. Hence, the number of such
primes p are finite. Take Mf to be the product of all such primes p and N(c).

Thus, for any prime p { My and for any prime ideal p € P over p, we have either
C(p,f)=0o0r C(p",f) #0 for all » > 1. [ |

We end this article with the following statement:

LEMMA 4.2 Let f and K be as in Proposition 4.1. Further, if K is Galois over Q,
then there exists an integer My > 1 with N(c) | Mg such that for any prime p{ Mg
and for any prime ideal p € P over p, we have either C(p,f) =0 or C(p",f) # 0
forall r > 1.

We note that in a recent work of Bhand, Gun and Rath (cf. [1, Theorem 2]),
they have computed the lower bounds of the Weil heights of C(p”, f), when non-
zero, for prime ideals p away from an ideal M. In particular, the above lemma is a
consequence of their Theorem.
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Abstract: Here we survey some results on characteristic p invari-
ants like Hilbert-Kunz multiplicity, Hilbert-Kunz density function
and its relation to F-thresholds.

1. Introduction

In this expository article we discuss some characteristic p invariants related to
Hilbert- Kunz multiplicity for commutative Noetherian rings. For an extensive sur-
vey on Hilbert-Kunz multiplicity and related invariants one can refer to the survey
article by Huneke ([15]). First we begin with some generalities. To be less ab-
stract we can restrict to ‘geometric rings’. By a geometric ring R we mean R is a
ring without nilpotent elements, which is a quotient of a polynomial ring over an
algebraically closed field, i.e.,

k[le"'aXn]
(fla"'afm) ’

Such a ring R comes with a variety Xg. As a set, the variety Xg is given as

R = where fi,...,fm € k[X1,...,X,] and k= k.

Xg = the zero set of {f1,...,fm} in E"
={(a1,...,a,) € k" | fila1,...,a,) =0, V 1 <i<m}.

The topology on Xy is the Zariski topology on Xg. This means the closed sets of
Xr are precisely the sets {V(I)};, where I C R are ideals and

V(I)=A{(a1,...,an) € k" | g(a1,...,an) =0, V g€ I}

In particular a point zy, = (ai,...,a,) € Xg corresponds to the maximal ideal
m, = (X1 —ay,..., X, —ap).

Therefore in the Zariski topology, the elements of X are closed sets, in fact it
is the weakest topology on Xpg, where the elements are closed sets. Moreover the
Hilbert Nullstellensatz allows us to recover R from Xg.

To study a property of the ring we attach numerical invariants to the ring, which
relate to the property of the ring (or to the variety).

*Corresponding author. Email: vijaQmath.tifr.res.in
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We say a property P of a ring R (or of a variety Xg) satisfies the open condition
if whenever P holds at R localized at m, (at xy € Xpg) then it holds for all points
in a Zariski open neighoubourhood of m, (in a Zariski open neighbourhood of zy,
in X R)-

Consider a pair (R, ), where R is a Noetherian ring of dimension d and I C R
is an ideal of finite colength.

Then the Hilbert-Samuel function of R, with respect to I, is a function given by

HS(R,I):N— N, given by nw— ((R/I").

It is a polynomial function of degree d, i.e., for n >> 0,

HS(R,I)(n) = eo(R,I) <” +j_ 1> —e1(R, 1) <” ;f I 2) o (1) %eq(R, D),

where

is the Hilbert-Samuel multiplicity of R with respect to I and is a positive integer.
For a maximal ideal m C R, the integer ep(R, m) is a numerical invariant of (R, m)
which characterizes the singularity of Xp at the point ., (corresponding to m).

For example

(1) If (R,m) is an integral domain, then
eo(R,m) =1 <= Xp is smooth at the point zm.

(2) In general, larger the multiplicity eg(R,m), more singular is the variety Xpr
at xm. For the illustrations of the following curves and surfaces one can refer
to Chapter I, Excercises 5.1 and 5.2 from [13].

(i) Following two are the examples of curves. In both the examples if z, # (0,0)
then eg(R, m,) = 1 and the curve Xp is smooth at zy,.
(a) R = k[z,y]/(vy — 2% — 4°): if 2y, = (0,0) then eg(R, m,) = 2 and X
has a node at xm,.
(b) R = k[z,y]/(z%y + zy? — 2* — y*): if 2y = (0,0) then eg(R,m,) = 3
and X has a triple point at zy,.

(ii) Following two are the examples of surfaces.
(a) R = k[z,y,z]/(2® + y? — 22): if 2, # (0,0,0) then eg(R, m,) = 1 and
the surface Xp is smooth at xm. If 2y = (0,0,0) then eg(R, m,) = 2
and X has a conical double point at z,.
(b) R = klx,y,2]/(zy — 23 — y®): if zm # (0,0, 1), for some X\ € k then
eo(R,m;) = 1 and the surface Xp is smooth at zpm,. If xm = (0,0, )
then ep(R, m,) = 2 and Xpg is has a double line at xy, = (0,0, \).

Moreover eg(R,m) is a well behaved invariant:

(1) It does not change after taking a general hyperplane section e.g., for a general
choice of an element h € m, eg(R, m) = eo(R/(h), m/(h)). This allows us to
use induction method on the dimension of the ring.
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(2) It remains constant in a flat family, and hence we can consider any other
member of a flat family where R belongs.

(3) It has a cohomological interpretation, which gives us a powerful machinery
to handle ep(R, m).

2. Hilbert-Kunz multiplicity

Henceforth we will discuss rings with positive characteristic (in fact geoemtric rings
with positive characteristic). We recall that the characteristic of a ring (denoted as
char R) is the least positive integer m such that m - 1 = 0. For a geoemtric ring
R, either the char R = 0 or p > 0, where p is prime number.

In many situations it is easier to solve a problem by going to reduction mod p. One
of the first example we encounter of such technique is in the proof of Eisenstein’s
criteria for checking irreducibility of a polynomial in Q[X], which involves going to
Z]pZ]X].

However, in characteristic 0, every ring R (variety Xg) has a resolution of singu-
larity (i.e., there is a proper map Y — Xp such that Y is smooth and the map is
an isomorphism on a nonempty open set) and hence a variety can be approximated
by a smooth variety. But in characteristic p > 0, the existence of the resolution of
singularity is not known in general (it is a long standing open problem).

On the other hand, in characteristic p, we have the Frobenius map

F:R— R given by x> 2P,

which is a ring homomorphism as (x + y)? = P + yP.

Now, analogous to the Hilbert-Samuel function and the Hilbert-Samuel multi-
plicity, Monsky had defined (in [22]) a characteristic p numerical invariant of a ring
R (with respect to an ideal of finite colength)

Definition 2.1 For a Noetherian ring R of dimension d, with char R = p > 0 and an
ideal I C R such that ¢(R/I) < oo, the Hilbert-Kunz function HK(R,I): N — N
is given by

HE(R,I)(p") = ¢(R/TP) = (BRI (S, ..., /1),

where {f1,..., fs} is any set of generators of I. Let ¢ = p", then

e (R, T) = limg ool (R/I[q]) /g

is called the Hilbert-Kunz multiplicity of R with respect to I.

Interestingly it was E. Kunz [18] who introduced the colengths ¢(R/ml?) (to
characterize the regularity property of the ring) and at the same time he gave a
counterexample to show limg ,ool(R/I1%)/q% does not exist. Later P.Monsky [22]
unaware of the counterexample, gave a proof that limg ,.of(R/I19)/q? exists in
general. So it was discovered that the counterexample was not correct and then a
series of work began on this invariant.

P. Monsky named this limit as the Hilbert-Kunz multiplicity epr(R,I). He
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proved (in the same paper)
HEK(R,m)(q) = e (R,m)q* + O(¢*")!, where q=p"
where e (R, m) € RT.
One can easily see that
eo(R,m)/d! < epg(R,m) < ey(R, m).
In particular, for one dimensional rings, ep(R, m) = egx (R, m).
Open question (Monsky 1983 [22]): Is ey (R) a rational number?

Though it is easy to see that for a hypersurface ring R = k[Xy,..., X,]/(f),
where f is a homogeneous polynomial of degree m, we have eg(R, m) = m, for
m = (Xy,...,X,), it took many people and quite a few years to compute e for
(specific) hypersurfaces, and in general it is still not known.

We recall some examples for which ey g (R, I) or HK (R, I) has been computed.

(1) R = a polynomial ring over a field (Kunz [18], this was easy of course)
(2) R=k[X,Y,Z]/(f) a plane curve. Then
(a) if R a nodal plane curve (Monsky [25]).
(b) If R an elliptic plane curve and char k # 2 (Buchweitz-Chen [5], Pardue
[27]), if R an elliptic plane curve and char k = 2 (Monsky [23]).

) Diagonal hypersurfaces (Hans-Monsky [17]).
) Monomial ideals and binomial hypersurfaces (Conca [7]).
) Monoid rings, toric ring ( Eto [10], Watanabe [34], Bruns [4]) .
) Trinomial plane curves, i.e., k[X,Y, Z]/(f), where f is a trinomial (Monsky
24))
(7) R a homogeneous cordinate ring of
(1) X = an elliptic curve with respect to line bundles £ of degree > 3 ([11]),
or
(2) X = a full flag variety with respect to anticanonical line bundle £ ([11]),
or
(3) X = F, a Hirzebruch surface, for a > 1, with respect to any ample line
bundle ([31]).
In these cases we have

HK(X,L)(q) = enx(R)q* + Ci(n)¢" ' + -+ + Ca(n),

where g = p" and C;(n) are periodic functions of n.

We note that the above examples (except (5), (6) and (7)) are hypersurfaces
of special types, or monomial rings (for which one is able to use combinatorial
techniques etc.).

In particular we still do not know a general formula for ey x (R, m) when

(1) (R,m) is a 2-dimensional local ring or
(2) R~ k[Xo, X1, X2, X3]/(f), where f is a general homogeneous polynomial.

IFor two functions f(z) and g(x), the equality f(z) = O(g(x)) means there is a real number C such that
[f(X)] < Cg(A) for all A >> 0.
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One reason, for difficulty in the computations, is that the standard reduction
techniques (as used for Hilbert-Samuel multiplicity) are known to fail for HK mul-
tiplicity.

A natural question one can ask: why is ey interesting?

One important reason: e (R) is a subtler invariant than eg(R) and it reveals
more information about the char p features of the ring R. We will illustrate this
below. It was hoped at one point that erx could be used in devising a proof of
resolution of singularities in char p > 0, based on this characterization of nonsin-
gularity. So far this has not worked.

(1) If R is an integral domain then egx(R,m) =1 <= R is smooth at m.
(2) If R is Gorenstein then ([2])

egix(R,m) <1+ (1/d)) = Ris F- rational,

where d is the dimension of R.

We recall that the F-rationality property is a substitute for the rational sin-
gularity property in char p (which is useful as we do not yet have a resolution
of singularity for R in char p).

(3) Conjecture (Watanabe-Yoshida [35]): If R is a d-dimensional ring of char p >

2 such that it is not smooth at a maximal ideal m and R/m = F,. Then

(a) enx(R,m) > egg(Apg,n) > 1+ ag,

where A, 4 is a quadratic d-dimesional hypersurface in char p,

Apq=Fp[Xo, ..., Xdll/(XG+ -+ XJ)

with maximal ideal n = (X, ..., Xy), and aq is the cofficient of 2% in
the power series expansion of sec z + tan z around 0.
(b) if the first equality holds then R = A, ; analytically (i.e., the completion
of R at m is isomorphic to A 4).
In a later paper [36], Watanabe-Yoshida themselves proved the conjecture
upto dimension 4. The first part of the conjecture has been verified upto
dimension 6 by [1] and also for complete intersection rings (e.g., for R =
k[X1,...,Xn]/(h1,..., hs), where dimension of R =n — s) by [9].

3. Techniques from projective geoemetry
Now onwards we consider standard graded rings, i.e.,

R=k[X1,....,Xn]/(f1,---, fm), where fi,...,fmn are homogeneous polynomials

and k is an algebraically closed field. We denote the homogeneous maximal ideal
by m. (For details of the following terminology see Chapter II of [13]) Let

X =Proj R={zx € Xp\{0}}/{z ~ Xz | A€ k\{0}}
be the associated projective algebraic variety, thought of as a quotient space. We
note that X is a complete but not an affine variety, nevertheless X has a covering

by affine varieties {Xg,, | f homogeneous element in R}, where

Ry = {x/f"| © € R is homogeneous of degree = degree(f*)}.
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The sheaves of rings (modules) on X is a compatible set of rings (modules)
assigend to each open set of X. The structure sheaf of rings Ox on the open set
XR;, is the ring R(y). A vector bundle of rank r on X is a locally free sheaf of
Ox-modules such that V' on Xpg , is @TR(f). A line bundle is a vector bundle of
rank 1 on X.

Let Ox (1) be the ample line bundle corresponding to the embedding X — P"
induced by the canonical surjective map

k[Xl,...,Xn] — k[X177Xn]/(f177fm>

Now to compute ey (R, m), we apply cohomological techniques as follows.
Let hy, ..., hs be a set of degree one homogeneous generators of m. Consider the
canonical short exact sequence

0=V = a°0Ox —)Ox(l) — 0,

where the map @*Ox — Ox(1) is given by (a1,...,as) = >, a;h.
Note that V is a vector bundle on X and for m >> 0, we have the exact sequence
of k-vector spaces

0 — HY(X, F¥*(V)(m)) — R[f] ® R oy Riyq — HY (X, F*(V)(m)) — 0,

where

O(R/TV) = 6(Ro) + £(Ry) + -+ + £(Rg—1) + Y £(coker ¢pm.q).

m>0

Thus the computation of ey is reduced to the computation of the cohomologies
of a vector bundle whose rank and degree we know.

Now a vector bundle on a normal variety X (replacing R by its integral closure
we can assume that X is a normal variety) has a unique filtration by subbundles
known as the Harder-Narasimhan (HN) filtration of V'

This filtration has the property that each subquotient V;/V;_1 is semistable. We
recall that, on a projective curve, a vector bundle V is semistable if for every
subbundle

WcCcV = pu(W):=deg W/rank W < u(V) = deg V/rank V,

where (W) is called the slope of W. In particular, a bundle V is semistable if
and only if the HN filtration of V is trivial. A semistable bundle has several nice
properties: for example, V' semistable implies that, for any line bundle £, the dual
of V and V ® L both are semistable. A semistable vector bundle W of negative
degree has HO(X, W) = 0.

However it is not easy to construct the HN filtration for a vector bundle. A
bundle V' is strongly semistable if F**V is semistable for every s > 1, where we
recall that the s-the iterated map F* : R — R given by x — zP" induces the
s-th iterated Frobenius map F*® : X — X. Though a semistable bundle may not
be strongly semistable, there exists (see [19]) sp >> 0 such that, for s > sg, the
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bundle F**V has HN filtration where each subquotient of the filtration is strongly
semistable (we call it the strong HN filtration).

In particular if R is a standard graded two dimensional ring (so X is a projective
curve) over a field of char p > 0, then (see [3], [28])

enxc(R) = dei X (s (V) — embdim(R)),

where pp (V) is a number given in terms of the normalized slopes of the strong
HN filtration of V.

In the case of plane curves ey gives a numerical characterization of the Frobe-
nius semistablity behaviour of the syzygy bundle, i.e., the minimum sg such that
F**V has strong HN filtration for s > sg. In particular the computations of ey x
for plane trinomials curves (in [24]) give examples of semistable bundles V' such
that the semistablity of F"™*V is not an open property reduction mod p. On the
other hand the semistability property is known to be the open property reduction
mod p ([20]).

4. Hilbert-Kunz density function

The previous relation between the semistability of the syzygy vector bundle V' and
the ey, does not hold for dimension d > 3.

In this section we fix a graded pair (R, I), i.e., R = @&;,>0R,, a standard graded
ring and I C R a graded ideal such that ¢(R/I) < co. Moreover dim R =d > 2
and char R = p > 0. For such a graded pair (R, I), we define ([30]) the Hilbert- Kunz
density function (HK density function) fr;:[0,00) — [0, 00) as follows.

For ¢ = p™, consider the step function

‘ 1 (R
Ja(R.T) : [0,00) — [0,00) ~ given by “qd—1£<m>u

and define fg(z) = lim, o fn(R, I)(x).

Note that this makes sense as the sequence {f,(R,I)}, is convergent (in fact
uniformly convergent). This assertion strongly uses the fact that, for a prime p, the
series Y .~y 1/ p® is convergent. Moreover fr,1 is a compactly supported continuous
function such that

/000 fri(z)dr =enr(R,I).
Since frs € L'(R) we have the association
{frr| (R, I) is a graded pair} «— {frs:C — C},
where f'R7 1 is the holomorphic Fourier transform of fr; given by

fRJ(Z) = / fR,[(l')efmzd.%', for z € (C, and fRJ(O) = eHK(R7 I).
0

In other words, for a given graded pair (R, ), to study the number ey (R, 1)
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we consider the function fr:[0,00) — [0, 00), where

/OOO fRJ(x)dm = eHK(R, I)

Though this seems a rather convoluted approach, it has several advantages.

(1) The HK density function is additive (like egg), i.e.,

farg =Y frypaerypt(Mp),
Pea

where A = {prime ideals P of R | dim R/P = dim R}.

(2) The HK density function also has a multiplicative property (unlike ep):
let (R,I) and (S,J) be two graded pairs defined over the same field k.
Then (R#S,I#J) is a graded pair, where R#S = @,>0(R,, Q S,) and
I#J = &p(I, ® Jy). The ring R#S is called the Segre product of R and S
as Proj R#S = Proj R x Proj S, i.e., the Segre product of rings corresponds
to the product of the projective varieties. We have ([30])

Frys — frusixg = [Fr— fr1) - [Fs — fs.J],

where, if dim R = d then Fr(z) := eo(R)z%1/(d — 1)\

4.1. Some applications of the HK density function

It is easy to see that eg(R,I*) = ky(R,I). However any relation of this type
between ep (R, I*) and ey (R, IF) was not known earlier. The asymptotic be-
haviour of epx (R, I*) as k — oo (studied in [35] and [12]) can be expressed as
follows:

0 <epr(R,I*) — kleo(R,I)/d! = O(K*1).

Using the HK density function (with a modified uniformly converging sequence to
the HK density function) one can prove ([29]) that

6HK(R, [k) — k‘deo(R, I)/d'

Arp = klgrolo kd—1
exists. Morever
[eo(R,m)/(d — 1) (Apm) > (d —1)/d. (4.1)

This invariant gives an algebraic characterization of the tiling of a convex poly-
tope with respect to the given lattice as follows.

Recall that the set of toric pairs (X, D), (i.e., X is a d — 1 dimensional projective
toric variety with a very ample Cartier divisor D) is in one to one correspondence
with the set of canonical d — 1 dimensional integral very ample convex polytopes
P X,D-

Now, for any (rational) convex polytope in R?~!, one can choose m >> 0 such
that mP is a very ample integral convex polytope and therefore mP = Px p, for
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some toric pair (X, D). Then from the theory of the HK density function for the
toric pair (X, D) it follows that the polytope AP (for some (unique) A € R\ {0})
tiles the space R4™! (with respect to the given lattice) if and only if the equality
holds in (4.1), where (R, m) denotes the homogeneous coordinate ring of the toric
pair (X, D). In other words, in the toric case, the normalized asympototic growth
of egr (I k) is the slowest if and only if the convex polytope Px p tiles the ambient
space R4—1,

So far we have seen that the integral of the HK density function fr ris egx (R, I).
Now we consider another invariant attached to fg 1 (see [33]), namely the maximum
support a(R, I) of the function fg 1, i.e., a(R,I) = Sup {x | fr(z) > 0}.

We recall the following notion of F-threshold, as defined in [14] and proved in
full generality in [8].

Definition 4.1 Let I and J be two ideals such that J C V/I. Then the F-threshold
of J with respect to [ is

!(J) = lim min {r | J7*! € I}

q—00 q

Now if Proj R is a smooth variety then a(R,I) = ¢/(m), where ¢/(m) is the
F-threshold of m with respect to I. On the other hand, when dim R = 2 then the
HK density function is a piecewise linear polynomial with coefficients as the slopes
of the strong HN filtration of associated syzygy vector bundle.

The formula of ¢/(m) in terms of the slopes of the strong HN filtration of the
syzygy bundle (applied to a modified old example of D. Gieseker [16]) gives (see
[32]) a projective curve where the set of F-thresholds of the maximal ideal is not
discrete, which answers a question in [26].
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Abstract: In this survey article we give a brief history of sym-
bolic powers and its connection with the interesting problem of set-
theoretic complete intersection. We also state a few problems and
conjectures. Recently, in connection to symbolic powers is the con-
tainment problem. We list a few interesting results and related prob-
lems on the resurgence, Waldschmidt constant and Castelnuovo-
Mumford regularity.

1. Introduction

Let A be a Noetherian ring and I an ideal in A with no embedded components. Then

the ideal 1™ := AN ( ﬂ I"Ay) is the n-th symbolic power of I. The study
peAss(A/I)

of n-th symbolic power has been important for the last few decades mainly because

of its connection with algebraic geometry. In recent years, it has become even more

active area of research mainly because several interesting associated invariants. We

list some of the interesting questions and open problems.

To understand the connection with algebraic geometry, let k be a field and let A¢
(or Ad) denote the set or all d-tuples a = (a1, . . ., aq) where a; € kforalli = 1,...,d.
The set A? is called the affine d-space of dimension d over k. We say that a subset
Y in A? is a zero set if it is the set of common zeros of a collection of polynomials
fi,- s fm € R:=k[Xy,...,X4] and we denote it by Y = Z(f1,..., fm). We can
define a topology on A™ by defining the closed sets to be the zero sets. If I =
(fi,-..y fm), then Y = Z(I). To every subset of Y C A™ we can define the ideal of
I(Y):={f e k[X1,....,X,,]|f(P) =0 for all P € Y}. An irreducible closed subset
Y of A" called an affine algebraic set.

Let Y be an algebraic set. We say that Y is defined set-theoretically by n elements
if there exists n elements fi,..., f, € R such that I(Y) = \/(f1,..., fn). In 1882,
Kronecker showed that I can be set-theoretically defined by d + 1 equations [43].
Later, this result was improved by Storch [60] and by Eisenbud and Evans [24]. It
follows from their work that if k is algebraically closed and [ is an homogenous ideal,
then I can be defined set-theoretically by d elements. Hence it was of interest to know
which ideals I could be defined set-theoretically by d — 1 elements. If I is locally
complete intersection of pure dimension one, then I can be defined set-theoretically

* Partially supported by a grant from Infosys Foundation. Email: clare@Qcmi.ac.in
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by d — 1 elements ([26], [6], [49], [64]). In 1992, Lyubeznick showed that if V' is an
algebraic set in A¢ and char(k) = p > 0, then V can be defined set-theoretically by
d — 1 elements [45].

In 1978, Cowsik and Nori proved a remarkable result. They showed that if
char(k) = p > 0, then any affine curve is a set-theoretic complete intersection
([11, Theorem 1}). If char(k) = 0, then one of the best known results in char(k) =0
is the result of Herzog which was later also proved by Bresinsky [7]. He showed that
all monomial curves in A% are set-theoretic complete intersection.

In 1981 Cowsik proved an interesting result which connects commutative algebra
and algebraic geometry:

THEOREM 1.1 [10] Let (R,m) a Noetherian local ring and p # m a prime ideal.
If the symbolic Rees algebra Rs(p) = @nzop(”) s Noetherian, then p can be defined
set-theoretically by d — 1 elements.

However, the converse need not be true. Cowsik’s result motivated several re-
searchers to investigate the Noetherian property of the symbolic Rees algebra. In
1987, Huneke gave necessary and sufficient conditions for R4(p) to be Noetherian
when dim R = 3 [40]. Huneke’s result was generalised in 1991 for dim R > 3 by
Morales [50]. All these results paved a new way to study the famous problem on
set-theoretic complete intersection. In section 2 we discuss some of these problems.

We also have the famous result due to Zariski [67] and Nagata [51] which states
that if k is an algebraically closed field, then the n-th symbolic power of a given
prime ideal consists of the elements that vanish up to order n on the corresponding
variety [23]. This result has been generalised to perfect fields k and radical ideals
[16, Proposition 2.14, Exercise 2.15].

In general, symbolic powers of ideals are hard to compute. Hence recently, associ-
ated to symbolic powers of ideals, Bocci and Harbourne introduced a quantity called
the resurgence [4]. In section 3, we will state the recent developments on this quan-
tity and related invariants like the Waldschmidt constant and Castelnuovo-Mumford
regularity.

2. Set-theoretic complete intersection and symbolic Rees algebra

2.1. Set-theoretic complete intersection in A" and P"

Throughout this section R = k[X1,..., X4] where X;,... X are variables. We say
that a radical ideal I C R is a set-theoretic complete intersection of there exists
h = ht(I) elements such that I = \/(f1,....fn). Let a := (a1,...,aq) be positive
integers such that ged(ai,...,aq) = 1. Let C(a) := {t& = (t™,t%2,...,t%)|t € k}
be a curve in A" If ¢ : R — k[T is the homomorphism given by ¢(X;) = T*
for all « = 1,...,d. Then p(C(a)) := ker(¢) is the prime ideal defining the curve
C(a). In other words, I(C(a)) = p(C(a)). We say that C(a) can be defined set-
theoretically by d — 1 elements if there exists d — 1 elements fi,..., fs_1 € p such

that P=v (flu“‘afdfl)'

Let d = 3, then we have the interesting result:

THEOREM 2.1 Let ged(aq, az,as) = 1.
(1) [37] Then one of the following is true:

(a) p(C(a)) is a complete intersection.
(b) There exists integers o, Bi,vi; © = 1,2 such that p(C(a)) is generated by
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Xp X 7

X5 X3 Xp2 )

(2) [Herzog (Unpublised work)] and [7] p(C(a)) is a set-theoretic complete inter-
section.

2 X 2 minors of the matrix

Such a result is not known for A% d > 4. The first result in higher dimension
was given by Bresinsky where he showed that certain Gorenstein curves in A* are
set-theoretic complete intersection [8]. In 1990, Patil proved the following result [53]:

THEOREM 2.2 Let ay,aq,...,aq—2 be an arithmetic sequence. Then p(C(a)) is a
set-theoretic complete intersection.

In 1980, Valla showed that certain determinantal ideals were set-theoretic complete
intersection [65]. As a consequence they prove the following:

THEOREM 2.3 [65, Example 3.3] Let q,m be positive integers with ged(q,m) = 1.
Put a; =2q+ 1+ (i — 1)m, fori=1,2,3. Then p(C(a)) is a set-theoretic complete
intersection.

In the past forty years several researchers have given interesting examples of affine
varieties which are set-theoretic complete intersection. However, the following ques-
tion is still open.

Question 2.4 Let k be a field of characteristic zero and d > 4. Is every curve
Cla) C A? a set-theoretic complete intersection?

We would like to bring to the attention a paper of Moh where he considered the set-
theoretic complete intersection problem of analytic space curves over an algebraically
closed field. Let k[[X, Y, Z]] and k[[T']] be power series rings and ¢ : k[ X, Y, Z]] —
k([[T]] be given by ¢(X) = T+ -+, ¢(Y) =T +--- and ¢(Z) = T¢ + ---. Let
p = ker(¢). Such curves are called Moh curves. Moh showed that if (a — 2)b < ¢,
then p is a set- theoretic complete intersection [47]. In [40] Huneke showed that
the symbolic Rees algebra of the Moh curve parameterized by (% ¢7 + 10 #8) is
Noetherian. However, it is not easy to describe the defining ideal of a Moh curve.
The following question is still open:

Question 2.5 Let ¢ : k[[X,Y, Z]] — k[[T]] be given by ¢(X) = TO+T3!, ¢(Y) = T®
and ¢(Z) = T'. Let p = ker(¢). Is p a set-theoretic complete intersection?

We now focus our attention on curves in the projective space P7. It is a long stand-
ing question whether every connected subvariety in P} is a set-theoretic complete
intersection [35]. The answer is not known even for curves in P3. We list a few results
in this direction.

Let a := (as,...,aq) be integers such that ged(aq,...,aq) = 1 and 0 = aqp <
a; < az--+ < aq. Put S = k[Xo, X1,...,X4] and let ¢ : S — k[T, U] be the
homomorphism given by ¢(X;) = T% %% for all i = 0,...,d. Then p(C(a)) :=
ker(¢) is the prime ideal defining ideal of the curve C(a). In other words, I(C(a) =

p(Cla)).

One of the most simplest and interesting example was given by Hartshorne.

THEOREM 2.6 [36] Let k be a field of positive characteristic p and a = (1,a—1,a),

where a > 4. Then p(C(a)) is a set-theoretic complete intersection.

Hartshorne’s result was generalised by Ferrand [26]. Robbiano and Valla studied
the curve C(a) for a = (1, 3,4) [55]. In 1991, Moh generalised the work of Hartshorne
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and Ferrand [48].
An interesting result in P?3 is:

THEOREM 2.7 [55], [61] Let C be a curve inP3. Let I(C) C S = k[Xo, X1, X2, X3] be
the ideal of the C. If S/I(C) is Cohen-Macaulay, then I(C) is a set-theoretic complete
intersection.

A considerable amount of research has been done in this area. It is impossible to
list all of them there. The list of references is not exhaustive. For a good collection
of articles on set-theoretic complete intersection one can read [32]. An interesting
survey on this topic was also given by Lyubneznik [44].

2.2. Symbolic Rees Algebra

The work of Cowsik, Huneke and Morales motivated several researchers to work
on the symbolic powers of a prime ideal and the symbolic Rees algebra Rs(p) =
Bnzop™).

Let (R, m) be a Noetherian local ring of dimension d and p a prime ideal of height
d — 1. Some of the interesting questions on the symbolic Rees algebra are: (1) Is it
Noetherian? (2) Is it Cohen-Macaulay (3) Is it Gorenstein? An answer to question
(1) would imply that p is a set-theoretic complete intersection, by Cowsik’s result.

If ¢ : k[[X1,...,X4]] — K[[T]] is the homomorphism given by ¢(X;) = T% for
alli=1,...,d, then p(a) := ker(¢).

In 1982, Huneke gave examples prime ideals p in k[[X7, X3, X3]] whose symbolic
Rees algebra Rs(p) is Noetherian [39]. In fact he showed the following result.

THEOREM 2.8 R,(p(a)) is Noetherian in the following cases:

(1) a= (2t 4+ 1,2r + s,s+ 1 +rs), where either s <r ors>r andt = 1.
(2) a=(s+2,2r+1,s+1+rs),2<r <s.
(3) a=(t+s+Ltr+t+1,rs+r+s), r<tands>1.

The first result which gave necessary and sufficient conditions for Rs(p) to be
Noetherian was by Huneke [40, Theorem 2.1]. This result was later generalised by
Morales [50, Theorem 2.1]. A consequence of their result is:

THEOREM 2.9 Let (R, m) be a regular local ring of dimension d and p a prime ideal
of height d — 1. Then Rs(p) is Noetherian if and only if there exists x € m\ p and
elements f; € p¥), i =1,..., fs_1, such that

‘ ((p,fl, . .é,fdl,x)> =1 (&) ki k.

Using this criteria several researchers have produced examples of monomial curves
p € k[[X1, X9, X3]] such that the symbolic Rees algebra R,(p) is Noetherian. We cite
a few examples here [58], [12], [29] [59], [30], [41], [28], [57].

One interesting question is: If R is a Noetherian ring, and p is a prime ideal, is the
symbolic Rees algebra Rs(p) Noetherian? Rees provided an example which implies
that this question does not have a positive answer [54]. Later Cowsik conjectured
that if R is a regular local ring and p is a prime ideal, then R4(p) is Noetherian. In
1990, Roberts gave a counter example to Cowsik’s conjecture [56]. In 1994, Goto,
Nishida and Watanabe gave an infinite class of monomial curves whose symbolic Rees
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algebra R(p) is Noetherian if the characteristic of k is p, but if the characteristic of
k is zero, then R,(p) is not Noetherian [31].
We end this section stating a problem which is still open:

Problem 2.10 Let k be an algebraically closed field. Can one classify all monomial
curves in A} for which R,(p) is Noetherian?

An interesting paper in this direction is [12].

3. Resurgence, Waldschmidt constant and regularity

One of the reasons the symbolic Rees algebra is hard to analyse is because it is not
easy to describe the symbolic powers even for curves in A3. Hence, one would like
to compare the symbolic powers and ordinary powers of an ideal. If I is an ideal
in a Noetherian ring R, then from the definition of symbolic powers it follows that
I™ C I™ and in fact for any proper ideal nonzero ideal I, I" C I™ holds if and only
if r > n. A challenging problem to determine for which positive integers n and r the
containment /™ C I" holds true. In [63] Swanson compared the symbolic powers
and ordinary powers of several ideals.

For the rest of this section we will assume that k is algebraically closed, S =
k[Xo,...,Xg4] and I is an homogenous ideal in S. Hence in 2001, Ein, Lazarsfeld
and Smith proved a very interesting result. It follows from their result

THEOREM 3.1 [22]. Let I C S be a proper ideal. If h is the largest height of an
associated prime of I, then I"™) C I™ for all n > 0.

In 2002, Hochster and Huneke proved a stronger result [38]. It follows from the
above results that if d = dim R, then I C I" for n > (d — 1)r. In this direction,
Harbourne raised the following: conjecture in:

CONJECTURE 3.2 [1, Conjecture 8.4.2] For any homogeneous ideal 0 # I C S,
I™MCTI ifn>rd—(d—1).

In the same paper they remark that from the methods in [38] there is enough
evidence for this conjecture to be true at least when the characteristic of k is p and
r =rp' fort > 0 (see [1, Example 8.4.4]. This has led to the study of the least integer
n for which 1™ C I” holds for a given ideal I and for an integer r. To answer
this question C. Bocci and B. Harbourne defined an asymptotic quantity [5] called
resurgence which is defined as

p(I) == sup{m/r | 1™ ¢ I"}.

Hence if m > p(I)r, then 1™ C I".

In general resurgence is not easy to compute. Hence it is useful to give bounds.
From the results in [22] it follows that p(I) < d — 1.

Another interesting invariant is the Waldschmidt constant. This constant was
introduced by Waldschmidt in [66]. Let I be an homogenous ideal and let a(I)
denote the least degree of a homogeneous generator of I. Then we have the famous
conjecture due to Nagata:

CONJECTURE 3.3 [52] Let V be a finite set of n points in P% and I(V) be the
corresponding homogenous ideal in C[Xo, X1, Xo]. Then a(I0™) > my/n.
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This conjecture is still open in general. It is know only in a few cases.
Define

~(I) := lim 04(](”))'

n—00 n

v(I) is called the Waldschmidt constant ([66], [4]). Since « is subadditive, i.e.,
a(I)Hm) < o (1) 4 a(10M), it follows that v(I) exists ([66], [5]). Moreover, there
is a lower bound for p(I). It follows from [5, Lemma 2.3.2]:

LEMMA 3.4 Let 0# I C S be a homogenous ideal. Then (1) > 1 and

al
1< m < p(I).

Related to the Waldschmidt constant is the following conjecture:

~

CONJECTURE 3.5 (Chudnovsky) Let V be a set of points in P¢ and I(V) be the
corresponding homogenous ideal in S. Then

all)+d—-1

(1) > y

Recently, Chudnovsky’s conjecture has attracted the attention of researchers ([21],
27), [46]).

For any homogenous ideal I we can define the Castelnuovo-Mumford regularity as
follows. Let M be a finitely generated graded S-module. Let

F.ZO—>FT—>FT_1"'—>F1—>F0—>O

be a minimal free resolution of M where F; = ®;S[—j]%. Put b;(M) = max{j|b;; #
0}. Then reg(M) = max{b;(M) —i}.

Bounds on the Castélnuovo—Mumford regularity has been of interest. As the list is
long we state only a few results. In 1997, Swanson proved that if I is a homogenous
ideal, then there exists an integer r such that reg(I™) < mr for any m [62]. Later,
it was proved that asymptotically reg(I™) is a linear function of m by [42], [14].

The behaviour of Castelnuovo-Mumford regularity of symbolic powers is not easy
to predict. From a result of Cutkosky, Herzog and Trung, it follows that if I is an
ideal of points in a projective space and the symbolic Rees algebra Rs([) : @I ()

n>0
is Noetherian, then reg(1(™) is a quasi-polynomial ([15, Theorem 4.3]). Moreover,
7(n)
li_>m reg(I") exists and can even be irrational [13]. For a nice survey article on
n— o0 n

Castelnuovo-Mumford regularity see [9].

Bocci and Harbourne showed showed that if I is a zero dimensional subscheme in
a projective space, then a(l)/~v(I) < p(I) <reg(l)/v(I) [5, Theorem 1.2.1]. Hence,
if a(I) = reg(I), then p(I) = a(I)/~(I). Later, Harbourne and Huneke raised the
following Conjecture:

CONJECTURE 3.6 [34, Conjecture 2.1] Let I be an ideal of fat points in S and
m = (Xo,...,Xq). Then I C ™=V holds true for all I and n.

In the same paper they showed that the conjecture is true for fat point ideals aris-
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ing as symbolic powers of radical ideals generated in a single degree in P2. Recently,
there has been a renewed interest on the Waldschmidt constant mainly due to the
containment problem. In [2] the Waldschmidt constant for square free monomial
ideals was computed. In fact they showed that if v(7) can be expressed as the value
to a certain linear program arising from the structure of the associated primes of I.
The Waldschmidt constant has also been computed for Stanley-Risner ideals [3].

The resurgence and the Waldschmidt constant has been studied in a few cases: for
certain general points in P? [4], smooth subschemes [33], fat linear subspaces [25],
special point configurations [20] and monomial ideals [2].

We now briefly state our results on resurgence, Waldschmidt constant and
Castelnuovo-Mumford regularity. Putting weights on monomial curves C(a) in A4,
we can consider them as weighted points in a weighted projective space Pg(a).
Hence the bounds for resurgence in [5] hold true. For a = (3,3 + m,3 + 2m)
these invariants have been computed in [18]. For ¢ > 1, ged(2¢ + 1,m) = 1 and
a=(2¢+1,2¢g+ 1+ m,2q+ 1+ 2m), these invariants have been computed in [17].
In these cases the generators of the symbolic powers of p(C(a)) has been computed.
In [19], for monomial curves p(C(a)) in P?, where a = (m, 2m, 2q+1+2m), ¢, m are
positive integers and ged(2g + 1, m) = 1, these invariants have been computed.
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Abstract: In these expository notes, we describe results of Cauchy,
Fuchs and Pochhammer on differential equations. We then apply
these results to hypergeometric differential equation of type ,F,_1
and describe Levelt’s theorem determining the monodromy repre-
sentation explicitly in terms of the hypergeometric equation. We
also give a brief overview, without proofs, of results of Beukers and
Heckman, on the Zariski closure of the monodromy group of the hy-
pergeometric equation. In the last section, we recall some recent re-
sults on thin-ness and arithmeticity of hypergeometric monodromy
groups

1. Introduction

In these notes, we recall (in sections 1 to 3) the basic theory of differential
equations on the unit disc and on the punctured unit disc. For references see [6]
and [8].

In sections 4 and 5 we apply the theory developed in sections 1 through 3 to
(state and) prove a result of Levelt [8] on the monodromy of hypergeometric
differential equations of type ,Fp_1.

In the next few sections we use this description to prove some results (some are
not proved completely because the proofs are lengthy) of Beukers and Heckman
[3] on the Zariski closure of the monodromy of the foregoing hypergeometric
equation. In particular, they completely determine when the monodromy is finite.
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2. Monodromy Groups

The concept of monodromy arises in many seemingly different situations. We will
deal with some of the simplest ones, namely the monodromy associated to linear
differential equations on open subsets in the complex plane.

2.1. D:ifferential Equations on Open Sets in the Plane

Let U be a connected open subset of the complex plane. Fix holomorphic functions
fi : U — C with 0 < i <n — 1. Consider the differential equation

dny n—1 dzy
—= i(2)—= = 0.
dz" + ZZ:; 1i(2) dz"

If y1,y2 are solutions, then so is c1y1 + coy2 with c1,co € C. That is, the space
of solutions is a vector space. A fundamental result of Cauchy says that when U
is the unit disc, there are holomorphic functions yi,- - ,y, on the disc which are
solutions of this differential equation, which are linearly independent and such that
all solutions are linear combinations of these solutions. These solutions are called
fundamental solutions.

THEOREM 2.1 (Cauchy) Let fo, -, fn—1 : A — C be holomorphic functions on
the open unit disc A and consider the differential equation

dny dnfly dy
T + fnfl(Z)W + o+ fl(@% + fo(z)y = 0.
Suppose that zg, -+ ,2n—1 are arbitrary complex numbers. Then there erists a

solution y to the differential equation, which is holomorphic in the whole of the
disc, such that %(O) =z forall j with0 <j <n-—1.

In particular, the differential equation has n fundamental solutions.

Proof. We first prove this when n = 1. Suppose then that we have the equation

e + fO(Z)y =0,

where fo(z) = S50, arz® a power series which converges in | z |< 1. Suppose
y(2) = Y30, zk2" is a formal power series with zj a sequence of elements of C.
By looking at the coefficient of 2*~! on both sides (which are formal power series)
of the differential equation, it follows that, if the formal power series y is to be

a solution of the differential equation, then the zj (for & > 1) must satisfy the
recursive relation

—kxp, = xp_100 + Tp—2a1 + -+ + TAp_1- (1)
Let R < 1; then the convergence of fy(z) in | z |< 1 implies that there is a constant
M > 1 such that | a | R¥ < M for all k> 0. Suppose r < R is fixed. Let, for each

J, Mj denote the supremum

M; = supf{| @ | B9, | @1 | R a0 | Ry o ).
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The equation (1) shows that for each & > 1 we have

My My M My, M M My M
Rk—1M+Rk—2§+"'+ R Rk—2+M =k

k | Lk |§ Rk-1 Rk-1

Therefore, | x3, | R¥ < My_1M for all k > 0. In particular, since by assumption
M > 1, we have M;, < Mjp_1M and hence % is a decreasing sequence, and
hence a bounded sequence. We may assume (increasing M if necessary), that
M, < MMF¥ for all k. Therefore, | x;, | r¥ < MTAZ[]CT’“. Therefore, if % < 1 then
> | @k | r* is dominated by the convergent geometric series M 3" ()%, Hence
the formal power series 3 zj,2¥ converges in the smaller disc | z |[< .

We may similarly solve the differential equation in every small disc inside the
unit disc A ( as a convergent power series around zyp € A) and by the uniqueness
of the power series - thanks to the recursion (1) - the two power series coincide as
functions on the intersections of the smaller discs. Therefore, by the principle of
analytic continuation, there is a holomorphic function y on all of the disc which is
a solution of the differential equation % + fo(z)y =0.

Exactly the same proof shows that if now y : A — C™ has values in a
vector space, and fp is replaced by a matrix valued holomorphic function
A(z) : A — M,(C) (i.e. an M,(C)-valued convergent holomorphic function
on A) then there is a power series y with coefficients x in C™ which is a solu-
tion of the differential equation %—I—A(z)(y(z)) = 0 and which converges on all of A.

Suppose yi,y2 : A — M, (C) are two solutions, with y1(0) = Id,, and y2(0) =
xo € GL,(C). The solution ys is uniquely determined by its constant term xy €
M,,(C). It follows that yo is the product of the matrix valued function y; and the
constant matrix xg:

Y2 = Y1xo-

This establishes that every vector valued solution y : A — C™ to the equation

Z—‘Z = A(z)y is a linear combination of the rows of the matrix y;.

We now choose

0 -1 0 - 0
0 0 -1 ... 0 y1(2)
A =| - e 0 and y = yQ(Z) ,
0 0 o .- -1 ()
fol2) f1(2) f2(2) -+ fn-i(2) Un

where y is viewed as a column vector. Then the vector valued equation % +
A(2)y(z) = 0 yields the n scalar valued equations yj(z) = y2(2), - y,_1(2) =
yn(2), and yl,(2) + fo(2)y1(2) + -+ + fa—1(2)yn(z) = 0. In other words, w = y;(2)
is the solution to the scalar valued differential equation

d"w d"lw dw
ot fnfl(z)m +-- f1(2)$ + fo(z)w = 0.
This proves Cauchy’s theorem in all cases. [ |
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If U is now taken to be any connected open set in C, then the foregoing result of
Cauchy says that at each point p of the open set, there are holomorphic functions
Y1, - ,Yn defined in an open neighborhood of p which are fundamental solutions
to the above differential equation. If I' denotes a closed loop in the open set U
starting and ending at p, then analytic continuation of the solutions along the path
I' is possible and when we return to the original point, we get new fundamental
solutions wq, - -+ ,w,. This means that there is a matrix M = M(y) depending
on the path, such that w = My in a neighborhood of p. One can check that the
matrix M depends only on the homotopy class of the path v based at p and not
on the path itself.

Moreover, if 1,9 are two paths based at p, and  is the composition of these
paths, then one can check that M(vy) = M(vy1)M(72). Thus, the association v —
M () yields a group homomorphism from the fundamental group of the open
set U based at p, into GL,(C). This homomorphism is called the “monodromy
representation” and the image is called the “monodromy group”.

2.2. Finiteness

Let U C C be a connected open set. Then the space of holomorphic functions on
U is an integral domain and the corresponding field of of fractions, i.e. ratios of
holomorphic functions, is a field, called the field of meromorphic functions on U.
Let U* — U (given by 7 +— 2) be the universal cover U* of U and let T be the
deck transformation group.

We say that a function f: U* — C is algebraic if it satisfies a polynomial rela-
tion f" (T)—|—Z:.L;01 i (2) f*(1) = 0 with coefficients ¢; in the field K of meromorphic
functions on U.

LEMMA 2.2 A function f on U* is algebraic if and only if its orbit under the deck
transformation group I is finite.

Proof. The polynomial relation holds if f is replaced by any translate under an
element v € I'. But since there are only finitely many roots to any polynomial, it
follows that the orbit of f under I' is finite.

On the other hand, if a function f on U* is invariant under I', then it defines
a holomorphic function on the base U. Therefore, if the orbit under I' is finite,
then the polynomial P(t) = [ cr/r,(t — ¥(f)) has coefficients in K. Hence f is
algebraic. [ ]

COROLLARY 2.3 Suppose

d™y
Ton + fn-1(2)

dn—ly

Y
g;ﬁ:f'+"“+‘fi“’4‘jby =0

d
dz
is a differential equation with coefficients f; holomorphic on U. Suppose that the
monodromy representation is irreducible. Then a monzero solution to the equation

s algebraic if and only if the monodromy is finite.

Proof. If f is a solution, then so is vy(f) for v € T'. If the monodromy is finite, it
means that the orbit of f under I is finite, in particular, and hence it is algebraic
by the lemma.
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On the other hand, if some solution f is algebraic, then by the lemma the orbit
is finite. It means that the I' translates of f span a subspace which is I" stable and
these translates are algebraic. By irreducibility, this is the whole space. This means
that for some basis of the space of solutions, the orbit of I' is finite for every element
of the basis. This means that the image under the monodromy representation of I"
is finite. ]

3. Punctured Disc

Now consider the open set U = A*, obtained by removing the point 0 from the
unit disc A.

Ezxample 1 Let us look at the differential equation

d
ﬁ_gyzoa

dz =z

where a € C is fixed. Solving, we get y = z®. This function is not “single valued”.
We view z = €?™7 = ¢(7) with 7 € b the upper half plane, with ¢ being a covering
map. Consider the path w : [0, 1] — b starting at ¢ and ending at i+ 1. Its composite
v = ¢owis a closed loop in A* based at p = e~27; the effect of traversing along
this path on the solution y is to multiply it by e?™*. Thus M (v) is the 1 x 1 matrix

e?ﬂia‘
Ezxzample 2 As another example, consider the equation

d?y _ldy

dz2 ~  zdz

Clearly the constant function y; = 1 is a solution; it is invariant under the action
of the loop ~.
It is easily checked that y» = ﬁlogz is another solution; to view this solution as
1 = 1

a function, we write y = 2m.log(e%m) = 5-2miT = 7; hence the action of the loop

~ of the preceding example, is to take yo into the new solution s+ %m27ri = Yo +y1.
Hence
11

3.1. Regular Singular Points and a Theorem of Fuchs

We now look at a more general case; suppose we have a differential equation of the
form

d™y
Ton + fo—1(2)

dn—ly
dZn—l

dy

+_...4_j1(z)8;—+—jb(2)y, (2)

where each f;(z) has at most a pole of order n—i at z = 0. Then the monodromy M
(i.e. the action of the generator of m1(A*) ~ Z) acts on the C" space of solutions.
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Write 0 = 2+ d : using the relation 02 = 22 ; + 6 one can show, by induction, that

kdk

for every k > 1. Then the differential equation (after multiplying throughout by
z™), takes the form

00 —1)---O@—n+1Dy+zfr—1(00—-1)---(0 —n+ 1)y+

Fo 226000 — Dy + 2" L 10y + 2" foy = 0.
Rewriting this yields
0"y + Fr 1 (2)0" L 4+ Fy o(2)0" 2y + -+ F1(2)0y + Fo(2)y =0

where now the functions F; are holomorphic on all of the disc (including the punc-
ture). Write a; = F;(0) and f(t) =" + ap_1t" ' + - + a1t + ag = [T5=(t = ay).
The equation f(t) = 0 is called the indicial equation and the roots ay,-- - , ay, of
the indicial equation (i.e. roots of the polynomial f) are called the indicial roots.

THEOREM 3.1 (Fuchs) With the preceding notation, assume that 0 is a regular
singular point of the differential equation (2). Then, the characteristic polynomial
of the monodromy matriz M of the differential equation (2) is the polynomial

n
H 27Twzj

Moreover, every solution of the differential equation (2) is a linear combination of
functions of the form ¢(z)z*P(logz) where ¢ is a holomorphic function on all of
the disc, o is a complex number and P is a polynomial.

Theorem 3.1 will be recast in terms of matrix valued solutions and the differential
equation (2) will be rewritten as a first order equation.

3.2. First order Matrixz Valued Differential Equations

Suppose now that A : A — M,(C) is a holomorphic map on all of the disc.
Then A(z) is represented by a convergent power series A(z) = > ApzF where
Ay € M,(C). We look for local solutions Y : A* — M,(C) to the first order
equation z% = A(2)Y (2).

Notation If T € M,(C) and z € A* we write z! for the matrix represented by the
(convergent) exponential power series in the matrix variable (logz)T"

2T = exp((logz)T

B >, (logz)*kT*
P
k=0

We list some properties of the matrix exponent.
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1] If A and B are commuting square matrices of size n, then 2418 = 2428,

[1]

[2] If A € M,(C) and g € GL,(C), then 2949 " = gz4g~1.

[3] If N € M, (C) is nilpotent, then 2V is a polynomial in logz.

[4] If A € M,(C) is a diagonal matrix whose diagonal entries are aj,asg, - ,an
then 2 is also a diagonal matrix whose diagonal entries are 29, 2% ... | 2%,

[5] These properties imply that if A € M,,(C) is any matrix, then the entries of
the matrix 24 are linear combinations of functions of the form 2*P(logz) where P
is a polynomial and a € C is a fixed complex number.

[6] The derivative of 24 satisfies: z% = 24A.

[7] The monodromy operator on the multivalued function z
since z4 = ?miT4
T+ 1

For a reference to the following see [6], Theorem (4.1) and Theorem (4.2).

A is simply 274,

and the generator of the Deck transformation group takes 7 to

THEOREM 3.2 (Fuchs) Suppose A : A — My (C) is a holomorphic function. Let
h — A* be the exponential covering map as before. Consider the differential equa-
tion in Y (z) =Y*(r) € Mp(C):

&y _AG),,

dz z

(3)

The monodromy of the equation acts on the space of solutions Y* by the formula
Y*(r+ 1) = Y*(r)M where M € GL,(C). Moreover, the semi-simple part of the
matriz M is conjugate to the exponential €*™4s of A,, where Ay is the semi-simple
part of the matriz Ay = A(0).

Proof. First assume that if A\, u are distinct eigenvalues of the matrix Ay, then they
do not differ by an integer. This means that no eigenvalue of the adjoint transfor-
mation adAgy can be a nonzero integer. We then show that there is a holomorphic
function X : A — GL,(C) such that

is a solution of the differential equation (3). Write X (2) = >_po, Xx2¥, and solve
for the coeflicients Xj. Write, as before, § = zd%. Then the differential equation
for Y is Y (z) = A(2)Y (2); moreover, by the formula for the differentiation for a
product, we get

0Y (2) = 0(X (2)2%) = (X (2))z% + X (2)2z" A =

We now cancel z4° on both sides of the preceding equation and obtain
0(X(2)) + X(2)A0 = A(2) X (2),

where now A is holomorphic on all of the disc and X is assumed to be holomorphic
on all of the disc. Writing the power series for X and A, we then get, for k > 1,
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the recursion

k—1
kX + X Ao = Ao Xy + ZAk_ij,
=0

and for k = 0, the equation XgA4y = AgXg. We can solve for Xg by taking Xg to
be identity. The recursion for the coefficients is

k—1
(k‘ — adAo)Xk = z Ak_ij.

J=0

This can be solved for all £ > 1 since, by assumption, non-zero integers k cannot
be eigenvalues of the operator adAy; therefore, k — adAg is an invertible operator
and hence Xj, may be written as a combination of the X; : j <k — 1.

[ We now check that the formal power series > X2* converges in a small enough
neighborhood of 0. Consider the sequence 1 — L,f“ for k > 1. For k large enough,
the k-Th term of this sequence is close to the identity matrix; by assumption,
all the terms of this sequence are non-singular. Hence the sequence (1 — %)*1
is bounded from above by a constant M > 1 say. Since the sequence Ak_ij_j
(k > j) is bounded, we may assume that | Ay_; | R¥7 < M for all k,j. Let, as in
the proof of Cauchy’s theorem, M}, be the supremum of the matrix norms | X; | R’
for j < k. The recursive relation for the X now implies that

k| Xk |< MMkyg—y.

Therefore, | X}, | R¥ < M?Mj,_;. Since M > 1, we also have | X; | R/ < M2M;,_,
for all j < k — 1. Hence My, < M?M;,_, and therefore, Mpm 2% is a decreasing
sequence and is bounded. We may assume then that | X | R¥ < M < MM?*
and hence Y Xj,z* converges if | z |[< 5]

Thus the monodromy action on Y (z) = X (2)z4° is simply right multiplication
by the exponential matrix 274 of A since the solution X (z) is holomorphic also
at the puncture and is invariant under the monodromy action. This proves the
Theorem in the case when distinct eigenvalues of Ay remain distinct modulo 1.

The proof of the general case of the Theorem can be reduced to this case. Fix
an eigenvalue A of the linear transformation Ag. Write C" = E @ F where E is the

generalized \ airspace for Ag, and F' an Ag stable supplement to E. If 1,--- , &, is
a basis of F, and €,41, - ,&, a basis of F', then with respect to the basis &1, -+ , &,
of C™, the matrix of the transformation which is z times the identity on E and

zI, O

, where [ is the identity matrix of size k.
0 Infr

identity on F' is given by <

A+ N, 0
0 do
zI, 0
0 In—y
W (z) satisfies the equation

Moreover, Ag = < > where &g acts on F' and N, is a nilpotent matrix

of size r. Write Y (z) = < ) W(z) = M(2)W(z). Then it is easily seen that
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where B(z) is holomorphic on A and By = B(0) = (A= 1)(—? +Nr go . Thus the
0

semi-simple part of the exponential of By is conjugate to that of Ag. Moreover,

the monodromy of W and of Y are the same. Consequently, Y may be replaced

by W in the statement of the theorem without altering the conclusion.

We now apply the preceding repeatedly to ensure that if X and X are two
distinct eigenvalues of Ay which differ by an integer, the Ag is replaced by By such
that these eigenvalues become equal. That is, suppose A = X +m for some positive
integer m say. As above, we replace A by A — 1 without altering the monodromy;
we do this m times until X is replaced by ), with monodromy unchanged.

Applying this procedure repeatedly to all eigenvalues which differ by an integer,
we can thus ensure that all the distinct eigenvalues of Ay remain distinct modulo
1. Then we are in the special case where adAy does not have non-zero integers as
eigenvalues. In that case, the theorem has already been proved.

|

3.3. Complex Reflections

For a reference to the following, see Theorem 3.1.2 of [2].

THEOREM 3.3 (Pochhammer) If as before, we have a differential equation

&y =, d

T T L =0,
1=0

on the punctured disc A*, and we assume that the functions f; have at most a

simple pole at z = 0, then there are n — 1 solutions which extend holomorphic ally

to the puncture, and one solution which (possibly) has singularities at the puncture.

Moreover, the monodromy matriz is of the form

1 0 0 -«
M= 0 1 0 --- %
0 0 O c

for some ¢ # 0.

The number c is called the exceptional eigenvalue (it can even be 1) and the
matrix M is called a complex reflection (it is identity on a co dimension one
subspace of C").

Proof. By the same procedure as before, the differential equation of order n can
be converted to a differential equation of order 1 but with solutions in the vector
space C™:

0 1 0o - 0

WA= O 0 Lo U ),

o) —fi(2) — o) - —faa(2)
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We write the vector valued formal power series expansion y(z) = >_ x32%, with
z in C". If we write A(z) = % +Ag+ Ajz+ -+ ApzF + - then A(z) — A

z
is a convergent power series (with values in M,(C)) in | z |< 1. Solving term by

term, for each k£ > 0 comparing the coefficient of z¥ we get (cf 1)

kxp = A1z + Apxk—1 + A1zp_o + - - - + Agxo. (4)

Now the first n — 1 rows of the matrix A_; are all zero. the only other eigenvalue
d of A_y is the residue of —f,_1 at 0. If d is never a positive integer, then A_; — k
is invertible for all positive integers k. Hence the above recursion shows that all
the xp;k > 1 are uniquely determined by xg; the equation for £ = 0 shows that
xq satisfies the equation A_1x¢9 = 0. This is a co-dimension one subspace of C™
and hence the space of holomorphic solutions of the differential equation is of
dimension at least n — 1. This proves the first part.

If a solution is holomorphic, then analytic continuation along a loop around 0
does not change the function and hence the monodromy element acts trivially.
This proves the second part of the Theorem.

Slightly more work is needed when the eigenvalue d is a positive integer. The
equation (4) may be applied to all k # d; in particular, if A_jxg is zero, then
x1,--+ ,xq—1 are uniquely determined. However, the equation (4) applied to k = d
shows that there exists a linear transformation Bz on C" such that for each zg €
Keri(A_1) we have

(d— A_1)(xq) = Ba(zo).-

The image W of d — A_; has dimension n — 1 and hence if By(zo) lie in this image
W, then the recursion (4) still applies to locate an z4. The other x;(j > k + 1)
are now uniquely determined by (4) and hence the space of solutions which are
holomorphic at 0 has dimension at least n — 2: this is the dimension of the space
of z( satisfying A_1z¢o = 0 and By(xo) € W = Image(d — A_1).

Now we take g = 0. Then by (4), 21 = -+ = x4_1 = 0. Moreover, x 4 satisfies
(A1 —d)(zq) = 0. Since the kernel of A; — d has dimension one, there does exist a
non-zero xg with this property. Then by (4), all z; with j > d 4+ 1 are determined
and hence there exists an extra holomorphic solution w of the form w(z) = 2P Cy+
2 gy + -+ 2328 4+ -+ . Hence the space of holomorphic solutions is again of
dimension at least n — 1. This proves the first part when d is a positive integer.
The statement about the monodromy matrix follows as before. [ |

COROLLARY 3.4 Under the assumptions of Theorem 3.3, the exceptional eigen-
value ¢ of the monodromy matric satisfies ¢ = e~ ™8 where B is the residue at 0
of the meromorphic function f,_1(2).

Proof. 1t is easy to see that all the coefficients of the indicial equation f(t) = 0
except n,n — 1 are 0 and that

ft) =t"+pt" ="t + B).

By Theorem 3.1 the corollary follows.
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COROLLARY 3.5 Under the assumptions of the preceding corollary, the monodromy
matriz M is unipotent if and only if the residue 5 of fn—1(z) at 0 is an integer.

3.4. The Plane with Two Punctures
Consider the twice punctured plane & = C\ {0, 1}, and a differential equation

dny n—1 dly
T +;fz<z)d7ﬂ =0,
where f; : C\ {0,1} — C are holomorphic. Now the fundamental group of U is the
free group F» on two generators hg, hi, given by small loops going counterclockwise
once around 0 and 1 respectively. Thus the monodromy representation of the
differential equation is a homomorphism from Fh into GL,(C); it is completely
described by specifying what the images of hg and h; are. Thus the monodromy
is described by giving two matrices in GL,,(C).

The open set # = C \ {0,1} may also be viewed as P!\ {0,1,00}. Thus, the
fundamental group of U can also be thought of as the free group on the small
loops heo, ho, h1 going around oo, 0,1 modulo the relation ho,hihg = 1. Denote,
by A the image of heo and by B~! that of hg. Then C = A~ B.

Since the universal cover of C\ {0,1} is the upper half plane, it follows that the
solutions to the foregoing equations are functions on the upper half plane and that
the fundamental group of ¢ is the deck transformation group.

4. The Hypergeometric Differential Equation

Suppose that & = P\ {0,1,00}. Put § = zdiz and let aq,- -+ ,ap, and By, -+, By
be complex numbers. Write

D=(0+p1—1)(0+Pn—1)—2(0+01) (0 + ). ()

This is a differential operator on I/. The equation Dy = 0 is called the “hyperge-
ometric differential equation” and the solutions are called “hypergeometric func-
tions”. These are functions on the upper half plane.

THEOREM 4.1 Under the monodromy representation considered in the preceding
subsection, the monodromy of the generator hg around the puncture 0 has charac-
teristic polynomial T](t — 62“(1_57‘)) and the monodromy action of hoo has char-
acteristic polynomial [[(t — €*™®). Moreover, the element hy acts by a complex
reflection.

Proof. Since the hypergeometric differential equation is already written in the “6”
form, and the coefficients of powers of 6 are linear polynomials in z, it follows
that 0 is a regular singular point of the differential equation Du = 0 where D is
the operator in (5). The indicial equation at 0 is thus [[; (¢t 4+ 8; — 1)) = 0. By
the Theorem of Fuchs (Theorem 3.1), it follows that the monodromy of hy has

95



characteristic polynomial [[(¢t — e2mi(1-5; )).

We now consider the point co; by changing the variable z to the variable w = é,

the operator 6, = z% changes to —0,, = —w%. Multiplying throughout by w, the
operator D changes to

wW(=0p+ 1 —1) - (=O0p+ Bn—1) = (=0 + 1) -+ (=0 + ),
which is just a constant multiple of the hypergeometric operator
D'=0p—0a1) Op—an) —wly+1—7351) - (0p+1—0).

Therefore, oo is also a regular singular point of the equation Du = 0 and the
monodromy statement follows as in the preceding paragraph.

Consider now the point z = 1. We write out the operator D of (5) (which is in
“f* form) in terms of powers of d%: this is of the form

ar dn1
D= z”% + Pn_l(z)W + -+ Py(2)
n qn—1
—z(z”@ + Qn_l(z)W + -+ Qo(2))
where P;, ); are polynomials in z. Therefore,
n n—1
D=2:"(1- Z)dz” + Rn_l(z)W + -+ Ro(2),

where the R;(z) are polynomials. Hence the hypergeometric equation Dy = 0 at

z = 1 (after normalising the highest coefficient to be 1), has the property that all

its coeflicients Z,,LR(il(f)z) at z = 1 have at most a simple pole at z = 1. By Theorem

3.3 it follows that hq maps to a complex reflection. [ |

The following theorem says that these facts suffice to characterise the monodromy
action.

4.1. Statement of Levelt’s Theorem

The monodromy representation is very simply described. Suppose that a;—f is not
an integer for any two suffices j, k. Write f(x) = H?Zl(x—e%w‘f), g(z) =TT (x—
¢?miP). These are monic polynomials of degree n. Write f = 2" +a,_12" 1+ - -4aq.
The quotient ring R = C[z]|/(f(z)) is a vector space of dimension n and has as
basis the vectors 1, x, - -- , 2"~ . Write A for the linear operator on the ring R given

by multiplication by z. With respect to the foregoing basis, the matrix of A is

0 0 0 - —ag

10 0 - —a
A=10 1 0 -~ —a2

0 0 -+ 1 —an
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and is called the “companion matrix” of f. Similarly, let B be the companion
matrix of g. Note that C = A™! B is identity on the first n — 1 basis vectors. Hence
C is a complex reflection.

THEOREM 4.2  (Levelt,1960) There exists a basis €1,--- ,&, of the space of
solutions to the hypergeometric equation such that the monodromy representation
sends hy to B~ and ho to A.

Moreover, if p is any representation of the free group hg, hoo into GLy(C) such
that the images of h0071161 have characteristic polynomials f, g, and such that hy
goes to a complex reflection, then p is the above monodromy representation.

The representation described in Levelt’s theorem is called the “hypergeometric
representation” and the monodromy group is called a “hypergeometric”.
We prove Levelt’s theorem in the next section.

5. Levelt’s Theorem

5.1. Notation

Denote by Ry the ring Z[xlil, yzil] of Laurent polynomials in the variables
r1, -+ ,xn and y1, -+ ,y, with integral coeflicients, and by K its quotient field.
Let R denote the sub-ring of Ry generated by the elementary symmetric functions
o in x; and the elementary symmetric functions 7; in y; together with the inverses

o, 1,7, Denote by K the quotient field of R; then K C Ko. Put
n n—1 )
F=rw)=JJt-az)=t"+> A",
i=1 i=1

ﬁt—y] _t"+ZBt” :

j:1 =1

Then f,g are polynomials in ¢ with coefficients in R. F5 denotes the free group
on two generators (which in the sequel, are often written hg,ho). Define a
representation p on Fy =< hg,hoo > by hg — A and h! — B where A, B
are companion matrices of f, g respectively. Denote by I' = I'(f,g) the group
generated by A, B in GL,(R), and by G the Zariski closure of I" in GL,,. As usual,
G° denotes the connected component of identity of G; it is a normal subgroup in
G of finite index. Denote by I'? the intersection of I' with GO.

The group I is called the hypergeometric group corresponding to the parameters
x;,y;. Sometimes, it is simply called the hypergeometric corresponding to the

polynomials f, g above.

Let 7 : R — S a ring homomorphism with S an integral domain whose quotient
field is denoted Kg. Denote by a;,b; € S the images of x;,y; under the map
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m: R — S. Denote by fs, gs the monic polynomial in ¢ given by

n n

fs@) =Tt —a), gs(t) =[]t —b).

i=1 =1

We view the free S module S™ as the quotient ring S[t]/(fs(t)). With respect to
the basis 1,t,--- ,t"! of S™, Ag is simply the matrix of the “multiplication by ¢”
operator. Denote by k the g.c.d. of fg and gg. Bg is the operator which acts as
follows: Bg(t') = Ag(t!) = t'*1if i <n —2 and Bg(t" ') =" — gs(t). Let W be
the ideal of S™ = S[t]/(fs(t)) generated by the polynomial k; then W is Ag stable.
Hence sois W ® Kg.

LEMMA 5.1 The subspace Wg = W ® Kg is also Bg stable and under the action
of Ag, Bg, the subspace Wy is irreducible.

Moreover, on the quotient Vs/Wg the operators Ag,Bg coincide and as a
module over A (multiplication by t), the quotient Vs /Wy is the ring Kg[t]/(k(t)).

In particular, if f,g are co-prime (i.e. a; # b; for any i,j), then Vg = Wg is
wrreducible for the action of Fy.

Proof. We temporarily write Ag = A, B¢ = B. Put D = A — B. Then, the image
of D on Vg is the line generated by fs — gs. Moreover, D is zero on the monomials
1,t,---,t" 2 and is f — g on t"~!. Therefore, the image under D of a polynomial
of degree exactly n — 1 is a non-zero multiple of f — g.

Any subspace of Vg which is stable under A contains an eigenvector for A;
these eigenvectors are of the form ¢; = % for some ¢. This a polynomial of
degree exactly n — 1. Hence D(g;) is a non-zero multiple of f — g; thus any
subspace of Vg which is stable under A, D contains f — g and hence contains
Ws = Kglt|(f — g) + Ks[t|f = Kgt]k(t) = (k(t)). This proves the first part of the

Lemma.

On the quotient Vg/Wg, the operator D is zero, since the image of D lies in Wy.
Hence A = B on the quotient Vs/Wg = Kglt]/(k(t)). This proves the second part.

The third part is a corollary of the first part. [ ]

THEOREM 5.2 (Levelt) Suppose that a; # b; for any i,j. Suppose hy — a and
hl + b is any other irreducible representation p' of Fy into GL,(Kg) such
that the following two conditions hold. (1) the characteristic polynomial of a is
fs(t) =11(t — a;) and the characteristic polynomial of b is gs(t) = [[(t — b;). (2)
a~'b is identity on a co-dimension one subspace of K™.

Then p' is equivalent to p.

Proof. Put D' = a — b and Let W be the kernel of D’. By assumption, W has
co-dimension one in V. Write

X =n"fa " W.

Since X is an intersection of n — 1 hyperplanes in V', X is non-zero. Let v € X,
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with v # 0.

We claim that v is cyclic for the action of a. Suppose not. Then, v, av, - -- ,a" v
are linearly dependent. We then claim that "~ 'v is a linear combination of
v,av,--- ,a" v

Suppose v, av, - - - ,a" v are already linearly dependent. By applying a suitable
power of a to a linear dependence relation, we see that a™ v is a linear combina-
tion of the vectors v, av, - - - ,a™ 2v.

Suppose wv,av,---,a" 2v are linearly independent. Since the vectors
v,av,--- ,a" v are linearly dependent, it follows that " 'v is a linear
combination of v, av, - -- ,a" 2.

Since fg(a) = 0, it follows that the span E of v,av,---,a" 2v is a stable.

Since all the vectors v,av,--- ,a” 2v lie in W by the definition of X, it follows
that ¢ = b on E and hence F is stable under I'. Since E # 0, it follows that the
characteristic polynomial of ¢ = b on F are equal and have a common eigenvalue,
contradicting the assumption that a; # b; for any 4, j. Therefore, v is a cyclic
vector for the action of a.

Hence v, av, - -- ,a™ v is a basis for V. It follows that with respect to this basis,
the matrix of A is the companion matrix of fg.

By the construction of X, we have a’v € W for i < n — 2. Therefore, ba'v =
aa'v = a1t for i < n — 2. Induction on i < n — 2 shows that a’v = bv for all

i < n — 1. With respect to the basis v, av, ...,a" v of V, the matrix of a is the
companion matrix of fg(t), and that of b is the companion matrix of gg(t). This
completes the proof of the Theorem. [ ]

6. Results of Beukers-Heckman

The Zariski closure of the hypergeometric also has a pleasant description. This is
described by Beukers and Heckman [3]. For ease of exposition, we assume that the
roots of f(z),g(x) are roots of unity (i.e. ¢, Bi are rational numbers), and that
f,g are products of cyclotomic polynomials. Then f(z),g(z) € Z[z]. Moreover,
f(0) = £1 and ¢(0) = £1. We recall from the previous section that the monodromy
group H(f,g) is generated by the companion matrices A, B of the polynomials f, g
respectively.

6.1. The Finite Case

We may assume that the numbers a; and fj, lie in the closed open interval [0, 1)
and o # B+ k. We say that the numbers a; and 35 “interlace” if between any
two «; there is a [, and conversely. [3] give a criterion for the monodromy group
to be finite in terms of the parameters «, 3:

THEOREM 6.1 (Beukers-Heckman) The hypergeometric group corresponding to the
parameters o, By, is finite if and only if the parameters o and By, interlace.
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6.2. Imprimitivity

We say that f(X),g(X) are “imprimitive” if there exists an integer £ > 2 and
polynomials fi, g such that f(z) = fi1(z¥), g(x) = g1(«*). Otherwise, we say that
f,g are a “primitive” pair.

We assume henceforth that f,g are coprime, form a primitive pair and that
o, B do not satisfy the interlacing condition. Let G' be the Zariski closure of the
hypergeometric. Write ¢ = %. Then ¢ = £1.

THEOREM 6.2 (Beukers-Heckman) Suppose that the roots of f,g do not interlace,
f,9 € Z[x] are coprime and primitive.

If ¢ = —1 then the Zariski closure of the hypergeometric is isomorphic to O(n),
the orthogonal group on n variables.

If ¢ = 1, then the Zariski closure is the symplectic group Sp, (under our assump-
tions, n will necessarily be even).

We do not prove this theorem, since that would take us too far afield. We refer
to [3] for a proof of a more general result from which Theorem 6.2 follows.

7. Symplectic Case

In this section, we will assume that the Zariski closure of the hypergeometric is
a symplectic group; i.e. assume that f,g € Zlz|, f,¢ form a primitive pair and
that the roots of f,g do not interlace. Assume that f(0) = ¢(0) = 1 so that
in Theorem 6.2 ¢ = 1. By the result of Beukers and Heckman (Theorem 6.2) the
hypergeometric H(f,g) is a Zariski dense subgroup of Spq(Z) for a non-degenerate
symplectic form ©Q on Q™. It is then an interesting question to ask when H(f,g)
has finite index (i.e. when is H(f, g) an arithmetic symplectic group). There is no
complete characterisation but some cases are now known.

7.1. Arithmetic Groups
See [11] for the following result.

THEOREM 7.1 suppose that f, g are as in the beginning of this subsection and that
the difference f — g = co + - - - + cg X% with leading coefficient ¢ = cq # 0; assume
that | ¢ |< 2. Then H(f,qg) has finite index in Spo(Z); thus the hypergeometric
group is an arithmetic group.

As a family of examples, consider, for an even integer n,

Xt

— X" n—1 e+ X 1
<1 +a" 4 X+,

f(X)

X" -1

<1 = X"+ 22X poXx" 2 4. 12X +1.

9(X) = (X +1)

The difference f — g = —(X"! + X" 2 4+ ... + X) has leading coefficient ¢ = —1
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and hence the hypergeometric H(f,g) has finite index in Spq, by Theorem 7.1.

7.2. Thin Groups
We recall the following definition (see [9] for details)

Definition 1 Let I' C SL,(Z) be a subgroup and G its Zariski closure in SL,.
Then G is defined over Q and I' C G(Z) = G N SLy(Z). We say that I' is thin if
I' has infinite index in G(Z). Otherwise, we say that I' is arithmetic.

Note that the notion of thinness and of arithmeticity depends on the embedding
I'c SL,(Z).

It is widely believed that most hypergeometric groups in Theorem 6.2 are thin.
Theorem 7.1 says however, that not all the hypergeometrics are thin. There is no
general criterion as to when the hypergeometric are thin, except when the Zariski
closure is O(n,1) (see [7]). In the next subsection, we will see examples of thin
hypergeometrics with Zariski closure Spy (constructed by Brav and Thomas [4]).

7.3. Fourteen Families

Of special interest are the hypergeometrics corresponding to f = (X — 1)* (i.e.
when the monodromy around infinity is mazimally unipotent. The number of
choices for g are limited: g € Z[X] must be a product of cyclotomic polynomials,
and must have degree 4; moreover, g(1) # 0. With these constraints there are
exactly 14 choices for g. It is known that the hypergeometric H(f,g) is also the
monodromy group associated to a family of Calabi-Yau threefolds fibering over
the thrice punctured projective line. Moreover, these threefolds turn up in mirror
symmetry.

In [1] (see also [5]), the question of thinness or arithmeticity of these groups was
first raised. Theorem 6.2 and its proof enables us to prove that the monodromy
group is arithmetic in three of these cases; later Singh [10] adapted the method to
prove arithmeticity in four more cases. On the other hand, Brav and Thomas [4]
have proved that 7 of these hypergeometric groups are thin. In particular , they
prove

THEOREM 7.2 (Brav and Thomas) Suppose f(X) = (X — 1)* and g(X) = ))((5:11.
Then the hypergeometric group H(f,q) C Spa(Z) (is Zariski dense in Spq and)
has infinite index in Spqo(Z); in particular, it is a thin monodromy group.

To sum up, out of these fourteen families, 7 are arithmetic ([11], [10]) and 7
are thin [4]. Theorem 7.2 is the first example of a “higher-rank” thin monodromy
group whose Zariski closure is a simple group.

7.4. Questions
As was mentioned before, there is no general criterion to determine when a group

is thin or not. Consider the hypergeometric H(f,g) associated to

B Xn+1 -1

fX)=(X-1", g(X) Tx_1
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say, with even n. It is easy to deduce from [3] that H(f, g) is Zariski dense in Sp,,.
When n = 4, this is the group considered in Theorem 7.2 and is thin. However, for
n > 6 and even, it is not known if the group H (f, g) has infinite index in the integral

symplectic group. In particular, let us consider the subgroup I' of Spg(Z) ~ Spa(Z)
X7-1
X—1

generated by the companion matrices of (X —1)8, . It is not known if " has

finite index or not.
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Abstract: Zabreiko [3] proved a lemma in 1969 (50 years ago!) on
the continuity of seminorms in terms of its countable subadditivity.
All the four basic theorems of functional analysis, namely, the open
mapping theorem, closed graph theorem, bounded inverse theorem
and uniform boundedness principle can be derived in a somewhat
uniform fashion from the lemma. In fact, these deductions are fun!
It is strange that this lemma is not as popular as it should be with
the authors of the textbooks on functional analysis. The aim of this
article is to give a detailed exposition to the lemma, its proof and the
derivations of the four theorems. Experts can skip a lot of routine
steps and see how easy the lemma and the deductions are.

Let X be a vector space over K =R or K = C. We say that a map p: X — R is

a seminorm if it has the following properties:
(i) p(x) > 0 for all z € X.
(ii) p(tz) = |t|p(x) for t € K and z € X.
(il) p(z +y) < p(x) + p(y) for z,y € X.

Note that p(0) = 0 since p(0 - z) = Op(z) = 0 where x € X.

Thus p is a norm if (i) is strengthened: p(x) > 0 for x € X and p(x) = 0 iff
z=0.

How to get seminorms on a vector space X7 Let T: X — Y be any linear
map. Assume that Y is a normed linear space. Define p(x) := ||Tz||. Then p is a
seminorm. (Do you see why it may fail to be a norm?)

Before Zabreiko’s lemma, let us understand the geometry of sets associated with
a seminorm p on a vector space X.

Let B := {z € X : p(z) < 1}. (This is something like an open unit ball if p
were a norm. If you keep this in mind, the next three claims are credible!) Let
Ay :={x € X : p(x) < n}. Note that 4,, = nB.

We claim that X = U;~otB. Let s := p(z). If t > s, then we claim that x € ¢B.
For, p(z/t) = p(z)/t = s/t < 1. Hence x/t € B and hence = € tB. In particular,
X = UyA,. For, sB C tB if 0 < s < t and given any t € R, by Archimedean
property of R, there exists n € N such that ¢ < n. Hence if x € tB, then =z € nB.

We next claim that A,, is convex. For, let z,y € A,, and t € [0, 1]. Observe

p((1 =)z +ty) < p((1 —t)z) +p(ty) = (1 — t)p(x) + tp(y) < (1 —t)n +in =n..
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We claim that each A, is symmetric, that is, A, = —A,, equivalently, = € A,
iff —xz € A,,. This follows from the fact that p(x) = p(—x).

Let (X, || ||) be a normed linear space and p a seminorm on X. We say that a p
is continuous on X if the map p: (X,| ||) = R is continuous.

An easy observation is that p is continuous on (X, || ||) iff p is continuous at
0 € X. Let us prove the nontrivial part. Let p be continuous at 0. Let z € X. We
claim that p is continuous at z. Let € > 0 be given. By the continuity of p at 0,
there exists § > 0 be such that

lz|l <6 = p(2) <e. (1)

Let y € X be such that ||y — x| < 6. Note that p(y) =p((y —x) +z) < p(y —x) +
p(z). Hence p(y)—p(z) < p(y—=) < e. Similarly, p(z) = p(z—y+y) < p(z—y)+p(y)
and hence p(z) —p(y) < p(z —y). Observe that p(z—y) = p(—(y—=)) = |- 1|p(y —
x) = p(y—x). Thus we have proved |p(y)—p(z)| < p(y—z) < e. Thus the continuity
of p at x is established.

If p is continuous, we claim that there exists C' > 0 such that p(z) < C||z|| for
x € X. Since p is continuous at 0, let us assume that (1) holds. If x is nonzero, let

us consider z := 2”‘;“3:. Then || z|| < § and hence p(z) < €. But this says

p( ) x)<e:»p<x><2€uxu
2] |

So, we may take C' := 25—5.

Let (x,) be a sequence in the normed linear space X. Assume that ), is
convergent in X. That is, if s, := >} ), then there exists € X such that
|sp — || — 0. We denote this by > x, = x. We say that ) x, is absolutely
convergent or norm convergent if the series ) | z,| (of nonnegative terms) is
convergent.

It is well-known that if X is a Banach space any absolutely convergent series is
convergent.

Assume that p: (X, | ||) — R is a continuous seminorm. We claim that p is
countably subadditive: If )"z, is convergent then p(}>  x,) < > p(xy). Note
that the countable subadditivity of p is relative to the norm || ||. Also, if >

is absolutely convergent, then p(>_ x,) < > p(zs).) Let s, be the n-th partial
sum of the series. Assume that s,, — « and hence z = ) x,. Since p is continuous
p(sn) = p(z) =p(3>,, xn). Let t, := > p_; p(x). Then (t,) is increasing sequence
of real numbers and if it is bounded (above), it converges to ¢t := LUB {t,, : n € N}.
In particular, for each n € N, we have t,, < ¢. If (¢,) is not bounded above, then
>, tn = 00. Since we wish to show that p(>_, x,) < > p(x,), we may as well
assume that ) p(x,) is finite, say, t. Now, observe that

p(sn) <p(x1) + - +plan) =t, < t.

Hence p(z) = lim p(sy,) < t. Thus the claim is proved.
Zabreiko’s lemma says the converse of our claim is true provided that X is a
Banach space.

LEMMA 1 (Zabreiko) Let (X, || ||) be a Banach space. Let p be a countably subad-
ditive seminorm on X: if Y x, is convergent, then p(}_, xn) < >, p(xyn). Then
p s continuous.
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Proof. Let A, be defined as above.

Let F,, := A,, the closure of A, in (X,]|| |). Since 4, C F,, and X = U, A,,
we see that X = U, F,. Thus the complete metric space X is the countable union
of closed sets Fj,. Hence by Baire’s theorem, one of them must have nonempty
interior, say, Fiy. Therefore there exists a € X and R > 0 such that Bx(a, R) :=
{r € X : ||z —a|| < R} C Fy. Note that Bx(—a, R) = —Bx(a, R). For,

x € Bx(a,R) < ||z—a|| <R < |[—2+a| <R <= —z € Bx(—a,R).

Since Fl is symmetric (why?), as a consequence we see that —Bx(a, R) C Fy.
Now if ||z|| < R, then a4z € Bx(a,R) C Fx and z —a € Bx(—a, R) C Fy. Since
Fy is convex, we observe that

x=(1/2)(x —a)+ (1/2)(x + a) € Fi.

That is, using the geometry of Fy we proved that if B(a, R) C Fy, then B(0, R) C
Fy. (One can, in fact, show that B(0, R) C Ayx. See Remark 2.) But in stead, we
shall prove that B(0, R) C 2Ax.

Now we mimic the standard proof' of open mapping theorem to show that
B(O, R) C 2AN.

Let x € B(0,R) C Fy = Ay. Hence there exists 1 € Ay such that ||z — 21| <
27'R. Note that p(x1) < N.

Consider z—x1 € B(0,27'R) C 271 Fy = 271 Ay. Hence there exists x5 € 271 Ay
such that || (z — 1) — 22| = |[|* — (z1 + 22) || < 272R.

This is not required for the proof. It is required for the stronger version Theorem 6.

Note that p(z2) < 27'N. Note that

[z2] = & = (21 + 22) = (x —x) | < |z — 21 — 22| + ||z — 21|

<2?R+2'R=2"'R(1+2). (2)

Proceeding by induction, we obtain a sequence (x,) such that z,, € 271 Ay and
such that ||z — (x1 4+ -+ xp) || <27"R.

Hence we conclude that the series ), is convergent and = = ) x,. Note
that by our choice p(x,) < 27"TIN.

Since p is countably subadditive, we see that

p(z) =p <Z :vn) < plan) <NDY 27" <2N.

So what have we proved? If x € B(0, R), then p(z) < 2N. From this it follows that
if £ > 0 is given, we can choose ¢ := %. Then we have

|z]| <0 = p(z) <e.

That is, p is continuous at 0. [ |

We shall make use of the following two easy facts often:
(i) Let X be a Banach space. If (z,) is a sequence in X such that ) ||z ||

Do not worry, if you have not seen a proof of OMT.
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is convergent, then ) x, is convergent. (The converse is also true, but we do not
need it.)

(i) Let T'€ BL(X). Let ), x, be convergent. Then T'(}", x,) = >, Txy.
In particular, Zn Tz, is convergent.

We now use Zabreiko’s lemma to deduce the Bounded Inverse Theorem (BIT),
Close Graph Theorem (CGT), Uniform Boundedness Principle UBP) and Open
Mapping Theorem (OMT) The fun part of the proofs is to guess the appropriate
seminorm for the case on hand. We shall give the hints and work out the details
below.

BIT | Use p(y) :== |7 '(y)||

CGT | Use p(z) := || Tz

OMT | Use p(y) := inf{||z|| : Tz = y}.
UBP | Use p(z) :=sup{||Ti(z)| : i € I}.

Let us deal with each of these results one by one.

THEOREM 2 (Bounded Inverse Theorem) Let X and Y be Banach spaces. Let
T: X =Y be a bijective continuous linear map. Then T~':Y — X is continuous.

Proof. We need to estimate HT‘lyH for y € Y. This suggests that we consider
p(y) =T~ W)

Since T~ is a bijection, p is well-defined. It is easy to verify that p is a seminorm.
As a sample, we shall show that p(y; +y2) < p(y1) + p(y2):

Pyt +y2) = [T o+ ) || = |77 () + T () |
<77 )| + 77 (w2) |
=p(y1) + p(y2).

We wish to show that it is countably subadditive. The nontrivial case arises only
when ) p(yn) is convergent. So, we assume that ) p(y,) < oo. Let Tz, =
Yn, then this means that ) |z,| < oco. Hence the series ) x, is absolutely
convergent, since X is a Banach space. Let = := )" x,. We claim that > vy,
is absolutely convergent in the Banach space Y. For, > |lynl = >, |Tzn| <
T >, [|zn||- Let y := 3", yn. Note that Tz = y. We now have

p (Z?hz) =p) =T W) | =l <> Izl =D plyn)-

Since Y is complete, by Zabreiko’s lemma p is continuous. Hence there exists C
such that p(y) < C'ly|| for y € Y. That is, HT*IyH‘ < Cly| for y € Y. We
conclude that 771 is continuous linear map and so 7! € BL(Y, X). [ |

THEOREM 3 (Closed Graph Theorem) Let X and Y be Banach space. Assume
that T: X — 'Y is a linear map such that its graph {(z,Tx) : x € X} is a closed
subset of X @Y. Then T is continuous, that is , T € BL(X,Y).

Proof. We need to estimate ||Tz||. Hence we let p(z) := || Tz||.

It is obvious that p is a seminorm. We check whether it is countably sub-
additive. Let ) x, be convergent. Again, the only nontrivial case is when
YonD(@n) = >, |Txy| is finite. So we assume that ) |7Tz,| is convergent.
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Since Y is complete, the series Y Tz, is convergent. Let vy, := Y ,_; ). Then we
have v, = Y 7 | . Note that Tv, = > ) Txr — Y o Txy,. Thus, we see that
O pr @, iy Tag) = (o2 @ny > opey T'xy). Since the graph of T is closed, we
deduce that T'(> ", ) = Y, T'zy. it follows that

Hence p is continuous and hence there exists C' > 0 such that p(z) < C||z||, that
is, || Tz || < C||z|| for z € X. Therefore, we conclude that T is continuous. [ |

p(z Tn) =

T(Z Tn)

Z Tx,
n

< S ITwall = 3 plaw).

THEOREM 4 (Uniform Boundedness Principle) Let X be Banach space and Y a
normed linear space. Let T; € BL(X,Y) for each i € I. Assume that for each
x € X, there exists Cy such that sup{||Tiz|| : i € I} < Cy. Then there exists C > 0
such that sup{||T;|| : i € I} < C.

Proof. Since we wish to show that {||7;]| : ¢« € I} is bounded above we define
p(x) = sup{| Tz | < 7 € I},

It is easy to check that p is a seminorm. Let ) x, be convergent. Let = :=
> n Tn. We verify the countable subadditivity.

:ie[}

ciel } , using the continuity of T;

P (Z :cn> = p(x) = sup { T, an)

n

~n{| s

< sup {Z | Tizp || : i € I} , using the continuity of the norm
n

<" sup{||Tiaa | £ € I}, since || Ty || < supf | Tie |}
n 3

= Zp(xn)
n

Hence p is continuous by Zabreiko’s lemma. Hence there exists C' > 0 such that
p(z) < Cllz| for all x € X. If we recall the definition of p, we see that || T;z| < C
for each ¢ € I and each unit vector x € X. The result follows. [ |

THEOREM 5 (Open Mapping Theorem) Let X and Y be Banach spaces. Let
T: X =Y be a continuous linear map from X onto Y. Then T is an open map,
that is, T maps any open set X to an open set of Y.

Proof. Guessing p in this case is a little tricky or subtle. For motivation, see Re-
mark 1.

We let p(y) := inf{||z]|| : Tz = y}. Let y1,y2 € Y. Given any £ > 0, we shall
show that p(y1 + y2) < p(y1) + p(y2) + €. Since € > 0 is arbitrary, it yields the
desired inequality, namely, p(y1 + y2) < p(y1) + p(y2). Since p(y;) is the GLB of
the set {||z|| : To = y;}, the quantity p(y;) + (¢/2) is not a lower bound for the
set. Hence there exists x; such that ||z;| < p(y;) + (¢/2), j = 1,2. Note that
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T(z1 + x2) = y1 + y2 and hence
p(y1 +y2) < [lz1 + 22| < [l ]l + 22l < py1) + (6/2) + p(y2) + (/2).

We have therefore proved p(y1 + y2) < p(y1) + p(y2).
Let ¢ € K be nonzero. Then

pley) = nf{||z || : Tz = cy}
= inf{||cx| : Tz =y}

= le[inf{]z ]| : Tz =y} = [¢[p(y).

We now prove countable subadditivity.?

Let >, yn be convergent. As usual, we may assume that ) p(yy) is convergent.
Let € > 0 be given. Arguing as in the beginning of this proof, we can assert the
existence of x,, such that ||z, || < p(yn) +27 "e. It is clear that ) x, is absolutely
convergent:

Szl < (plyn) +27%) = plyn) + <.

Since X is complete, we see that )z, is convergent. Since T is continuous, we see

that T(>, xn) = >, TTn = >, Yn. Since T'(>,, xn) = >, Yn, by the definition
of p, we see that p(y) <[>, zn||- Now observe

p<zyn)§ D an|[ <D el £ plyn) +e

Since € > 0 is arbitrary, we conclude that p is countably subadditive. Since Y is
complete, by Zabreiko’s lemma, p is continuous. Hence p(y) < C'||y|| for some C
and for all y € Y.

We shall show that T'Bx is open. If y € T By, there exists x € Bx such that
Tz = y. Hence by the definition of p, p(y) < [|z| < 1. Conversely, if p(y) < 1,
then we claim that there exists x € X such that Tz = y and ||z|| < 1. For, since
T is onto, there do exist x € X such that y = Tx. If each such x is such that
||z|| > 1, then p(y) > 1 by the very definition of p. Hence there exists x € X such
that Tz = y and ||z|| < 1. Thus we see see that

T(Bx)={y € Y : 3z € Bx such that Tz = y}
={yeY:py <1}

Since p is continuous, the set {y € Y : p(y) < 1} = p~!(—o0,1) is open. Thus, we
conclude that T Bx is open.

We now show that 7' is an open map. Let U C X be open. Let y € TU. Then
there exists © € U such that Tx = y. Since x € U and U is open, there exists r > 0
such that B(z,r) C U. Since B(z,r) = = + rB(0,1), we see that T(B(x,r)) =
Tx 4+ rTBx = y+ rT'Bx. Since the translation and the scalar multiplication by

2Do you recall how you proved the countable subadditivity of the outer measure, (or the countable union
of sets of measure zero is again of measure zero) in Lebesgue theory of measure and integration? We shall
adapt the same argument.
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nonzero numbers are homeomorphisms, it follows that T (B(z,r)) is an open set
and we have y € T(B(x,r)) C TU. Thus every point of TU is an interior point
and hence T is open. [ |

The rest of the article deals with some technical remarks and improvements of
Zabreiko’s lemma.

Remark 1 The standard practice is to derive BIT from OMT and then show BIT
implies OMT. Inspired by this, we can adapt the argument of BIT and offer a
seemingly different proof of OMT.

Let X and Y be Banach spaces. Let T: X — Y be a continuous linear map
which maps X onto Y. Let Z := ker T'. Then Z is closed linear subspace and X/Z
is a Banach space with the quotient norm. We have the induced map A: X/Z — Y
defined by A(z+ Z) = Tz. This is well-defined bijective continuous linear map. We
claim that A™! is continuous. We define p(y) := || A~!(y)||. Note that A~!(y) is a
coset of the from = + ker T in X /Z. If you recall how the quotient norm is defined,
you will now understand why we defined p as we did in the proof of OMT.

Let ), yn be an absolutely convergent series in Y. Let y :== > . To prove that
p is countably subadditive, we may assume as usual that ) p(y,) is convergent.

()l () ()
=A7'4 <Zn: Alyn> (3)

= Z Ailyn
S A ]| =D p(yn)-

IN

We are not manipulating symbols. The equality (where we pulled A out) needs
justification. Can you see how to justify it?

Observe that the series Y A~'y, is absolutely convergent since ||A7'y,| =
p(yn) and by our assumption > p(y,) is convergent. Hence A(Zn A*1y7l)

Zn AAilyn'

By Zabreiko’s lemma, we conclude that p is continuous. Hence there exists C' > 0
such that p(y) < C|ly| for y € Y. That is, || A" y|| < C||y|| for y € Y. Hence A~
is continuous. Therefore A is a homeomorphism and in particular, it is an open
map. Let m: X — X/Z be the quotient map. Then it is well-known that 7 is an
open continuous linear map. Since T' = A o 7, we conclude that T is open, being
the composition of two open maps.

We now state the original version of Zabreiko’s lemma which is stronger than
our version above.

LEMMA 6 (Zabreiko) Let (X,| ||) be a Banach space. Let p be a countably subaddi-
tive seminorm on X : if Y x,, is absolutely convergent, then p(}_, xn) < > p(xn).
Then p is continuous.

Proof. Why is this a stronger form? We need to check only ‘less number’ of condi-
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tions for the seminorm, namely, the we need to show p(>,, z,) < >, p(xy) only if
>, Tn is absolutely convergent.

The proof we have given above still works. We need only observe that the se-
quence (xy) is such that )y, is absolutely convergent. As in (2), we see, by
induction that

[Tl = |z — (@1 4+ +2pg1) — (= (21 + -+ 20)) ||
<lz—(@i+-+zor) | +llz— (21 4+ +20) ||
<2 "R+ 2 "IR=3R.27"L

We deduce from this inequality that > | z,| < 3R and hence it is absolutely
convergent. (]

Remark 2 Keep the notation of the proof of Zabreiko’s lemma. We claim that
B(0,R) C An. We prove this following the ideas in [2].

Let z € B(0,R). Let 0 < ||z|| <7 < R. Let y := 2. Then y € B(0,R) C Ay.
Choose § such that 0 < 0 < 1— 1. Hence there exists yo € Ay such that|y — yo|| <
0R. We estimate || yo|:

lyoll = lly —vo —yll < lly —woll + [yl <R+ R = R(1 +9).

Look at +(y — yo) € B(0, R) C An. Hence there exists y; € Ay such that

<R, (4)

H %(y —Y0) — 1

From (4) we deduce the following.

1 1
o1l = ' v =5 =v0)+ 5~ w) ‘
< [l - 5 -w)||+ |5 -w)
> (| 5 Y — Yo 5 Y—%Yo
<OR+R=R(1+0). (5)
Again from (4), we find that
1
‘ 5*2(9*?/0 — 6y1) ‘ <R. (6)

Since 5 (y —yo — 0y1) € B(0, R) C Ay, there exists y» € Ay such that

1
‘ ﬁ(y—yo—&/l)—yz < JR. (7)

As earlier, from (7) we make two observations.

<SR+ R=R(1+4), by (6). (8)

1
o2l < 6+ | 5t 30— o)
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The second observation is this:

I

5*(!/ — Yo — 0y1 — 0%y2)

‘ < R. (9)

Assume that we have got a sequence (yy)}'_, such that

1 n n
o= 0'm)|| < B, thatis, |ly—> 0"y, || < "R (10)
k=0 k=0
Hence there exists y,11 € An such that
1 =
5 y—Z(S Yk | — Yn+1]| <OR. (11)
k=0
From (11), we obtain
n+1
Y — Z Fy |l < 6"FLR. (12)
k=0
n+1

Thus we have a sequence (yx),", and satisfying (10) with n replaced by n + 1.
Also, from (11), we get

lyns1ll <R+ < O0R+ R, by (10). (13)

1 n
5 (y -> 5’“yk>
k=0

Thus, we get a sequence (yn)nez, in Ay such that

y—> &y

k=0

< "R, foreachne€Zy.

Hence we see that the series converges to y: y = > 7 8Fyp,. Also, we see that

i H Lo H < i SH(R(1 +6)).
k=0 k=0

Hence the series > 2 8y, is absolutely convergent.
By hypothesis,

p(y) =p (Z 5’“yk> <> 8 plyr) = fl(sN
k k

Hence p(z) = p(5y) < 155N < N. Thus, z € Ay.
Let € > 0 be fixed. Let z € X be given. Let A := (ITI?H:EH Then Az € B(0, R)
and hence p(Az) < N, that is,

= —=—l=l.

N _(1+¢)N
A R
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Thus p is continuous. [ ]

Remark 3 There is an interesting background to our article. When we were work-
ing on a book on functional analysis, we proved the standard observation that closed
graph theorem (CGT) is equivalent to open mapping theorem (OMT). Recall that
it is a standard practice to prove open mapping theorem first and then derive closed
graph theorem and then show that the CGT implies OMT. Thus OMT and CGT
are equivalent. We started wondering whether there is direct proof of closed graph
theorem. We stumbled upon a classic [1]. Kato gives a direct proof of CGT. We
found that the argument is very similar to the one for OMT (and similar to the
proof of Zabreiko’s lemma, more precisely where we establish B(0, R) C Aay.) This
made us ask the obvious question: Is there some underlying principle from which
we can deduce CGT and OMT? A google search brought [2] to our attention.

If this article makes Zabreiko’s lemma well-known among students of Functional
Analysis, our purpose would be served.

Acknowledgement: This article is based on the post [2]. I thank D. Sukumar,
I[IT-Hyderabad and G. Santhanam, IIT-Kanpur for a careful reading of the article
and valuable suggestion for its improved readability.
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1. Introduction

The theory of h-principle deals with partial differential equations or more general
relations which arise in Topology and Geometry. Such differential relations have a
very distinctive feature: Very often the system is under-determined and have many
solutions. Furthermore, the solution spaces are dense in the space of all admissible
functions. This is in contrast with the PDE’s which arise in Physics where the
solutions are few. This aspect of the analytic problems in Geometry and Topology
gives rise to homotopy theoretic approach in addressing analytic questions.

General theory of h-principle (h for homotopy) unfurled through a series of papers
by M. Gromov in the late 60’s and early years of 70’s, the seed of which was laid
by Whitney, Nash, Smale and Hirsch during the 50’s and 60’s. We recall some of
the major results that were proved during this period:

1.1. C'-isometric immersion theorem

THEOREM 1.1 (Nash-Kuiper[16],[13]) Let (M,g) be a Riemannian manifold of
dimension n. Let h denote the canonical metric on R?. If ¢ > n and M admits a
smooth immersion fo (resp. embedding) in RY, then there exists a Cl-immersion
(resp., embedding) f : M — RY such that f*h = g. Moreover, f is homotopic to fy
via smooth immersions.

Nash proved the theorem for ¢ > n+1 and conjectured that it can be improved to
q > n. Soon after that, Kuiper showed that the conjecture is indeed true; however

*Corresponding author. Email: mahuya@isical.ac.in
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his techniques were much more involved than that of Nash.

The isometric immersion relation is locally defined by a system of first order
partial differential equations; hence it is a closed relation. Indeed if {g;;} are the
coefficients of the metric tensor g, then the isometry relation can be expressed
locally by a system of partial differential equations:

of of .
=g, 1<i<j<
Ox; Ox; g, lsisjsnm (1)

Theorem 1.1 is counter-intuitive at the first glance, since the above system of
PDE is over-determined for ¢ < n(n + 1)/2. Hence, Nash’s result came as a big
surprise, for it implies that isometric C' immersions (resp., embeddings) are plenty
and, in fact, dense in the space of all strictly short immersions (resp., embeddings).
As an interesting consequence of the above result, one gets that a Torus with flat
metric embeds C'-isometrically in R3. Clearly this can not be true for C? immer-
sions, since the curvature tensor associated to the metric g must be preserved.
Thus C! isometric immersions are not geometrically interesting. However, the re-
sult shows that there are plenty of such pathological solutions to the isometric
immersion equation.

Nash described an explicit and very elegant way to obtain a C! solution to the
isometric immersion problem. It is obtained as the C'!-limit of a sequence {fx} of
approximate C° solutions to the given equation (e-approximate solution means
that the difference between the induced metric and g is e-small in the C° norm).
The sequence is constructed recursively and the k-th approximation fi is obtained
from the (k — 1)-th approximate solution using some twisting maps which deforms
a function only locally. Each approximate solution in the sequence is an improved
one over the preceeding maps in the sequence. The process converges to a C!
isometric map as the C'-distance between two successive approximation is kept
under control.

1.2. C°° Isometric Immersion theorem

C*° Isometric Immersion theorem (1956) [17] is the most celebrated result of Nash.
It involves a sophisticated technique of proving the existence of C'°° isometric
immersions of a Riemannian manifold (M, g) into some Euclidean space R?, by
establishing and appealing to an infinite-dimensional Implicit Function Theorem
(IFT) for the isometric immersion operator

D : C*(M,R?) — Riemannian metrics on M

defined by D(f) = f*h, where h is the canonical riemannain metric on R?. The
operator D is a non-linear first order partial differential operator. Nash observed
that the linearization of D at a free map f, denoted by Ly, has a right inverse My,
which is a linear differential operator of zero-th order. A smooth map is said to
be free if its first and the second partial derivatives at each point form a linearly
independent set. Thus the set of free maps constitute an open subspace in the
fine C*°-topology. It follows from the Implicit Function Theorem that D is locally
invertible at free maps and hence the image of the space of free maps under D
is open in the space of Riemannian metrics on M. A necessary condition for the
existence of free maps and hence for the infinitesimal inversion is that ¢ > qg =
n+n(n+1)/2.
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Starting with a free approximate solution f to the equation D = g, one can con-
struct by Newton’s method a sequence of free approximate solutions by using the
infinitesimal inversions My of D at free maps. But the Newton’s process does not
necessarily converge. Nash’s major contribution is to introduce certain smoothing
operators in the process to make it converge. This proves local invertibility of D
at free maps.

By strengthening the technique employed in C'-isometric immersion theorem,
Nash showed that a free map fy can be homotoped in any given C® neighbourhood
of it to an approximate solution f so that f*h is e-close to g for an arbitrary € > 0.
This step requires that ¢ must be bigger than gy + g1, where ¢; > n(n+3). If € is
small enough, then the implicit function theorem guarantees an f’ satisfying the
relation D(f') = g.

THEOREM 1.2 ([17]) A compact n-manifold with a C* positive metric has a C*
isometric imbedding in any small volume of euclidean (n/2)(3n+11)-space, provided
3<k <oo0.

1.3. Homotopy Classification of Immersions

During 1958-59, S. Smale ([20], [21]) gave a complete homotopy classification of
immersions of spheres in Euclidean spaces. M. Hirsch [12] followed up this work by
proving a homotopy classification of immersions between two arbitrary manifolds.
Unlike the previous examples, the immersions are not solutions to any equations,
in fact, they satisfy an open condition.

The Smale-Hirsch theorem may be explained as follows: If f : M — N is a
smooth immersion then its derivative df : TM — TN is a bundle monomor-
phism. Let Imm(M, N') denote the space of smooth immersions with C° compact
open topology and let Mono (T'M, T'N) denote the space of bundle monomorphisms
(F,f): TM — TN with C°-compact open topology.

THEOREM 1.3 (Smale-Hirsch Immersions Theorems [20],[21],[12]) If dim M <
dim N then

d: Imm(M,N)— Mono(TM,TN)

is a weak homotopy equivalence.

In the modern language, the result can be restated as follows: That the C*°
immersions satisfy the parametric h-principle. This is the first instance of complete
h-principle. The proof of the theorem utilizes a handle-body decomposition of M:

MoCcMyC---CMp_1CM,C...M

where My is a disc and M}, is obtained from Mj_; by attaching either a collar
neighbourhood or a handle along the boundary of Mj_;. A formal immersion is
first made homotopic to a C'*° immersion over My and then extended to each Mj,
k=1,2,... successively to get a global immersion.

Smale-Hirsch Immersion Theorem implies that the topology of the space of im-
mersions between two manifolds is completely captured by the topology of the
space of bundle monomorphisms between their tangent bundles. While the ques-
tion of existence of immersions is a differential topological problem, the existence
of a bundle monomorphism is purely an algebraic one which can be addressed with
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algebraic topological techniques like obstruction theory.

It is a simple fact that the identity map of the sphere is not homotopic to the
antipodal map. However, Smale’s theorem concludes that the inclusion map of S?
in R3 is regularly homotopic to the antipodal embedding a : S? — R? which takes
x to —zx. This is known as the Sphere eversion theorem.

The above three work are foundation to the theory of h-principle. Among other
contemporary work that preceded Gromov’s 1969 article are the homotopy clas-
sification of submersions [18] and transversal maps [19] due to A. Phillips and
classification of k-mersions by S. Feit [5].

Around 1969, Gromov [8] introduced a general theory for partial differential re-
lations, known as the theory of h-principle, which brought all these work within a
common framework. Theory of h-principle provides a homotopy theoretic approach
to address the questions of existence and classification of solutions of partial dif-
ferential relations which arise in topology and geometry.

2. Partial Differential Relations and h-principle

Partial differential equations are, most often, difficult to solve. In fact, there is no
satisfactory theory to deal with a general PDE. The theory of h-principle provides
a general approach to deal with a large class of partial differential relations arising
in geometry and topology.

The main objective is to understand the topological types of the space of smooth
maps - namely immersions, submersions, isometric maps as observed above or the
space of geometric structures on manifolds - namely Riemannian metrics, symplec-
tic forms, distributions - which are characterized by differential relations.

2.1.

An r-th order partial differential equation for functions f : R™ — R™ is a relation
between partial derivatives of f up to order r which is expressed in the form of an
equation. To each C" map f : R” — R and a point z we can associate the tuple

of
’ (%c,

of

(f(x) ,---,m(w))

()

which is called the r-jet of f at x. A general r-th order partial differential equation
for functions f : R™ — R is then given as follows:

0 a"

U(x, f(z),

where V¥ is a continuous real valued map on R?, ¢ =n + (?) +--+ (:})

Replacing the partial derivative functions in (2) by continuous functions a;, .. ;,’s
we get an algebraic equation:

U(x,a0(z),ai(z),...,ai, i (x)) =0. (3)

A solution to equation (3) is called a formal solution of (2). If the given differential

equation (2) has a solution then clearly (3) is solvable by a g-tuple of continuous

functions, where ¢ = n + (Tf) + -4 (:f) As such there is no reason to believe
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that the converse - that the solvability of the algebraic equation (3) will imply
the solvability of the PDE (2) - would be true. However, since equation (3) is
much simpler to deal with, it is worth investigating if there is any condition on (3)
which would guarantee the converse. In essence, the PDE (2) is said to satisfy the
h-principle provided the converse has an affirmative answer.

Main Question. When can we reduce the solvability of equation (2) to that of
(3). Equivalently, when does the existence of formal solution to equation (2) implies
that (2) is solvable?

2.2. Formal definitions

A manifold M is locally homeomorhic to an open subset of an Euclidean space;
however, there is no canonical coordinate system on a manifold. Therefore, the
definition of a partial differential equation on manifolds must follow a coordinate
free language.

Let f: M — R be a smooth map. The r-th order infinitesimal information of
f at a point z is encoded in the r-jet

j3(@) = (f(2), Df(2), D*f(=),..., D" f(x)),

where DFf(x) denotes the k-th derivative of f at 2 which is a symmetric k-
multilinear map on 7, M with values in T't,)N. The space of r-jets of germs of
smooth maps between manifolds M and N is denoted by J" (M, N). There is a
canonical map p") : J"(M,N) — M which takes j}(x) onto x. This defines a
smooth bundle over M. Let I'(J"(M, N)) denote the space of sections of the r-jet
bundle.

If we endow C*°(M, N) with C* compact open topology and I'(J" (M, N)) with
CP-compact open topology then the r-jet map:

jr i C®(M,N) —=T(J"(M,N))

is continuous. Moreover, j" is injective and so C*°(M, N') embeds in I'(J" (M, N)).
An element in the image of j” is called a holonomic section of p(™).

It is easy to see that the space of sections of the 1-jet bundle J'(M, N) can be
identified with the space Hom (T'M,T'N) consisting of bundle morphisms (F, f) :
TM — TN, where Fy : T,M — TN is a linear map for all z € M. Then the
1-jet map can be replaced by the derivative map:

d:C®(M,N) — Hom(TM,TN)

More generally, one can consider a smooth fibration p : £ — M and the as-
sociated r-jet bundle p(™ : B — M, where (p"))~1(z) = (") is the space of
r-jets of germs of local sections of p at x. The r-jet map in this case is denoted by
§7 : T°(E) — T(E"). If F is a product bundle over M with fibre N then I'°(E)
can be identified with C*°(M, N).

Definition 1 ([10]) An r-th order partial differential relation for sections of a fibre
bundle p : E — M (in particular, functions M — N) is defined as a subset R of
E) (vesp. J'(M, N)).

To illustrate this definition, consider an r-th order partial differential equation
for smooth maps f : M — N between manifolds which can be described in the
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following form:

V(f(z), Df(z),D*f(z),...,D" f(x)) =0, (4)

where ¥ : J"(M,N) — R is a function on the total space of the r-jet bundle
J"(M, N). Using the r-jet prolongation J} we can rewrite it as

U(j5(x)) =0 forall z € M;

Thus, the subset R = ¥~1(0) in J"(M, N) encodes the partial differential equation
(4), and f is a solution if and only if J% has its image inside R.

Definition 2 ([10]) A smooth section f : M — E (resp. amap f: M — N) is
said to be a solution of R if its r-jet prolongation j; : M — E maps into the
subset R; in other words, J% is a section of R.

A section o : M — E) (resp. o : M — J"(M, N)) of the jet bundle which maps
M into R is said to be a formal solution of R.

A section of the jet bundle which is of the form jf} (for some section f of F) is
said to be a holonomic section.

Ezxzample 1 The following classes of maps are solutions to first order partial differ-
ential relations: (a) Immersions, (b) Submersions, (c) transversal maps, (d) sym-
plectic forms, (e) contact forms, (f) isometric immersions, (g) symplectic immer-
sions, (h) contact immersions. The free maps are solutions of a second order partial
differential relation.

Let T'(R) denote the subspace of I'(E(")) consisting of formal solutions of R. We
denote the space of solutions of R by SolR C I'*°(FE), and endow it with the C'*°
compact-open topology. Then the r-jet map j" : SolR — I'(R) is continuous.
Since j" is injective, we can identify the space of solutions of R with the space of
holonomic sections of R.

Definition 3 A relation R is said to satisfy the h-principle if every formal solution
o of R can be joined by a path in I'(R) to a holonomic section. In other words, there
exists a solution f of R such that J% 1s homotopic to o through formal solutions of
R.

R is said to satisfy the parametric h-principle if j7 induces bijections between
the homotopy groups of the two spaces:

(") : (S0l R) — mp(I(R)), k=0,1,2,....
Hence, h-principle reduces a differential topological problem to an algebraic one.
It does not guarantee the existence of solutions but says that the only obstruction to

the existence is topological. Existence of solution would follow from the h-principle
provided the topological obstruction vanishes.

3. Sheaf theoretic and Analytic techniques in h-principle

Gromov introduced several global techniques [10] in the theory of h-principle which
may be applied to a large class of differential relations.

e Sheaf theoretic technique - this has its origin in the Smale-Hirsch theory.
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e Convex integration technique [9] - the theory is based on Kuiper’s approach
to Cl-isometric embedding problem

e Analytic technique - this is rooted in Nash’s work on C'*° isometric immersion
theorem

The theory has given a new direction to study the differential relations which
appear in Geometry. It has unified many results that were already existing; at the
same time it has produced a number of new results as simple corollaries. Here we
shall discuss about the sheaf theoretic and the analytic techniques.

Throughout we consider E — M to be a smooth fibration and R ¢ E(™ an r-th
order partial differential relation.

3.1. Gromov’s theorem for Open Diff-invariant relations and
sheaf technique

The first general result in the theory of h-principle concerns about relations R
which are open subsets of jet spaces, referred as open differential relations.

THEOREM 3.1 ([8]) Let M be an open manifold. Then every open, Diff(M)-
mwvariant differential relation satisfies the parametric h-principle.

Here Diff(M) denotes the pseudo-group of local diffeomorphisms of M. If the
fibration F is a natural bundle, e.g., a product bundle, or a tensor bundle then there
is a natural pull-back action of Diff(M) on the space of sections of E. This action,
in turn, induces an action on the jet-space E(") . Generally, if there is a Diff(M)
action on the jet space which keeps R invariant then we say R is Diff(M) invariant.
The hypothesis of Theorem 3.1 is purely topological. The theorem manifests how
topology can control answers to analytic questions.

The structure of the proof is based on the following theorem.

THEOREM 3.2 (Sheaf Homomorphism Theorem [10]) Let ® and ¥ be two topo-
logical sheaves on a manifold M and o : ® — ¥ is a sheaf homomorphism. If the
sheaves ® and ¥ are flexible and « is a local weak homotopy equivalence then « is
a weak homotopy equivalence. In other words, o induces isomorphisms between the
homotopy groups of ® and V.

A sheaf is said to be flexible if for every pair of compact subsets (4, B), A D B,
the restriction map ®(A) — ®(B) is a Serre fibration. By a local weak homotopy
equivalence we mean that the restrictions of « to the stalks, oy : ®(z) — ¥(x),
x € M, are weak homotopy equivalences.

In order to prove Theorem 3.1, we take ® to be the sheaf of solutions of the
relation R and ¥ the sheaf of sections of the jet bundle with images contained
in R. Then the r-jet map 57 : ® — W is a sheaf homomorphism. Now, it is a
topological fact that ¥ is a flexible sheaf. Since R is an open relation, j" is a
local weak homotopy equivalence, in fact, openness of R directly implies that if
j}(l’) € R then f is a local solutions of R near x. The subtle part is the proof of
flexibility of the solution sheaf which requires the full strength of the hypothesis of
the theorem.

Flexibility of the solution sheaf does not hold true if the manifold M is closed. An
open n-dimensional manifold has a handle body decomposition having no handle of
top index and so the manifold is homotopically equivalent to an (n—1)-dimensional
CW complex K. In the proof of Theorem 3.1, one first proves flexibility of the sheaf
of solutions near K and here the positivity of the codimension of K is crucial.
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The theorem recovers Phillips trasnversality theorem [19], Smale-Hirsch Immer-
sion theorem. At the same time it gives several new results on open manifolds in
Symplectic and Contact geometry.

3.2. Applications in Symplectic and Contact geometry

A 2-form w on M is said to be non-degenerate if w™ is a volume form, where
dim M = 2n. Such a form defines a bijection between the space of vector fields on
M and the space of 1-forms on M:

X'—)ixw

where X is a vector field on M and ¢x denotes the contraction operator. In fact,
the bijection is induced by a bundle map T'M — T*M. A non-degenerate 2-form is
called symplectic if it is closed, that is dw = 0 which imposes a differential condition
on w.

A 1-form a on an odd-dimensional manifold M is called a contact form if aA(da)”
is non-vanishing, where dim M = 2n + 1. In other words, da is a symplectic form
on the sub-bundle ker a.

Non-degeneracy is clearly an open condition. Moreover, symplectic and contact
conditions are preserved under the pull-back action of Diff(M) on forms. Hence it
follows that both symplectic forms and contact forms on open manifolds satisfy
the parametric h-principle. These results may be interpreted as follows:

COROLLARY 3.3 If M is an open manifold then the space of non-degenerate 2-
forms on M has the same weak homotopy type as the space of exact symplectic
forms on M. Furthermore, if a € HC%GR(M) then the space of symplectic forms
representing the class a has the same weak homotopy type as the space of non-
degenerate 2-forms on M.

COROLLARY 3.4 Let M be an open manifold of dimension 2n + 1. The space of
contact forms on M has the same weak homotopy type as the space of pairs (3, 6)
consisting of a 1-form B and a 2-form 0 such that B A 0" is non-vanishing.

The above results imply that the obstruction to the existence of symplectic and
contact forms on open manifolds are purely topological.

4. Non-open, non-Diff invariant relations

The statement of Theorem 3.1 is quite illusive. It appears to have a limited scope
of application as it only considers open Diff(M)- invariant relations. However, the
scope of sheaf technique goes far beyond this and is applicable to many interesting
closed differential relations which arise from the partial differential equations. The
open-ness condition on the relation has two direct consequences - it implies that
the solution sheaf is microflexible, a weaker notion than flexibility (where only an
initial part of the homotopy F in a homotopy lifting problem is required to have
a lift) and that it satisfies the local h-principle. In fact, only these two properties
of open relations are exploited in the proof of Theorem 3.1. There are interesting
examples of non-open relations which satisfy these two properties. Flexibility of
solution sheaf, as observed above, is a difficult proposition to prove. However,
microflexibility, a weaker notion than flexibility, follows rather easily for many
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relations.

On the other hand invariance of R under the action of full Diff(M) group is also
not essential. What is needed is an acting subgroup D C Diff(M) which contains
enough ‘sharp diffeotopies’. Roughly speaking, a sharp diffeotopy is a compactly
supported diffeotopy &; such that the final map d; moves a given submanifold of
positive codimension sharply away from itself.

THEOREM 4.1 ([10]) Let R be a relation for which the solution sheaf ® is mi-
croflexible. Let R be invariant under an action of a subgroup D of Diff(M). If D
contains sharp diffeotopies, then the sheaf ®|n is flexible for any submanifold N
of M of positive codimension. In addition, if R satisfies the local h-principle then
Jj" @y — YN is a weak homotopy equivalence.

Note that, there is no restriction on the manifold N and it may also be a closed
manifold. Positive codimension condition on N provides extra space for acting
diffeotopies to move N sharply away from itself. This is crucial for getting flexibility
of the sheaf ®|y (®|y consists of solutions which are defined on some unspecified
open neighbourhood of N in M). In the previous theorem, the open-ness condition
on M provides an extra dimension to move K sharply by diffeotopy.

For dealing with differential relations on a closed manifold M, the idea is to
embed the manifold in a higher dimensional manifold M and to consider an appro-
priate extension relation R on it, in the sense that every r-jet in R is extendable
to an r-jet in R, and solutions to R when restricted to M give solutions of R.

4.1. Applications to Symplectic and Contact immersions

Definition 4 Let (N, o) be a symplectic manifold with a symplectic form o and
M be any manifold with a closed 2-form w on it. A smooth immersion f: M — N
will be called a symplectic immersion if it pulls back the form o onto w.

Any symplectic immersion f must pull back the de Rham cohomology class of
o onto that of w, that is f*[o] = [w]. Notice that this cohomology condition is
preserved under homotopy.

Let Sympy (M, N) denote the space of smooth symplectic immersions and
Sympy o(T'M,TN) denote the space of bundle maps (F, f) : TM — TN such
that F' is injective linear, F*o = w and f*[o] = [w].

THEOREM 4.2 (Symplectic Immersion Theorem [10]) Ifdim M < dim N then
d: Symp, (M, N) = Symp, o(TM,TN)

is a weak homotopy equivalence.

The complex projective space CP? has a symplectic form o which is U(q + 1)
invariant and which is normalized by ([o], [CP']) = 1. As a corollary to the above
theorem one can deduce that every symplectic manifold (M,w) of dimension n
admits a symplectic immersion into CP? provided the cohomology class of w is
integral and ¢ > dim M.

Next we state the Contact Immersion Theorem. Let (IV, §) be a contact manifold,
where the contact structure £ is defined as the kernel of a 1-form §. Then df
restricts to a symplectic structure on the subbundle £. Let M be a manifold with
a co-rank 1 distribution 7 defined by a 1-form «. A smooth immersion f: M — N
is said to be a contact immersion if (df)~!'¢ = 5. The derivative of any such f
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maps 7 into the contact distribution & and pulls back the symplectic structure
d'B = df|kere onto d'a = dal,.

THEOREM 4.3 (Contact Immersion Theorem [10], [4]) If dim M < dim N then
the space of contact immersions (M,n) — (N, &) is weak homotopy equivalent to
the space of bundle monomorphism F : TM — TN which satisfy the following two
conditions: F~1¢ = and F*(d'B) = d'a.

Symplectic and contact immersions are defined as solutions to certain differential
equations. Hence, the associated differential relations are closed relations. However,
both the sheaves - sheaf of symplectic immersions and the sheaf of contact immer-
sions - are microflexible. This is easily seen from the Moser’s stabilty theorem [14]
and Gray’s stability theorem [7]. In fact, the stability theorems provide local inver-
sions of the differential operators associated with the symplectic immersions and
contact immersions. On the other hand, the relations in both cases satisfy the local
h-principle by Darboux theorem.

4.2. Analytic Technique

In view of Theorem 4.1, it is important to understand which relations give rise
to microflexible solution sheaves and satisfy the local h-principle. As we have ob-
served in the previous section, if the relation is open, then the sheaf of solutions is
microflexible and we readily get local h-principle.

Among the closed relations are the ones that are associated with some smooth
partial differential operator D. The solutions in that case arise as the solution to
the equation Df = g for a given g.

Nash had observed in [17] that the Implicit Function Theorem may be formu-
lated for any smooth differential operator which admit appropriate infinitesimal
inversions. Working in the general set up, Gromov proves that if the operator is in-
finitesimally invertible on some subspace A consisting of smooth solutions to some
open relation, referred to as A-regular maps, then the image of A-regular maps
under D is an open subset. For isometric immersion operator, A-regular maps are
the free maps.

Gromov observed that the local inversions DJII of the operator D at f € A,
constructed via IFT have the ‘locality’ property. Since the local inverses are not
differential operators, they may not preserve the support of the function. However,
it can be ensured that the value of D;l(g) at any v € M depends only on the
value of g on the ball of radius 1 about v with respect to a pre-fixed metric on
M. Using this property, Gromov proves that the sheaf of A-regular solutions of
D(f) = g is microflexible. Further, it can be proved that an infinitesimal solution
of the equation D = g can be homotoped to a local solution provided regularity
is assumed. However, one may have to consider an infinitesimal solution in the
s-jet space for some s > r. Combined with sheaf technique, this now gives global
h-principle.

There are number of applications of the analytic and sheaf theoretic technique.
Gromov proved h-principle for C°° isometric immersions and thereby improved
Nash’s theorem by reducing the dimension of R, provided the dimension of the
domain is not too small. He also considered the isometric immersion problem on
pseudo-riemannian manifolds. The Symplectic immersion theorem and Contact
immersion theorem also follow from this general analytic technique if one wishes
to avoid the specific stability theorems in the Symplectic and Contact geometry.
We refer to Gromov’s book [10] for plenty of applications of this theory.
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4.3. Concluding remark

There is an overwhelming presence of h-principle in geometry and topology. Theory
of h-principle also extends to holomorphic set up on Stein manifolds [11] [6]. Recent
developments in the Symplectic and Contact geometry with several new h-principle
type results ([3], [1], [2], [15]) have renewed the interest in theory of h-principle.
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Abstract: In this paper we characterize the following:

(1) The pairs (Y, f) where Y is a subset of w? such that Y is a clopen subset
of w? and f is a self homeomorphism on Y which can be extended as a
self homeomorphism on w? with no periodic points in w? \ Y

(2) The pairs (Y, f) where Y is a subset of w? and f is a continuous self
map on Y which can be extended as a continuous self map on w? with
no periodic points in w? \ Y.

(3) Sets of eventually periodic points of continuous self maps on w?.

Keywords: Periodic point, Eventually periodic point, Ordinal Number

AMS Subject Classifications: 37C25

1. Introduction

Sets of periodic points have been characterized for self homeomorphisms and con-
tinuous self maps on w? in [2]. In the light of these results we consider the problem
of characterizing the sets of eventually periodic points of continuous self maps on
w?. Together with these sets we also characterize the pairs (Y, f) where Y is a
subset of w? and f is either a continuous self map or a self homeomorphism on
Y which can be extended to w? with no periodic points in w? \ Y. In the case of
homeomorphisms we assume that Y is clopen.

Definitions and Notations

Dynamical system is a pair (X, f) where X is a topological space and f is a contin-
uous self map on X. A point = € X is called a periodic point if f™(z) = « for some
n € N and the least such n is called the period of x. The set of all periodic points
of f is denoted by P(f) and the sets of periods of periodic points of f is denoted
by Per(f). A point x € X is called fixed point if f(x) = x. The set of all fixed
points is denoted by Fiz(f). A point z € X is called eventually periodic if f™(z)
is periodic for some n € N. The set of all eventually periodic points of f is denoted

*Corresponding author. Email: chiru.hcu@gmail.com,
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by <1_3_(]‘"—) A subset S of X is called forward f-invariant if f(S) C S. A subset of X
that is both closed and open is called clopen.

Hereafter X denotes the space w? that is homeomorphic to
{m —1—% :m,n € N}. Xy and X; denote the set of isolated points and the set of
limit points of X respectively. Given a subset S of X, we define the sets C; g for
i€{1,2,..,8} as follows:

(1) CI,S =SNX,

(2) CQ’S =5°N Xy

(3) 03’5: (SﬂXo\ScﬁXo)ﬂSﬂXl
(4) 04’5:SﬂXoﬁSCﬂXoﬁSﬁX1
(5) 05’5: (ScﬂXo\SﬂXo)ﬂSﬂXl
(6)
(7)
(8)

06’5:(SQX0\SCQX0)QSCQX1
07’s:SﬂXoﬂSCﬂXoﬁSCﬂX1
CS’S:(SCHXO\SQXO)HSCle.

2. Main Results

PROPOSITION 2.1 ([1],p.85) Every continuous self map f on a closed subset S of
X can be extended as a continuous self map g on X such that P(g) = P(f).

THEOREM 2.2 [2] Given a subset S of X, there exists a continuous self map f on
X such that P(f) =S if and only if S\ S is either empty or infinite.

THEOREM 2.3 [2] A subset S of X occurs as the set of periodic points for some
self homeomorphism on X if and only if the sets Cy 5, Cg5, C75, Cg s are either
empty or infinite.

THEOREM 2.4 If S is a clopen subset of X such that Cog and Cg g are either
empty or infinite then every self homeomorphism f on S can be extended as a self
homeomorphism g on X such that P(g) = P(f).

Proof. Since S is clopen, the sets Cy 5,Cs 5, (s, and C7 g are empty. Therefore S¢
is either an infinite subset of Xy or homeomorphic to X and so there exists a self
homeomorphism f; on S¢ such that P(f) = ¢. Now the map g : X — X defined
by

_J fle)ifxeS
9(x) = {fl(ac) if x € 5¢
is a self homeomorphism on X such that P(g) = P(f). |

THEOREM 2.5 Let S CY C X be such that Y is clopen in X. Let f be a self
homeomorphism on'Y such that P(f) = S. Then f can be extended as a self home-
omorphism g on X such that P(g) = S if and only if the following conditions hold
true:

(1) Cyy and Cg’ygre either empty or infinite.
(2) For each x € Y \'Y and for each sequence (x) in'Y converging to x, the

sequence (f(x,)) is convergent and the sequence (f*(x,)) does not converge
to x for any k € N.

Proof. The necessity part is known and we will now prove the sufficiency part.
Suppose that (1) and (2) hold true. For each x € Y, let ¢g1(z) be the limit of the
sequence (f(zy)) where (x,) is a sequence in Y converging to z. Then g; defines a
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self homeomorphism on Y which is an extension of f such that P(g;) = S. Now
by the previous theorem there exists a self homeomorphism ¢ on X which is an
extension of f such that P(g) = S. |

Remark 2.6 In Theorem 2.5, we cannot omit the assumption that Y is clopen.

Example. Let X = {m+ 1 :m,n € N} and Y = X\{2m+ﬁ :m,n € N}. Let
f be a self homeomorphism on Y with P(f) =Y, Per(f) = {2} and f(m)=m+1
whenever m is odd. Then f cannot be extended as a self homeomorphism g on X
such that P(g) =Y.

PROPOSITION 2.7  For every continuous self map f on X, there exists a continuous

self map g on X such that P(g) = P(f).

— =
Proof. Observe that P(f) and so P(f) is forward f-invariant. Also x is eventually

ﬁ e___
periodic with respect to f if and only if f(z) is so. Therefore P(f)\ P(f) is forward
f-invariant. Since every nonempty forward- invariant finite set must have a periodic
: %
point, the set P(f) \ P(f) has to be either empty or infinite. So by Theorem 2.2,
there exists a continuous self map g on X such that P(g) = P(f). |

Remark 2.8 If f is a continuous self map on X, then the existence of a continuous
self map ¢ on X such that P(f) = P(g) is not guaranteed.

Example. If z is an isolated point of X, then X \ jx} occurs as P(f) for some

continuous self map f on X but it cannot occur as P(g) for any continuous self
map g on X.

PROPOSITION 2.9 ([38]) A metric space Y is countable and compact if and only if
Y has a base consisting of clopen sets and for every continuous self map f on'Y,
P(f) is nonempty.

Corollary A subspace Y of X is compact if and only if for every continuous self
map f on Y, P(f) is nonempty.

The characterization for the sets of eventually periodic points of continuous self
maps on X is the following;:

PROPOSITION 2.10 Given a subset S of X, there exists a continuous self map f on
X such that P(f) =S if and only if the following conditions hold true:

(1) S¢ is either empty or noncompact.
(2) S\ S is either empty or infinite.

Proof. The necessity part is trivial and we will now prove the sufficiency part.
Suppose that (1) and (2) hold true. Let X = {m+ % :m,n € N}. If both S and
S¢ are closed, then let fi be the identity map on S and let fs be any continuous
self map on S¢ such that P(fy) = ¢. If S is closed but S¢ is not closed, let fi
be the identity map on S and define a self homeomorphism f» on S¢ such that
P(f2) = Fiz(f,) = N(S.

If S is not closed but S€ is closed, let fa be any continuous self map on S¢ such
that P(f2) = ¢ and define f; on S as follows: Define a self homeomorphism fi; on
{m+LeS:mneNn#1me S} such that P(f11) = {m+2 € S:m,n e
N,n # 1,m € 8¢} and fi1(m) = fa(m) if m € NS¢ and m +

% € S for some
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neN\{1}. f1: 5 — S by

@ ifze{m+LieS:mmneNme Sy
fl(x)_{ v ifzeS\{m+2LeS:mneNmes}.
Suppose that neither S nor S€ is closed. Then S will be homeomorphic to w? and so
there exists a self homeomorphism f; on S such that P(f1) = S. Let f : S¢ — S\S
be any continuous map such that fi(z) = fo(z) Vo € S S°.

Then the map f: X — X defined by

_J @)tz e S

)= {fg(l’) itz e 5¢
-
is a continuous self map on X such that P(f) = S.
|

THEOREM 2.11 If S C Y C X, then a continuous self map f on Y such that
P(f) =S can be extended as a continuous self map g on X such that P(g) = S if
and only if for each x € Y \'Y and for each sequence (x,) in'Y converging to z,
the sequence (f(xy,)) is convergent and the sequence (f*(x,)) does not converge to
x for any k € N.

Proof. The necessity part is trivial and we will now prove the sufficiency part.
Suppose that for each sequence (x,) in Y converging to z, the sequence (f(zy,))
is convergent and the sequence f*(x,) does not converge to x for any k € N. For
each © € Y, let g1(z) be the limit of the sequence (f(z,,)) where (z,,) is a sequence
in Y converging to z. Then g; defines a continuous self map on Y which is an
extension of f such that P(g;) = S. Now by Proposition 2.1, g; can be extended

as a continuous self map ¢ on X such that P(g) = S. |

Example 1 Thefunctionf:{m%—%:m,neN,n;ﬁl}—>{m+%:m,neN,n#
1} defined by

m—i—% if m,n € N and if n is odd
fim+ 1)y =<dm+1+Lif m,neNandif nis even

—_

is a continuous self map on {m + =+ : m,n € N,n # 1} which cannot be extended

n
as a continuous self map on {m + % :m,n € Nyn # 1}.

Ezxample 2 The function f : {m—i—% :myn € Nyon # 1} — {m+% im,n €
N,n # 1} defined by

m+1+%ifm,n€Nandifmisodd
fm+21)= m — 1+ + if m,n € N and if m is even

is a continuous self map on {m + % : myn € N,n # 1} which can be ex-

tended as a continuous self map g on {m—i—% :m,n € N} but for any such g,
P(g) ={m+2%:m,neN}
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1. Preliminaries

In this note we derive a formula for the gap between a symmetric densely defined
closed operator T and the operator nl, where n € N and I is the identity operator
on a Hilbert space.

Throughout a complex Hilbert space will be denoted by H. The inner product
and the induced norm are denoted by (-) and ||.||, respectively.

Let T be a linear operator with domain D(T'), a subspace of H and taking values
in H. If D(T) is dense in H, then T is called a densely defined operator.

The graph G(T) of T is defined by G(T') := {(Tz,z) :x € D(T)} C H x H. If
G(T) is closed, then T is called a closed operator. Equivalently, T" is closed, if (x,,)
is a sequence in D(T) such that x,, - = € H and Tx,, -y € H, then x € D(T)
and Tz = y.

If T is a densely defined operator, then there exists a unique linear operator (in
fact, a closed operator) T : D(T*) — H, with

D(T*):={y€e H:x— (Tz,y) for allz € D(T)is continuous} C H
satisfying (Tx,y) = (x,T*y) for all x € D(T') and y € D(T™).

We say T is bounded if there exists k& > 0 such that ||Tz| < k| x| for all
x € D(T). Note that if T is densely defined and bounded then 7" can be extended

* Corresponding author. Email: rameshg@math.iith.ac.in
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to all of H in a unique way.

By the Closed Graph Theorem [9], an everywhere defined closed operator is
bounded. Hence the domain of an unbounded closed operator is a proper subspace
of a Hilbert space.

The space of all bounded linear operators in H is denoted by B(H ) and the class
of all densely defined, closed linear operators in H is denoted by C(H). If T' € C(H),
then N(T') and R(T') denotes the null space and the range space of T', respectively.
If M is a closed subspace of H, then M~ is the orthogonal complement of M in H
and an orthogonal projection onto M of H will be denoted by Pjy.

Let S, T € C(H) be operators with domains D(S) and D(T), respectively. Then
S + T is an operator with domain D(S + T) = D(S) N D(T) defined by (S +
T)(x) = Sx+Tx for all z € D(S+T). The operator ST has the domain D(ST) =
{z € D(T): Tx € D(S)} and is defined as (ST)(x) = S(Tx) for all z € D(ST).

If S and T are closed operators with the property that D(T) C D(S) and Tz =
Sz for all x € D(T), then T is called the restriction of S and S is called an
extension of T'. We denote this by T'C S.

An operator T' € C(H) is self-adjoint if T = T*, symmetric if T C T™*, positive if
T =T* and (T'z,z) > 0 for all x € D(T).

Let V € B(H). Then V is called an isometry if |Vx| = ||x| for all z € H and a
partial isometry if V|y(y): is an isometry. The space N (V)+ is called the initial
space or the initial domain and the space R(V) is called the final space or the final
domain of V.

THEOREM 1.1 [9, theorem 13.31, page 349][2, Theorem 4, page 144] Let T € C(H)
be positive. Then there exists a unique positive operator S such tflLat T = S%. The
operator S is called the square root of T and is denoted by S =T'=.

THEOREM 1.2 [2, Theorem 2, page 184] Let T € C(H). Then there exists a unique

partial isometry V : H — H with the initial space R(T*) and the final space R(T')
such that T = V|T.

Definition 1 ]9, page 346] Let T' € C(H). The resolvent of T is defined by
p(T):={\eC:T -\ : D(T) — H is invertible and (T'— \I)~! € B(H)}
and

o(T) s = C\ p(T)
op(T):={AeC:T — A\ : D(T) — H is not one-to-one},

are called the spectrum and the point spectrum of T, respectively.

LEMMA 1.3 [3, 7, 10] Let T € C(H). Denote T = (I + T*T)"* and T = (I +
TT*)"'. Then

(1) T € B(H), T € B(H)
A~ - - 1 ~. f - 1
(2) TT CTT, |[TT|| <5 and TT* CT°T, [|T*T]| < 3.

One of the most useful and well studied metric on C'(H) is the gap metric. Here
we give some details.

Definition 2 (Gap between subspaces) [6, page 197] Let H be a Hilbert space and
M, N be closed subspaces of H. Let P = Py; and () = Py. Then the gap between
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M and N is defined by
O(M,N) =[P —Qll.

If S,T € C(H), then G(T'),G(S) C H x H are closed subspaces. The gap between
G(T) and G(S) is called the gap between T and S and it is denoted by g(T, S). It
is to be noted that g(T, S) is a metric on C(H). For a proof of this fact and other
properties of g(, -), we refer to [6, Chapter IV] and [1, page 70].

On B(H), the norm topology and the topology induced by the gap metric are
the same (see [8, Theorem 2.5] for details ).

2. Main result

In this section we prove our main result. First, we state a formula for computing
the gap between two densely defined closed operators, which is useful in proving
our result.

THEOREM 2.1 [5, Theorem 3.5] Let A, B € C(H) be densely defined. Then
BB:A3,B:AA:, AA>B=, A>BB:

are bounded and

~

5(4, B) = max { | BB AT — BEAAL|, |AALBE - AiBBE| .

THEOREM 2.2 Let T € C(H) be densely defined and symmetric. Let n € N be
fized. Then

~

3(T,nl) = max{n(:r—nz):ﬁéu, (T —nf)féu}.

1
V14 n?

In particular, if T =T%, then

~ —n 2 _71
sz 1T jl)(%f) |

~

1
Further more, if —— € o(T), then 6(T,nl) = 1.
n

~ 1 I A1
Proof. We use the formula in Theorem 2.1. Let S =nl. Then S2 = —— = S2
f ' VIitn?
v 1 n
and SS2 = ———. Now
V14 n?
SS:T: — S:TT> 1 (nTs — TT?) L (nI — T)T
272 — S2 2 = nilz — 2) = nl — 2
V14 n? V1 +n?
And
TTiSE — Tisgt L7 —nTh
2 2 — 2 2 = — 2 —n 2
V14 n?
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Let A:=nT2 —TTz and B := TT2 — nTz. Then

o~

o(T,nl) = max {[|Al], | B[}

1
V1+mn?
Note that B* = T*Tz —nTz = (T* — nI)T=. Since || B*|| = || B|, we get that

~

3(T,nI) = maX{H(T —nD)T3||, |(T* — nI)T* H} .

1
V1+mn?

If T =T* then A = B and hence the formula follows in this case. As A* = A
and A is bounded, we have

[n = Al

|Al| =sup{|A|: A € 0(A)} = sup {m tAE O'(T)} .

Hence consider the function

|z —n]

f(z) \/ﬁv

zeo(T)CR

-1
If 20 = — € o(T), then we have f(z9) = v 1+n? and hence ||A]| > V1 + n?.
n

o~

Hence 6(T,nI) = 1. [ |
The following example illustrates the formula.

Ezample 2.3 Let H = (?> and D = {(z,,) € H : (mx,,) € H}. Define T : D — H
by

T(x1,x2,23,...) = (x1,222,323,...) forall (z,,) € D.
Clearly T is densely defined, T'= T* and range of T is closed. Let {e,, : m € N}

be the standard orthonormal basis of H. Then Te,, = me,, for each m € N. Hence
N C 0,(T), the point spectrum of T'. In fact, we can show that o(7") = N.

For each m € N, we have
T2%e,, = m2e,,

(T+T2)(em) = (14 m?)en

(I+T?)ze, =

Tiem=I+T)% ey =

TT%em =

em-
~ 1 m n
Now (T'—nI)Tz ey, = em for each m € N. Hence
1+m
I =m0y =sup { e —mac {1 2L )
-n 2| =sup{ ———:m = max{ 1,
P V14 m? V2
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[m —n|

V1+m?

to n (a, = 0) and then increases with lim a,, = 1.
m—r0o0

Note 2.4 For a fixed n € N, the sequence a,, := { } decreases for m = 1

Remark 1 Let T be a symmetric closed densely defined operator. The formula
given in Theorem 2.2, is a corrected version of the erroneous formula

~ 1
oT,nl) = ——
( ) V1+n?
given in [4].
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Abstract: In this article, we introduce some basic variants of fixed
point theorems namely Banach Contraction Theorem, Brouwer and
Schauder fixed point theorems. We show the hierarchy structure of
these theorems with respect to the hypothesis stated in each. Fol-
lowing this introduction, we present a couple of fluid flow models
in terms of boundary value problems (BVPs) involving partial dif-
ferential equations. We consider a model on fluid flow inside porous
media governed by Brinkman-Forchheimer equation that involves
a non-linear term and the other on convection - diffusion of mass
transport. We convert these BVPs into equivalent fixed-point prob-
lems and establish the existence and uniqueness results via one of
the fixed point theorems introduced.

Keywords: Porous media, Weak formulation, Lax-Milgram Lemma

1. Introduction

Fixed point theorems are of great importance not only in the field of mathematics
but also in engineering, science, economics and game theory etc [1]. Many lin-
ear and nonlinear problems in engineering and science can be converted to fixed
point problems. Since the aim of this article is to discuss applications of various
fixed-point theorems in the context of fluid flow problems, we avoid some of the
elementary forms of fixed-point theorems. Accordingly, for example, consider the
initial value problem

x/(t) - f(t7$(t))’ .’L‘(to) = Yo (1)

For continuous f, (1) is equivalent to the integral equation

z(t) = yo + t f(s,(s)) ds. (2)

*Corresponding author. Email: rajas@iitkgp.ac.in
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The Picard-Lindelof Theorem [2] guarantees the existence of a unique solution
to (1) when f is Lipschitz continuous. If f is merely continuous, then the Peano
Theorem [2] guarantees the existence of a solution to (1), but nothing can be said
about the uniqueness of the solution. We can write (2) as a fixed point problem,
i.e., to find x € M C X such that

z="Tx, (3)

for a mapping 7" on a suitable function space X. The Banach fixed-point theorem
and Schauder fixed-point theorem guarantee the existence of fixed points. Also we
have Banach fixed-point theorem = Picard-Lindelof theorem, Schauder fixed-point
theorem = Peano theorem.

In a similar manner, one may consider other problems in science and engineering in
terms of a fixed point problem setting. Please refer to [1] [3] [2] for some important
literature on fixed theorems and their applications. Here in this note, we focus on
the application of fixed point theorems to fluid flow problems mainly Brinkman-
Forchheimer and convection diffusion equation. Before going to our main problem,
we would like to review the Navier-Stokes equation and related literature. It may be
noted that the existence and uniqueness corresponding to Navier-Stokes equation
(NSE) needed some attention. The NSE is the most studied problem in fluid me-
chanics. Starting from the pioneering work of Leray [4], the mathematical theory of
NSE has been studied extensively. The question of existence, uniqueness and regu-
larity of the solution to NSE has been well established when restricted to regularity
and smallness of the data for bounded and unbounded domains. The literature on
NSE is too vast and we recommend the reader to refer [5-10] and references therein.
We note that almost all existing methods to resolve the Navier-Stokes problem are
based on the Banach contraction principle. Also there is a recent literature where
smallness condition on the data has been relaxed [11].

It may be noted that the dynamics involved in food processing, chemical engi-
neering, flow inside human arteries within the context of fluid flow and nutrient
transport require understanding the solution behavior of the corresponding trans-
port equation. The fluid flow through porous media invites a lot of debate to the
scientific community due to the fact that there are no unified models that can
be adapted to govern the fluid flow inside a porous medium. As a result, effec-
tive medium models such as Brinkman equation are popular alternatives to Darcy
equation [12]. Though these models are used extensively without much mathemat-
ical base, an attempt is made to derive these via rigorous mathematical techniques
such as homogenization [13]. The Darcy and Brinkman equation (which are linear)
hold for the sufficiently small velocity. In other words when the Reynolds number
of flow is of order smaller than one. However, as the velocity increases the form
drag due to solid obstacles is comparable with surface drag due to friction. Hence,
there is a breakdown in the linearity of Darcy equation. According to Joseph et. al
[14] the appropriate modification to Darcy equation is the Forchheimer equation.
Here in this article we consider the Brinkman-Forchheimer equation (BFE). BFE is
non-linear in nature somewhat mathematically similar to NSE. Thus, the existing
literature on NSE help us to develop the corresponding existence and uniqueness
results. Regarding the existing literature on the BFE one can follow Nield and
Bejan [12] for physical development. Payne and Straughan [15] considered BFE for
non-slow flow in a saturated porous medium and shown that the solution depends
continuously on changes in the Forchheimer coefficient. They have shown conver-
gence of the solution of the BFE to that of the Brinkman equation in the limit
when the Forchheimer coefficient tends to zero. Liu et. al. [16] considered BFE and
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shown the continuous dependence of the Forchheimer coefficient and the Brinkman
coefficient in a bounded domain of a viscous fluid interfacing with a porous solid.
One may refer the monograph by Ames and Straughan [17] to get some insights
on related literature.

Regarding existence and uniqueness, Kaloni and Guo [18] have considered a
steady nonlinear Brinkman-Forchheimer equation with double-diffusive convection
through a porous medium. The existence, regularity, and uniqueness results are
discussed using variational formulation. Skrzypacz and Wei [19] considered a non-
linear BFE with the convective term to model some porous medium flow in chemical
reactors of packed bed type. The results concerning the existence and uniqueness
of a weak solution are presented for nonlinear convective flows in medium with
variable porosity and for small data. In this note, we consider a steady nonlinear
Brinkman-Forchheimer equation without the convective term. We use a fixed point
theorem to show existence and uniqueness of solution in weak sense. We present a
variant proof on existence and uniqueness using fixed point theorem which is not
attempted for Brinkman-Forchheimer equation as per the existing literature. Also
some comments on the convection diffusion equation are presented.

2. Preliminaries

There are several well-known fixed point theorems and their variants in the liter-
ature. Here, we state some of the fundamental fixed point theorems having appli-
cation in the field of linear and non-linear partial differential equations. We try to
indicate the hierarchy with respect to the hypothesis involved.

THEOREM 2.1  (Banach Contraction Theorem [20, 21]) Let (M,d) be a complete
metric space (CMS) and F' : M — M be a strict contraction i.e., there exists a
number p, 0 < p < 1, such that

d(F(z),F(y)) < pd(z,y), V z, y€ M. (4)

Then there exists a unique fized point x* € M of F. Moreover, for any choice of
xo € M, the recursive sequence

Tmt1 = F(zp), m>0

converges to x*.

It may be noted that the above theorem is the most primitive version in the
family of fixed-point theorems. In the above, the constant p has to be strictly less
than one in order to be a contraction map. If one relaxes this constraint, i.e. the
case of Lipschitz continuous function, the constant is such that 0 < p < oco. This
indicates that contraction implies Lipschitz continuity, however, the converse is
not true. Further, the above theorem does not restrict the dimension of the metric
space, however, demands (4) which is in general can be considered to be expensive.
We now introduce a variant where the map is restricted to compact sets of finite
dimensional space. Correspondingly, one has:

THEOREM 2.2 (Brouwer [21, 22]) Let S C R™ be a closed sphere and T : S — S
be a continuous map. Then T has a fixed point x*.

Relaxing the finite-dimensional restriction, Schauder extended the above
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Brouwer Fixed Point Theorem to a Banach space setting, i.e. in general to an
infinite dimensional space. Accordingly, one can have:

THEOREM 2.3 (Schauder [21, 23]) Let X be a Banach space. We are given:

e A C X, compact and convex.
o T : A— A s continuous.

Then T has a fixed point x* € A.

The application of Schauders Theorem requires the compactness of the set A,
which is a strong requirement in an infinite dimensional space. In the applications
to boundary value problems, it is much more convenient to formulate variants in
which the compactness requirement is passed to the image T'(A) or to the operator
T itself, rather than to the domain A. Correspondingly, the first variant of Schauder
Fixed Point Theorem that demands compactness of the image of the operator is
the following:

THEOREM 2.4 Let X be a Banach space. Assume that:

e A C X, closed and convez.
o T:A— A is continuous.

o T(A) is compact in X.
Then T has a fixed point x* € A.

A second variant that uses the compactness of the operator T is also possible.
We recall that T is compact if the image of a bounded set has a compact closure.
Correspondingly, one can have:

THEOREM 2.5 Let X be a Banach space. Assume that:

e A C X, closed, bounded and conver.
e T: A— A isa continuous and compact operator.

Then T has a fixed point x* € A.

A further variant of Schauder’s Theorem requiring the compactness of the oper-
ator T and the existence of a family of operators Ty, 0 < s < 1, is due to Leray-
Schauder [21]). This relies mostly on the boundedness of the solution of z = sT'(x)
which ensures fixed point of the operator T. We avoid presenting the same in de-
tail. Having listed few important variants of fixed-point theorems together with
the corresponding hypothesis, we now consider a boundary value problem based
on fluid flow through porous medium.

3. Applications to Fluid flow problems

Brinkman-Forchheimer equation: [12] Let Q € R?, (d = 2, 3) be a bounded
domain with 02 as its boundary that is Lipschitz continuous. For a homogeneous,
isotropic porous medium the corresponding momentum balance equation is given
by [12]

_HP2 3 Crpf
(pV u+ Ku—i— K12

luu=b—-VP in Q, (5)
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together with the equation of continuity (mass conservation)
divu=0 in Q. (6)

We consider the Dirichlet data given by u = 0 on 9. The list of symbols and
their physical meaning:

e 1 : Fluid viscosity e u: Average fluid velocity
o i : Effective viscosity e P : Fluid pressure
e K : permeability e ¢y : Dimensionless form-drag
e ps: Fluid density constant
e ¢ : Porosity of the porous e b : Body force.
medium
The following non-dimensionalization is used:
e [ : Characteristic length e u="{_pu
e Uy : the magnitude of the some oV = %
reference velocity 2 W2
A oV Iz
e x =1ILx - 9
o P= PpsUs;

Consequently, the governing equations (5)-(6) together with the Dirichlet boundary
condition reduce to (for convenience “hat” is dropped)

1 1 cp
—-—V? =b-VP in Q 7
TR u+DaReu+\/m|u]u in (7)
divu=0 in (8)
u=0 on 09 9)
where Re = % : Reynolds number, Da = % : Darcy number, are the

non-dimensional constants. It may be noted that the Darcy number indicates
non-dimensional permeability of the porous medium.

Without debating much on the solution methods (analytical/numerical) to deal
such problems, the main aim here is to show the existence of a weak solution
of (7)-(9) using fixed point theorem approach. In order to achieve this, let us
define the weak formulation in some suitable functions spaces. Please refer to the
Appendix 4.1 for the details on function spaces. Assume that Re, Da, ¢, cp are
known constants and b € L?(2)¢ also known.

Let us choose a pair of test functions (v,q) € H}(Q2)? x @ and multiplying
with (7)-(8) and integrating by parts, we get the following weak formulation (using
boundary condition (9)).

Weak formulation: A weak (or variational) formulation of (7)-(9) is to find a
pair (u, P) such that u € H}(Q)4, P € Q and

1 1 cr .
- : . R . dO = Pd b-v)dQ. (1
/Q(sDRevu YV DR VT Um V> /Q( ivv+b-v)dQ, (10)
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/quivu dQ =0, (11)

hold for all (v,q) € H} () x Q.

Pressure elimination: In order to transform the equations (10)-(11) into a fixed
point problem, one has to eliminate the pressure from the weak formulation. This
can be done by using a subspace V;, = {u € Hj(2)? | divu = 0} of Hj(2)*
which consists of divergence free functions. Thus, the weak formulation (10)-(11)
reduces to find u € V gy, such that

/ <¢ReVu VV—i—D R F\u[u v> dQ:/ﬂb-VdQ, Vv eV
(12)
Once the existence of a solution of (12) is guaranteed, one can recover the

corresponding pressure P. This procedure is shown in the next section using
DeRham Lemma 3.2 [9].

Reduction to a fixed point problem: It may be noted that the reduced
weak formulation (12) is non-linear. In order to use a fixed-point setting, it would
be intuitive to reduce it to a corresponding linear version. This can be done by
fixing the non-linear term (i.e., assuming that it is known). Accordingly, we fix
w € Vj;y and replace the non-linear term |ufu by [w|u in (12) so that

1 Cg
(13)
which is a linear problem. The existence of a solution of the above equation can be

shown using Lax-Milgram Lemma 4.1. In order to do so, we introduce the following
bilinear and linear mappings as follows

1
a(u,v) —/ <90R6Vu Vv + D Reu~v> s,

awliv) = 2 [ - vag,

F(v) :/b-de.
Q
Consequently, (13) reduces to find u € V g;;, such that
Aw(u,v) = F(v), Vv E Vg (14)
where A : V35, X Vi — R given by
Aw(u,v) =a(u,v) + a(|wl;u,v).

The above setting now allows us to use the Lax-Milgram Lemma such that
problem (14) has a unique solution (say u € V j;,,). Hence, we can define a mapping
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(say T : Vi;vy — Vgiy) that takes each w € V g;, to solution u of the linear
problem (14) as

u="T(w) € Vg, (15)

Thus, any fixed point of the map T": V 3;;, = V5, is a solution of the equation
(12). In other words in order to show that the problem (12) has a solution, one
must show that the mapping T has a fixed point. Thus our immediate task is to
show the existence of a solution of the linear problem (14) and consequently that
T has a fixed point.

Solution of the linear problem (14): We claim that:

o Ay(u,v) is bilinear in u, v and continuous
o Ay(u,v) is coercive in V y;
e The functional I belongs to (V ;)" (the dual of V 4;y)

Clearly A (u, V) is bilinear and continuous. Indeed, we have the following estimate

1 1 cpc?
< ¢ .
w9 = (g e + et Illoa ) v IVilvg,

Moreover, for any u € V35, we have
a
Aw(u,u) > —|[ul3
W( ’ )—ReH HleV’
i.e Aw(:,-) is coercive in V y;,,, where o = min{é, ﬁa} Further, we have

[E(V)| < eplbllo.ellvllv g,

which implies that F' € (V ;)" Here ¢, : the Poincare’s constant and c. : em-
bedding constant. Hence Lax-Milgram Lemma proves that the problem (14) has a
unique solution u = T'(w) € V g;;, which satisfies

c,Re
T )llvgs, < Z=11blloe (16)

Existence of a fixed point of the mapping 7": Here in this section, we prove
that T has a fixed point. We verify the hypothesis of Banach Contraction theorem
for the mapping 7.

LEMMA 3.1 The mapping T : V g, — V gjp defined by (15) is a strict con-
traction in the closed ball Byy = {w € V g, - HWHVdiv < M} C Vg

(where M = e fle

o
dition

HbHQQ) whenever the data satisfies the following smallness con-

QCFCgcheQ\ |bllo.0

<1,
a?v/ Da

where ¢, and c. are the constants those appear in the Poincare’s and embedding
inequalities respectively.

(17)
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Proof of Lemma 3.1: The closed ball By; = {w € VdiVmWHVdiv < M}

endowed with the distance d(w1,wa) = ||[w1 —wa||v div is a complete metric space

and estimate (16) implies that T : By — Bjps. We have to prove that 7' is a strict
contraction in By, i.e., there exists 6 < 1 such that

| T(w) —T(z) §5|]w—z\|vdiv, Vw, z€ By. (18)

HVdiv
Indeed, from Eqn (14) we have for any w, z € V 35y,

o(T(w) = T(2), v) = —(|wl; T(w),v) +a(|2}; T(2),v). (19)
Adding and subtracting a(|w|; T'(z), v), we obtain

a(T(w) = T(2),v) = —a(|w|;T(w) = T(2),v) — a(|w| — [2[; T(z),v),  (20)

for every v € Vg4;y. Choosing v = T'(w) — T'(z) and using Holder’s, embedding
and Poincare’s inequalities, we obtain

2 2

a  cpepce M crepce M

— - —— | ||T -T L </ — .Y eB
(0~ CEEN T = T@v gy, < FLE o~z ¥ w. 7€ B

(21)
or,
cpe,cE M 1
IT(w) — T(2) Fp%e lw —zllvy, VW, z€B.

Re vDa

We can observe that the assumption (17) implies that

v, <
|| div \/Da (cx chpczM>

(22)

crpepc M 1
vDa a _ crecZM
Re vDa

<1

Thus, the mapping 1" : By — Bjy is a strict contraction in the metric space By
2crc2c2Re’||bllo,q
when —2— 2%
a? a
T has a unique fixed point (say u*) in By, which is also a solution of problem
(12).
Moreover, for any choice of ug € By, the recursive sequence

< 1. Hence, the Banach Contraction Theorem implies that

Upt1 =1(0y,), m >0,

converges to u*.
As mentioned earlier, one of the tasks is to recover pressure P. For this purpose we
use the following DeRham Lemma.

LEMMA 3.2 /9, 21] Let Q C R™ be a Lipschitz domain, homeomorphic to a ball.
A functional g € H=1(Q)? satisfies the condition

<g7 ¢>H—1,H& = 07 v <f> € Vdivv
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if and only if there exists P € L*(Q) such that
—VP =g.

The functional P is unique up to an additive constant.

In order to use the above lemma, integrating by parts in equation (12), we obtain
the following

<gvv>H*1,H& =0 V Vv E VdiV’ (23)
where g = —ﬁVQu—&— DaReu+ F\u]u b. The Lemma 3.2 implies that there
exists P € L?(2) such that —VP = g. That is

——VQ ! u+ L lulu—b=-VP
©Re DaRe vDa '

Hence, it proves that (u*,P) € H(Q)? x Q is a unique solution of the problem
(7)-(9).

The fluid mechanical model presented above is a first step to deal with existence
and uniqueness results to BFE. Authors have contributed some results on applica-
tion of deformable porous porous media to biological tumors [25, 26]. An attempt
will be made to incorporate BFE model wherever it is appropriate to account for
inertia due to form drag.

Convection-diffusion equation: [24] Consider a spherical porous pellet of
radius a inside which the following nutrient transport is valid

—-DV?%c=—v -Vec—ac®

subject to the Dirichlet condition ¢ = ¢y on r = a. The last term on the right
hand side indicates a third order reaction kinetics of strength o > 0. The negative
sign indicates consumption of the nutrient. It is obvious to see that this reaction
is non-linear and attempting an analytical solution would be impossible. However,
the main aim here is to show a fixed-point setting of this model via a series solution.
Of course, this would cost some sort of linearization. It may be noted that for a
given ¢ = f(r,0), the above non-linear problem reduces to the following linear
problem

—DV?c=—v-Ve—afc

Let the convective velocity be driven by a flow with constant magnitude V' along
the z - direction so that v = Vk. Consequently, the transport equation reduces to

—DV?c = —V% —afc

It can be shown that the above equation admits solution of the form

C(r,0) = coe™ "~ Apr" Fir) Py (cos0),
n=0
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where A,, and F,(r) can be obtained, which ensures the existence of solution for the
linear problem. For details one may refer [24]. We now define the general iterative
problem. One may seek a Fourier series of the form ¢ = Y ° | Hy(r) P, (cos 6) where

c= lim c,.
n—oo

This defines an iterative sequence via
ent1 = T(cn)
where T is defined by the following
—DV?¢pi1(x) +v(z) - Vepg1(x) = —ac ey (z).

One may need to show that T is contraction mapping on a Banach space. Then
Banach Contraction theorem can be used to show that the mapping T has a unique
fixed point (say ¢) and the sequence ¢, converges to ¢ for any choice of ¢y.

The method suggested above is based on a preliminary investigations done in [24].
Of course at this stage, the ideas presented appear very theoretical and implement-
ing fixed point setting require rigorous computations. The aim here is to introduce
such an application of fixed point theorems.

4. Summary

Here in this article, we have presented some basic theorems on fixed points. Fur-
ther, we have presented a non-linear model namely Brinkman-Forchheimer that
describes the fluid through porous media. We first convert the problem into a weak
formulation and then into a fixed point setting. Further, using Lax-Milgram lemma
and Banach contraction theorem, we have shown the existence and uniqueness of
a solution in weak sense under the smallness assumption on data. Authors are
extending this work to make it more rigorous. The first attempt is to relax the
assumption on smallness of data. Further, we may couple Brinkman-Forchheimer
equation with the transport equation.

4.1. Appendix A

Function spaces and useful results: [21, 27] Let Q2 be a bounded, open subset
of RY, d=2,3. L?(Q) is the space of all measurable functions u defined on  for
which

1/2
lulloe = ( / \u|2dsz) < 4o, (24)
Q

In (24) || |loo defines a norm on L2(Q2). For any u = (u,uz,...,uq) € L*(Q)4,
llulfo,q is defined as

J 1/2
ulloq = ( /Q 3 \uiFdQ) , (25)
=1
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and for any element K = (K;j)1<ij<a € (L*(2))??, we define the norm of K as

1/2

d d
Klloq = /Q SN IKRde | (26)

i=1 j=1

The symbol ( , )q denotes inner product in L2(Q), L?(Q)%, and (L?(Q))%*9,
For any two functions u and v the inner product ( , )q is define as

(u,v)q :/u~de.
Q

The first order Sobolev space is denoted by H'(Q)? and defined as H'(Q)? = {u €
L2(Q)4Vu € (L?(2))¥9}. The norm of a function u € H*(Q)? is defined as

1/2
ullo = (Il Bg + [[Vulga) . (27)

H(9)? denotes the space of functions in H'(Q2)¢ with zero value at boundary.
The dual space of H}(Q)? is denoted by H~1(£2)%. The norm on the dual space is
defined as

f,ou),
Ilq = sup HE0-] (28)
0#£ueX Hqu,Q
where (-, -), denotes the duality pairing.
We define some useful spaces
Viiy = {v e H)(Q)YV v =0}
and
Qz{qeLQ(Q)}/QZO}-
Q
The norm on V g;,, induced by the norm of H}(Q)%.
Inequalities:
e Cauchy-Schwarz Inequality
(u,v) < |[ullogllvlloe, ¥ u, veL*(Q)~ (29)
e Poincare’s Inequality
VI < ellVVI§a. ¥V e Hy()%. (30)
e Sobolev Inequality
IVI[7s) S cell VI, ¥V e H(Q). (31)
Lax-Milgram Lemma: [28] Assume H is a real Hilbert space, with norm || - ||

and inner product (-,-)g. We let (-,-) g+ g denotes the pairing of H with its dual
space H*.
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LEMMA 4.1 Assume that A: HxH — R is a bilinear mapping, which is bounded
and coercive that is, there exist constants o, > 0 such that

()
[ Alu, v]| < aflullallvllz (Y u,v e H)

and

(i1)
ﬁHuH%] < Alu,u] (Y ue H).

Finally, let f : H — R be a bounded linear functional on H. Then there exists a
unique element u € H such that

Alu,v] = (f,v), YveH. (32)

Moreover,

1
ullg < I £l a-

i.e, the solution u depends continuously on the given data f.
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Abstract: High frequency asymptotic solution is obtained to the
gas dynamic equations governing one dimensional unsteady planar
and non planar flows of a van der Waals gases. The effects of van
der Waals parameters on the shock formation is analyzed.

1. Introduction

The theory of nonlinear geometrical acoustics deals with small amplitude waves to
obtain the asymptotic solutions to PDEs. The pioneering work in this context can
be found in Ambika and Radha [1], Arora et. al. [2], Blythe [3], Chu [4], Clarke
and McChesney [5], He and Moodie [6], [7], [8], [9], Sharma [10] and Sharma and
Srinivasan [11].

In this paper, the gas dynamic equations governing the continuous motion of an
unsteady, one dimensional, planar and radially symmetric flow of van der Waals
gases are considered to study the propagation of disturbances through a uniform
region. In the small amplitude, high frequency limit, a solution upto the second
order is obtained using the theory of nonlinear geometrical acoustics. In particular,
the effects of van der Waals gas parameters on the shock formation are analyzed.

2. Preliminaries

We consider the disturbances in a one dimensional flow of a more general class
of van der Waals gases at low temperatures and high pressures whose governing
equation of state is given by

(p+ap®)(1 —bp) = RTp, (1)

where p is the pressure of the gas, p the density, T' the temperature and R the
universal gas constant. Here the parameter a denotes the amount of attraction
between each particle that leads to added pressure due to the intermolecular forces
of attraction and the parameter b denotes the omitted volume and is related to the
volume of the gas.

*Corresponding author. Email: repakar@yahoo.com
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For the given equation of state (1) of a gas, the internal energy e, in view of
R = (y—1)Cy is given by

(p +ap®)(1 = bp) — a(y — 1)p?
(v—="1p ’

where Cy is the specific heat at constant volume and v is a constant. In general,
for real gases, internal energy depends on the pressure p and density p. However,
for an ideal gas, i.e., when a = 0 and b = 0, the internal energy e becomes a
function of (p/p); equivalently, the internal energy for an ideal gas depends only
on the temperature and then ~ turns out to be the specific heat ratio of an ideal
gas.

The basic equations governing a planar or a radially symmetric flow of a com-
pressible fluid, whose equation of state is given by equation (1), can be written in
the following form

mpu
pt+upm+pux+7p=0,
Pr
Uy + uty, + — =0, (2)
p

mu
pt+upz+pF2 (Uz+7> = 0.

Here z is the spatial coordinate (being either the axial distance in flows with planar

geometry (m = 0) or the radial distance in cylindrically symmetric (m = 1) or

spherically symmetric (m = 2) flows), ¢ is the time and wu is a fluid particle velocity

2(y—2+2b
and F(p,p) = phs ap(iwf 2 )+ P) is the sound speed. The flow variables with
pLL—0p

a subscript denotes partial differentiation with respect to the indicated variable.
It may be noticed that the thermodynamic stability of the flow under consid-

eration requires that the sound speed to be real and positive which leads to the

following condition

P+ ap®(y — 2 4 2bp) > 0, (3)

and 1 — bp > 0, which indeed renders the system (2) to be hyperbolic.

3. Geometrical acoustic solution

We consider a small amplitude wave disturbance produced by the system (2) in high
frequency or geometrical acoustic limit, i.e., when the time scale 7 is large compared
to the time 7, associated with the boundary data. The geometrical acoustic limit
corresponds to the high frequency condition € = 7,/7 << 1. In this limit, the
variations of p, u and p caused by the wave are of order O(¢), and they depend
on the characteristic variable & = ¢(z,t)/e. Therefore, we make a change of the
independent variables (z,t) — (z,€) by defining = = z,t = T(x, &) and u(z,t) =
u(x, &), p(z,t) = p(x, &) and p(x,t) = p(z,€). In view of new coordinates, the basic
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equations (2) are written as

pe — Tu(pe + pli) + Te(Upx + pite + mpii/x) =0,

pug — Tu(putie + pe) + Te(puty +pe) =0, (4)
]55 - Tz(ﬁF2a£ + ﬂﬁ&) + T&(ﬁFQﬂx + upy + mpF2ﬂ/:L‘) =0,

where F' = F(p, p) and (T,,) "' = — (& /&) The system (4) has a non-trivial solution
if

. Gl F2
(it 4+ F)(pFity + o) + P =

0, ()

which turns out to be (T,)~! = — (&/€,) is the characteristic wave front of the

system (2), whose speeds are 4 + F' and @. Here we consider the forward facing
characteristic wave front given by

(Tp) ' =a+F. (6)
We now seek the solution of system (4) in the following form

(2,€) = po+ ep™M (2, 8) + P (z,8) + O(e?),

(,€) = uo + euM (z,€) + u® (2,£) + O(?), (7)
B, &) = po+ epM (2, €) + €p® (2, 8) + O(e),

(2,6) = TO () + T M (,€) + ETP (2, £) + O(?),

=Y

xz,

=41

~:

subject to the following boundary conditions at = = xg

p(wo,&) = po + €g(§), T'(z0,8) = €, (8)

where pg,up and pgy refer to the uniform reference state and g(§) is an arbitrary
function.

Introducing the expansions (7) in (4), (5), (6) and (8), and equating the coeffi-
cients of powers of € to zero, we get
O(1) term:

720 =1/Fy,  TO(x0) =0, (9)
O(e) term:
1 1 2
i) = poTOu) = (Té‘”) rt”,
poFoul) + pil) + = poFou =0,
X
T == (uD + By + FpypV) /i, (10)

pWD (w0, &) = g(&),  TW(wo,8) =&,
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O(€?) term:

péz) - Tz(o) (pgu?) + p(l)uél) + u(l)pél)) — Tél)pouél) + Tg(l) (poug) + mPo u(1)> =0,
Xz
poul + pVul = T (p + pouVul) = TOp(Y + TpM — 0,
P = T (poFgul® + FgpVul + 2p0Fy (FpupV + Fpyp™ ) ul! + up()
m
— IO poFgu + poFRT (S D) =0, (1)
Fopl® + poFgu® + ) (F3o® + 200 Fo(Fpup ™ + Fyop™®) + poFou®) + pDu®)

m
+p® (Fpop(l) I Fpop(1)> +Z <pOF02u(2) + 200 FyuM FO 1 F()Qp(l)u(l)> —0,

1 2 1
T = g (14 Fp 4 FopV) = (w4 By o 4, o)
0 0

1 2 2
S <Fpp0 (b)) + 28 905D + Fy (o) > ,
0
p(2) (x()vé-) = 07 T(2) (x()af) = 07

where Fy, Fuy, Foyy Fpp,, Fpp, and F,, denote the evaluation of
F(p,p),

2 2 2
OF OF o°F O°F and 8—F in the uniform reference state.

dp’ Op’ 9p?’ Opdp 02p

3.1. First order solution

Assuming that the wavefront £ = 0 is moving into a medium of uniform state at
rest, the equations (9), (10); lead to

T(O) = (x — .Z‘o)/Fo,
u® = W Fy /po, (12)
pV = F2p).

In view of the equations (12), we can write the equations (10)s and (10)3

P;(rl) + ﬁp(l) =0,
2

ngl) + ozlp(l) =0,

where oy = (Fg + poF,, + poFngo). The above equations are integrated

poFg
subject to the boundary conditions from (10)4 to yield

T —m/2
e (Z) (13
T — ¢~ ayg()J(a).
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Density (p/po)
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Figure 1.: The variation of the dimensionless density p (defined as (pg+p1)/po) with

the dimensionless variable ¢ (defined as (x—Fyt)/z¢); here a = 0.95215 and b = 0.01

which are satisfied by a; = 0. The solid lines represent cylindrically symmetric

flows and the dashed lines represent spherically symmetric flow configurations in a

non-ideal gas. Here v = 1.4 and € = 0.35.

where
T — To, ifm=0,
1/2
2w (X)) —1),iftm=1
7w =42\ A=t
xg log (x), if m=2.
Zo

Hence, the first order asymptotic solutions for the flow variables and time, correct
up to O(e), can be written as

e =m e (2)

0
. B FO x —m/2
0,9 = L2 (g (x) ,
2 —m/2
B(2,€) = po + eF29(6) <x> , (14)
T(x,6) = T2 4 e (¢ — ang(&) T ()

Fy

Here the shock formation distance x, is given by,

<a1d9(5)’ i ) J(zs) = 1. (15)

However, the solutions for p and T, correct upto O(e) are exactly same as the
solutions given in [12] when p = pg + p1 and T' = 7 which is obtained using
the progressive wave approximation. Therefore the shock formation and its wave
propagation follow on parallel lines when a; # 0.
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If @ and b are chosen such that a; = 0, then the wavelets are linear and do
not intersect. As a result, the disturbances propagate for all time like in linear
equations, without terminating into shocks (see Figure 1). Thus, it may be observed
that our first order solution is not able to show the effects of nonlinear terms when
a1 = 0. Hence, in order to study the nonlinear effects for those values of a and b
when a1 = 0, we consider the second order solution.

3.2. Second order solution

In this section, to study the nonlinear effects, we consider the second order solution
of the system (11) (i.e, O(e?) terms). In view of equations (12) and (13), the
equations (11) and the conditions at £ = 0, yield on integration

p? =F2p? + (F3 Fpy + FoF,,) g (€02 (x),

2 _ 2
ul®) =20y0 1 (F D L0l Z 20 g20)02() + S u(a) L)

P 20} 22po

- T s potars6) (16)
T =~y [0 (s, s+ 0 g%6) [ i) ple) [ H s

+ %92(5) /z: ws)sj(s)ds, (17)

where

aq 1
A = Foa% — %(1 -+ 2p0F0FpO) + %(1 + poFono)
1
_ﬁ (F(;lePo +2F02FPPO +FPPO) .
0

In view of equations (12), (13) and (16), the transport equation for the second
order flow variable p(?) is obtained from equation (11)4 as follows

m (s _ 3m
2x 8x

Foong?(&)y*(z) + W

m(m — 2)Fy

—Talff(f)*](x)@b(x) =0,

Pt + P(z)P(€)

which can be integrated subject to the boundary condition (11)g to get

m(m — 2)Fy <x —

p? = g} () (z)aa(z) — 2

) P©Y(@), (18)

o
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Figure 2.: The variation of the van der Waals parameter a with the van der Waals
parameter b, when ay = 0, for different values of 7. Here py = 1/ and pg = 1.

x x

where az(r) = oy <3mF0 Mds + m(m = 2)Fo / J(s) ds). Equation (18)
8 Ju S 16 vy S

shows that the second order solution depends on the integral P(§) which shows that

the second order solution depends on the precursor wavelets also. It may be noted

that the conditions on the leading wavelet remain uninfluenced by the precursor

wavelets. In view of the second order solution, the shock formation distance x4 on

the wavelet & is given by

alJ(ws)Z?Lgs_ emggp(f) ((m = 2)poFoay /1;05 S(S;:OT/J(S)ds — 4/900 wis>ds>
dg S T,
) 9(5)‘ <)\ YA(s)ds—a as(s)Y(s)ds (19)
‘ ds §=¢s 1/560 l/zo 2
may [T (s)J(s) ) _
10 /ﬂc0 S ds | = 1.

It may be observed that Figure 2 shows the variation in a with respect to b
when aq = 0, for different values of 7. As it is already mentioned in Section 3.1
that for these values of a and b, i.e., when a; = 0, the initial profile does not
terminate into a shock for any time using the first order solution. However, the
second order solution takes care of nonlinear terms in the formation of a shock on
the wavelet ¢ = ¢ at a distance x = x5. The shock formation distance calculated
from (19) for cylindrically and spherically symmetric flows are given in Table 1
when oy = 0, for different values of a and b. It is noticed that when o7 = 0,
as v and a increase, the shock formation distance obtained from equation (19)
decreases in both the cylindrical and spherical waves. These effects of the second
order solution, when a; = 0, on the shock formation distance and distortion of
the wave profile are shown in Figures 3a and 3b for a small amplitude pulse with
9(&) = posin(EFy/xy), 0 < £Fy/zo < 7. For comparison, the wave propagation,
using the first order solution, is also depicted in these figures. When a; # 0, for
the same initial pulse, the nonlinear distortion of the density profile, valid up to
first and second order approximations is shown in Figures 4a and 4b at various
distances x.
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b a Ts, Ty
0.01 | 0.6789 | 2.2948 | 3.7970
0.03 |0.7320 | 2.2435 | 3.5790
v=12 [0.06 |0.7928 | 2.1994 | 3.4790
0.09 |0.9448 | 2.1156 | 3.0384
0.1 0.9910 | 2.0861 | 2.9652
0.01 | 0.8376 | 2.1829 | 3.3181
0.03 | 0.9150 | 2.1408 | 3.1575
v=13310.05 |1.0060 | 2.1000 | 3.0124
0.09 1.2462 | 2.0255 2.7643
0.1 1.3230 | 2.0051 | 2.7090
0.01 0.95215 | 2.1319 3.1258
0.03 | 1.0501 | 2.0927 | 2.9869
v=14 |0.06 | 1.1679 | 2.0552 | 2.8638
0.09 | 1.4920 | 1.9848 | 2.6505
0.1 1.6000 | 1.9680 | 2.6027

Table 1.: Shock formation distance for different values of v, @ and b when a; = 0;
here x4, and g, represent cylindrically symmetric and spherically symmetric flows

respectively.

1.35¢

("

Density (p/po)

Density (p/po)

(a) Fig-3a

1.

[

(b) Fig-3b

Figure 3.: The variation of the dimensionless density p (defined as (po + p1)/po)
with the dimensionless variable £ (defined as (z — Fot)/z¢ ) where shock forms
(a) on the wavelet ¢s = 2.3457 at &5 = 2.1320 in cylindrically symmetric flows,
and (b) on the wavelet ¢, = 2.3038 at #5 = 3.1258 for spherically symmetric flows
(the solid lines represent the first order solution and the dotted lines represent the
second order solution). Here a = 0.95215, b = 0.01, v = 1.4 and € = 0.35.
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Density (p/po)
Density (p/po)

(a) Fig-4a (b) Fig-4b

Figure 4.: The variation of the dimensionless density p (defined as ( po + p1)/po )
with the dimensionless variable ¢ (defined as (z — Fyt)/zp ) on the leading
wavelet ¢ = 0 in (a) cylindrically and (b) spherically symmetric flows. The
density distribution, up to first and second order, is represented by the solid and
the dashed lines respectively. Here a = 0.8, b= 0.1, v = 1.4 and ¢ = 0.35
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Abstract: In this article, we briefly review some age—structured
models in population dynamics. In particular we focus on PDE mod-
els. In fact, in many cases the boundary conditions turn out to be
nonlocal in nature which make the solutions of these models to ex-
hibit more complex structures. Mainly we present hyperbolic and
parabolic models in this article. Out of many uncanny interesting
models we have chosen a few and presented here. Therefore we do
not claim that the population models in this article are exhaustive.
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equations, GRE inequality, semigroup theory, nonlocal boundary value
problems

AMS Subject Classifications: 01-02; 35-02; 92-02; 92D25

1. Introduction

Usage of differential equations in the modeling of population dynamics can be
traced back to several centuries. One of the earliest models was due to Malthus
(see [45]). In that model, Malthus proposed that the rate of population growth/
decay is proportional to the size of the total population. It is widely regarded
in the field of population ecology as the first principle of population dynamics.
Mathematically, the model is

LP()=AP(), 120 )
where P(t) represents the total population size at time ¢ and A is the malthusian
parameter of the given population. The solution of (1) is the exponential function
P(t) = eP(0), t > 0. Thus the population blows up or decays depending on
the sign of A\. The Malthus model does not refer to the effects of crowding or the
limitation of resources. A population model in which the total population cannot

E-mail addresses : halderjoydev@gmail.com (J. Halder), suman.hcu@gmail.com
(S. K. Tumuluri).
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grow beyond a certain limit due to resource limitations were developed by P. F.
Verhulst in 1838. The Verhulst model is

%p(t) =\ ( - P}?) P(t), t=0, (2)

where the constants A and K denote the intrinsic growth constant and the envi-
ronmental carrying capacity respectively. Equation (2) is also known as the logistic
equation. Notice that the constant K is a nontrivial steady state and it is asymp-
totically stable. The logistic model does not consider the correlation between the
population size and the mean individual fitness (often measured as per capita pop-
ulation growth rate) of a population. A more realistic model of population growth
would allow the Allee effect (see [70]) and is given by

%P(t) — AP(t) (P(t) — A) ( - P;{”) L t>0, (3)

where the constants A, K and A are the intrinsic rate of increase, the carrying
capacity and the Allee threshold respectively.

The structured population models distinguish individuals from one another ac-
cording to characteristics such as age, size, location, status, and movement etc. to
determine the birth, growth and death rates, interaction with each other and with
the environment etc. The goal of the structured population models is to understand
how these characteristics affect the dynamics of these models and thus the outcomes
and consequences of the biological processes. Many authors considered age, size,
spatial and maturity structured population models (see [32, 33, 65, 73, 74]).

2. Age-structured models : Hyperbolic PDEs

In the modeling of population dynamics, the main step is to identify some signif-
icant variables that allow the division of the population into homogeneous sub-
groups. Then, one can describe its dynamics through the interaction of these
groups, ruled by mechanisms that depend on these variables. These variables are
called structured variables. Age is one of the most natural and widely used struc-
tured variable. Let p(z,t) denote the density of population that has age = at time
t. Assume that p and 3 are the age-specific mortality and age-specific fertility re-
spectively. One of the earliest age-structured population models is due to A. G.
McKendrick (see [48]) and is given by

pe(x,t) + pe(x,t) = —p(x)p(x,t), © > 0,t >0,
p(0,1) / B(x)p(x,t)dx, t >0, (4)
p(z,0) = po(z), > 0.
Here pu, 3, po are assumed to be non-negative functions. Model (4) is known as the

renewal equation and was rediscovered by von-Foerster. It is easy to show that the
solution of equation (4) is implicitly given by

po(t —xz)e™ Jo p(s)ds T < t,
p(x,t) = { (5)

po(w — t)e” Jemen@ds g >y
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Using the boundary condition in (4) we can write (5) as an integral equation which
is also called as the renewal equation. This integral equation was studied by Lotka
in detail. The steady state equation associated with equation (4) is

iA - )ﬁ( ),.%'>O

/ B(a)p(a /Oooﬁ(x>dw=1-

From (6), it is easy to see that
pz) = p(0)elo #4535 0.

By substituting this p in the initial condition in (6), we obtain that

50) = 5(0) [ Bla)e i O

Hence (6) has a nontrivial solution if and only if

R := / B(x)e Jo sy — 1, (7)
0

where R is known as the basic reproduction number which is the average off-springs
produced by an individual during the reproductive period. Under appropriate as-
sumptions on 3, u and pg, it can be shown that

lim e Mp(x,t) — Coe = Jo #s)ds| — g,

t—o00

where A is a unique solution of the characteristic equation

/ B(x)e I #E)ds gy — 1
0

and Cj is a constant which depends on pg. This remarkable result was conjectured
by Lotka (see [73]) and proved by Feller (see [28]).

In McKendrick-von Foerster’s model, the fertility and the mortality rates merely
depend on the age and not on the total populations. Practically it is not the case.
As there is a competition among individuals for limited resources and individuals
of different ages have different advantages (disadvantages) in this competition, it
is natural to assume that the fertility and mortality rates depend on the total pop-
ulations. To this end, Gurtin and MaCamy introduced a nonlinear age-dependent
population model where the fertility and mortality functions are density dependent
(see[30]). The Gurtin-MacCamy model is given by

p(x,t) + pe(x,t) = —p(x, P(t))p(x,t), > 0,t >0,

p(0,1) / Bz, P(t))p(z,t)dz, t >0,

P() :/O p(@, t)dz, t >0,

p(x,()) :p0($)> x> 0.
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Using the method of characteristics, (8) can be converted into a system of to
nonlinear Volterra integral equations (see [73]). The existence, uniqueness and the
long time behavior of a solution of equations (8) were investigated in [30]. The
steady state equation associated to (8) is

Under appropriate assumptions on p and (3, the solution p(z,t) of equation (8)
converges to the steady state p (see[30]).

GRE Property

The notion of General Relative Entropy (GRE) is motivated by the Perron—
Frobenius theory for ordinary differential equations (ODEs) and is used as a unified
approach to deal with many structured population models (see [67]). Michel et al.
[51, 52] have introduced the concept of GRE inequality for various structured pop-
ulation models including age, size, maturity. Moreover, they have used the GRE
inequality (see [54, 61]) to prove a priori estimates and existence of solutions, long
time asymptotic to the steady state, attraction to the periodic solutions etc. Here
we present the GRE inequality for (4). Let (N, A, ¢) be a solution to the following
eigenvalue problem

Ny(z) + (p(z) + A)N(z) =0, x>0,

0= [ s

and ¢ be a solution of the corresponding adjoint problem

(@) + (u(x) + N)o(x) = B(2)¢(0), >0,

[t

If H:R — [0,00) is a positive convex function then the following is the GRE
inequality for (4)

L[ H (b )™ N ) ) N(@)o(@)de = ~Da(pe™ /N) < 0

dt
-t
du)) :

where the dissipation of entropy —Dp given by
o
~Dualpe™/N) = NO)6(0) (H( /
0

and du(z) = x)/ fo x)dz is a probability measure. It is one of the
most powerful techmques in the analy31s of long time behavior of solutions. Using
the GRE inequality the asymptotic behavior of solutions of (4) is presented in the
following theorem (see [60]).
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THEOREM 2.1 Assume that 1 < [;* B(z)dz < oo and |po(x)| < CN(x), then the
solution to (4) satifies

| pane =N @lo)dn 10 as 1 o,
0

with p° = [° po(x)p(x)dx (a conserved quantity).

In fact the GRE technique can be used to analyze nonlinear models also. For
instance, consider the following nonlinear age structured population model

pe(x,t) + pa(@,t) = —p(@)p(w,t), © >0, >0,

(/5 xtdx) t>0, (10)

p(ZL‘,O) :po(.%'), x>0,

where f is a concave functions with certain growth rate. In [50], Michel employed
the GRE method to prove the asymptotic convergence of the solution of (10) to
the corresponding steady state.

Semigroup theory methods

The semigroup theory is another important tool to study the behaviour of the solu-
tions of population models. The advantages of the semigroup theory over-analytical
approach are that it removes the technical complexities of the proofs, allows very
general nonlinearities in the model and exhibits the dynamical structure of the
solution (see [49, 73]).

In [72], Webb considered equation (8) and showed that the solutions of nonlin-
ear age-dependent population dynamics are associated with a strongly continuous
semigroup of nonlinear operators in Banach space L'(0, co; R™). Moreover, the au-
thor proved that the nonlinear semigroup associated with the model (8) can be
represented in terms of its infinitesimal generator employing an exponential for-
mula. Using the pseudospectral differencing techniques, the infinitesimal generator
associated with the semigroup of the solution operator is discretized, and the con-
vergence results are analyzed by the authors of [14, 15]. In [15] using the numerical
experiments, the authors illustrated the features of this technique. In [11], the au-
thors formulated a more general age-structured population model as an abstract
Cauchy problem in a Banach space and nonlinear semigroup theory is employed to
analyze the model.

2.1. Neuronal networks

Another class of interesting age-structured models arise naturally in the study
of neuronal networks (see [1, 16, 17, 35, 40]). One of the most classical models
of neuronal networks is integrate-and-fire (I-F) model which was investigated by
Lapicque (see [41]). In neuronal networks, another widely studied model is the
Hodgkin-Huxley model (see [34]).

For a review of I-F neuron models for homogeneous synaptic inputs and for an
inhomogeneous synaptic inputs see [18, 19]. For a survey in stochastic I-F models
see [66]. In [20], the authors analyzed several aspects of nonlinear noisy-leaky-
integrate-and-fire (NNLIF) models and studied the finite time blow-up of the weak
solutions of these models. In particular, it is proved that for a suitable initial data
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concentrated close to the firing potential, the weak solutions do not exist for all
time. In [21], the authors investigated the well-posedness of a networked I-F model.

2.2. Hematopoesies Models

Hematopoiesis is the process by which all blood cells (red blood cells, white cells,
and platelets) are produced and regulated. Mathematical modeling of hematopoi-
etic stem cell (HSC) dynamics has been extensively studied in the past 50 years. In
[42], Mackey proposed a mathematical model of HSC dynamics which is a system
of two delay differential equations. This model describes the evolution of prolifer-
ating and quiescent HSCs and the delay describes the average cell cycle duration.
Since then, Mackeys model has been improved by many authors. For instance,
Pujo-Menjouet et al. (see [62, 63]) proved the existence of long-period oscillations,
characterized situations observed in chronic myelogenous leukemia, a cancer of
HSCs. Authors of [7-10] analyzed various versions of Mackeys model and investi-
gated the effect of perturbations of the parameters in the system on the behaviour
of the cell population. Adimy proposed a general model of hematopoiesis based on
the Mackey model (see [9]). Further, the author used the method of characteris-
tics to reduce the model in a system of threshold-type delay differential-difference
equations. It was proved that the trivial equilibrium of the model is globally asymp-
totically stable if it is the only equilibrium. It was also shown that the nontrivial
equilibrium, the most biologically meaningful one, can become unstable exhibit-
ing Hopf bifurcation. These results are helpful in understanding the connection
between the relatively short cell cycle durations and the relatively long periods of
peripheral cell oscillations in some periodic hematological diseases.

In all these studies, the authors assumed that just after division, all cells en-
ter the quiescent phase immediately. This restrictive assumption allows reducing
the model to a delay differential system. Recently, the authors of [6]) modified the
Mackey model by assuming that immediately after division only a part of daughter
cells enter the quiescent phase (long-term proliferation) and the other part of cells
return to the proliferating phase to divide again (short-term proliferation). Also,
the authors investigated necessary and sufficient condition for the global asymp-
totic stability of the trivial steady state, which describes the population dying
out. Moreover, the authors provided some sufficient conditions for the existence of
unbounded solutions, which represent the uncontrolled proliferation of HSC popu-
lation.

2.3. Maturity Models

In the age-structured population dynamics, maturity arises in various contexts.
Models of the cell cycle incorporating maturity through different phases of it can
be found in (see [31, 49]). Mackey et al. considered a particular time-age-maturity
structured model of the biological process of hematological cell development in the
bone marrow. This model is a generalization of those that had been considered
previously. In [43, 44], the authors assumed that the cell cycle has two distinct
phases. The cell in the first phase (rest phase) cannot divide, they mature, and
they eventually enter the second phase (proliferating phase). In the second phase,
the cell is committed to undegro cell division at a time 7 later. Mackey et al. proved
that the solution of time-age-maturity structured model exists and is globally stable
(see[44]). In [22, 23], the authors analyzed this model in a particular case when
maturity is independent of 7. The authors also showed that the behaviour of the
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solution depends on the stem cells. The numerical experiments performed earlier by
Rey and Mackey suggested such a result (see [64]). A more general model than that
of Mackey and Rudnicki is proposed in [7]. In that model, the rate of mortality
and the rate of return from the resting phase to the proliferating phase depend
on the maturity variable. Also, if the proliferating phase is long enough, then the
trivial solution is the exponentially stable. Another important feature of this model
is that the uniqueness and asymptotic behaviour of solutions depend only on the
cells with low maturity (stem cells). For related models, one can refer [13, 24, 25].

3. Age-structured models : Parabolic PDEs
In [12], the authors introduced the diffusion term in McKendrik-von Foerster equa-
tion to account the variability in the DNA content which can influence the ’bio-

logical age’. In [53] the authors considered the McKendrik-von Foerster equation
with diffusion (M-V-D)

Pr(s) + (9@l 1)), + ()p(s8) = paal 1), &> 0,8 0,
900(0.0) = 2:0.0) = £ ( [~ slodntat)dz ) ¢ (1)
p(x,0) = po(z), = >0,
where p, y1, B are as in (4). The steady state equation corresponding to (11) is
(9(2)P@)), + #l@)P(z) = Pru(a), >0,
s0P0) - 2.0 = 1 ([~ B@P@a) )

/ P(z)dx < 0o, P > 0.
0

Apart from proving existence and uniqueness of the solution of (11), it is established
that if ng(z) < CP(z), then the solution of (11) satisfies

P(z) < lim inf p(z,t) < hm supp(m t) < P(z),

7 t—00

where P (resp. P) is the maximal (reps. minimal) nontrivial solution of (12).
A generalization of (11) is

pe(x,t) + p(x,t)y + p(x, S(t))p(z,t) = pea(x,t), x>0, >0,

9(0)p(0, 1) — (0, 1) = / " B, S(0)pla. e, 1> 0,
(13)

/ Y(x)p(x, t)de, t >0,
0)

p(x, po(x), x >0,

where the function S(t) represents the weighted population which influences the
mortality and fertility rates, and depends on the environmental factors.
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In [36], the authors proved that, if pg € L'(RT) N L2(RT), then there exists
a unique solution p € C(RT; LY(R')) N L2 (RT; Wh2(RT)). GRE inequality for
linear death term and a particular type of nonlinearity in the birth term was also
proved in [36].

The model in which the nonlocal term p(zx,S)p is replaced by a local reaction
term in a bounded domain in R™ is considered in see [57, 58]. Moreover, the diffusion
term is replaced by a general uniformly elliptic operator. In [57], using an upper
and lower solution, the author proved that the solution to the model is non-negative
and bounded whenever the initial data is so. In [37], the authors studied the well-
posedness and asymptotic behavior of equation (11) posed in a finite domain [0, a4]
and at o = ay also the Robin boundary condition is imposed similar to that of at
x = 0.

An important feature of nonlinear parabolic equations is that thesis solutions
may have finite time blow-up. In [29], the authors presented sufficient conditions to
ensure the finite time blow-up/ the global existence of the solution to the following
nonlocal initial boundary value problem

pr = Ap+c(z, t)p?, xe€Q,t>0,
pla,t) = [ k(z,y,O)p'(y, )dy, x € 0Nt >0, (14)
p(ZL‘,O) = pO(x)a HAIS Qv

where 2 is a smooth and bounded domain in R™ for n > 1, and ¢, [, ¢, k, pg > 0.

4. Numerical methods

Finding explicit analytical solutions of population models is infeasible except in
very special cases. Therefore, many authors proposed numerical schemes of these
models (see [26, 27, 38, 39, 46, 59]). In this section, we present some of them which
approximate the analytical solution in the time interval [0,7], 7" > 0. Let, J € N,
h = at/J. We introduce the grid points x; = ih, i = 0,...,J. We denote the
temporal step size by k, N = [t/k]| and time levels by t, = nk, 0 < n < N. Also,
we denote by P/* the numerical approximation of p(z;,t,), 0 <i < J,0<n <N
and P" = (Fy,...,P}), 0 <n < N. Let PO be the approximation of the initial
data at the grid points when t = 0. Moreover, we approximate foa* f(z)dz by

J
the appropriate quadrature rules given by Q(f) = > ¢ f(x;), where ¢! are the
i=0

suitable weights.

4.1. Hyperbolic models

In this section, we describe some numerical methods to find an approximate solu-
tion to the finite-age Gurtin-MacCamy model with nonlocal boundary condition
in a bounded domain [0, a]. For, we introduce the notation

Ti—1+x;

Tiajp =0 DP' =P =P, VP =P - Py,
prtt 4 pn P+ P!
Pi"H/Q:%’ pﬁw:%, 1<i<J, 0<n<N-1
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Lopez-Marcos has proposed several schemes on finite-age Gurtin-MacCamy model
with nonlinear boundary condition. The numerical scheme given in [46] is

vpr-!  ppr!
R + (s, QP )P =0, 0<i<Jn>1,
5 = 9(Qu(BP™P"),tn), n>0,
PY = po(zi), 0<i<J

(15)

The author used the abstract framework (see [47]) to analyze scheme (15). It is
proved that if % < 1 then (15) is a convergent scheme with first order accuracy in
time and age. In [39], the authors modified this scheme to arrive at another explicit
up-wind scheme which is also convergent. Another well known scheme is due to
Fairweather et al. which is popularly known as box scheme (see [26]) and is given
by

n+1/2
VPt vpPr  DPM+ DPR . A
‘ 57 + o7 L+ (i1 /2, Qn(P H/Z))Tl/ =0,

P = g(Qn(BP™MP"),tn), n>1, (16)

PY =po(z;), 0<i<J,

where @, denotes the composite trapezoidal quadrature rule. Scheme (16) is clearly
implicit and at each time step the nonlinear equation must be solved by some fixed
point iteration procedure. The authors proved that proposed numerical scheme
is stable, convergent with second order accuracy. In [27], the authors proposed
a modified box scheme which is a two step scheme in which the first level of
approximation is obtained by the box-scheme. This scheme is indeed a convergent
scheme and is second order accurate in time and age. For the numerical methods
to the nonlinear McKendrick—von Foerster equation see [3-5, 68, 69, 71]. For more
numerical schemes for age-structured population models of hyperbolic type refer
to [2].

4.2. Parabolic models

Numerical methods for the nonlinear, nonlocal parabolic models have been studied
by Pao (see [55-57, 59]). The author used the method of upper and lower solutions
in the treatment of nonlinear and nonlocal terms. In [59], the author proposed a
first order implicit numerical scheme for a reaction-diffusion equation with nonlocal
boundary condition in which at each time level an iterative process is used to
compute the approximate solution. In order to find the numerical solution of linear
M-V-D in age the authors of [38] discretize the equation with respect to time to get
a semi-implicit scheme which gives a system of ODEs. Using the energy estimates
established therein and the Kacur compactness arguments the scheme proposed in
[38] is proved to be convergent.
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Abstract: Let {a,},>0 be a sequence of positive integers satisfying
a(0) =1and a(n) = a(|n/2])+a(|n/3])+a(|n/6]). Using Renewal
theory, Erdos et al proved that lim, . a,/n = Tog 152" We prove
the same result using tools of analytic number theory. The article

is expository and highlights various useful techniques of analytic
number theory.
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1. Introduction

Consider the sequence of integers {ay} given by:

a(0) =1, a(n) =a([n/2]) +a([n/3]) +a([n/6]), (1)

for all natural numbers n > 1.

Now, Rawsthorne [6] raises the question whether lim,,_,~ a,,/n exists and if so,
what is the value? This was answered affirmatively by Erdos, Hildebrand, Odlyzko,
Pudaite and Reznick [2] (and also [3]). They proved that ¢ = lim,, 00 ap/n = bglﬁ.

The above authors proved this as a consequence of Renewal theory.

In this article, we prove the above result using analytic number theoretic meth-
ods. In fact, we take this opportunity to make this article expository to introduce
the basis of analytic number theory.

2. An alternate sequence

Starting from (1), we check that

*Corresponding author. Email: balu@imsc.res.in
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Now, we define a sequence {b(n)}n>1 by
b(n) =a(n) —a(n —1).

Then

We extend the definition of b(n) to all positive real numbers by letting b(x) =0
whenever z > 0 and = ¢ N.

We start with

LEMMA 1 Ifn>2, and d € {2,3,6}, then we have

a([n/d]) —a([(n—1)/d]) = b(n/d).

Proof. If n is not a multiple of d, then both sides vanish. If n is a multiple of d,
say n = kd, then the left side is a(k) — a(k — 1) = b(k) = b(n/d). [ |

LEMMA 2 Ifn > 2, then b(n) satisfies the relation
b(n) = b(n/2) + b(n/3) + b(n/6). (2)

Proof. Since b(n) = a(n) — a(n — 1), we have, using (1),

bn)= Y (a(ln/d]) —a(l(n—1)/d])),

de{2,3,6}
and we use Lemma 1. (]

Now, we observe that a(n) is the summatory function of b(n). More precisely

LEMMA 3 For any integer N > 1, we have

> b(n) =a(n) - 1. (3)
n<N
Proof. We verify it for N = 1, 2; The general case is by induction on N. [ |

We also observe from (2) and by induction that

LEMMA 4 For all n > 1, we have

Proof. For (i), it is clear that a(n) > 0. The fact that a(n) < 3n now follows from
(1) and induction. To show (ii), we see that b(n) > 0 and the rest now follows
from (2) and induction. The inequality (iii) is a direct consequence of Lemma 3
and (i). [ |
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3. Generating functions

Let g(n) be an arithmetic function; In order to study g(n), sometimes it is conve-
nient to study the generating function of g(n); In particular if g(n) is given as a
linear combination of the term of the form g(n — ¢), then we can study the growth
of g(n) by studying the generating power series »_ g(n)z™.

For example, consider the Fibonacci sequence F;, given by Fy = 1; F} = 1;
F, = F,_1+F,_9, foralln > 2. Then, by induction, F;, <2"; Let G(2) = )_, Fn2".
Then the series given is absolutely convergent in |z| < 0.4, and defines an analytic
function there. In fact, the actual radius of convergence of the series is (v/5 —1)/2.

Now,
G(2)(1—2z—2%) = Z Fo.z" — Z Fo2" T — Z F2"t2
n>0 n>0 n>0
=(Fo+Fiz+ Y Fp2") = (Foz+ > Fpa™) =Y Fp2mt?
n>2 n>1 n>0
=Fy+ (F1 — Fo)z + Z F,2" — Z Fp12" — Z F_22",
n>2 n>2 n>2

by a change of variable n — n—1 and n — n — 2, so that the right hand side above
equals

1+ (Fo—Fyq— Fpg)2" = 1.

n>2

Thus, G(2) = (1 — 2z —22)7t = (1 — az)"}(1 — B2)~!, where a = (1 ++/5)/2 and
B = (1 —+/5)/2. By splitting into partial fractions,

1 «@ I}
G(z)=— — .
(2) \/5<1—az 1—52)
Now, using binomial expansion (1 —az)™! =1+ az+ a?2? +..., we find that

ZFnz”—\}5(a(1+az+a222...)—6(1—1—62—1—6222...))

n>0
Now, comparing the coefficients of 2", we get

n+1 _ agn+l
o p

F, = ,
! V5

for all n > 0.

4. Dirichlet series

Suppose that g(n) is a linear combination of the terms g(n/d), which is the case
for the function b(n) considered. In this case, we consider the generating function

of the form H(z) = ;2 (). These functions are called Dirichlet series.

n>1 nz
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When we study Dirichlet series, it is usual to represent a complex number by
s = o +it, with o the real part and ¢ the imaginary part instead of the customary
z =+ 1.

Accordingly, let

B(s)=Y bln).

nS

n=1

Then by Lemma 4 (ii), we see the series is absolutely and uniformly convergent in
R(s) = 0 > 3 and defines an analytic function there.

LEMMA 5 In R(s) > 3, we have
B(s)=2(1-2"°-3"°—-6"°)".

Proof. We have

In the second term, replace n by n/2 and similarly for third and fourth sum.
Thus,

B(s) (1 BN 1> = b(n) —b(n/2) —b(n/3) — b(n/6)

2 3 6) & n®
2, n=1

Recall that b(n) — b(n/2) — b(n/3) — b(n/6) = [ |
0, n>2

LEMMA 6 The function (1 —27°—37°% — 6_5)_1 is analytic in o > 1.

Proof. We only have to prove that 1 —27° —37° —67° £ 0 in ¢ > 1. In fact,

if o > 1. Thus, B(s) is an analytic function in ¢ > 1. We need to find an asymptotic
formula for the sum of coefficients and a standard method for doing this is to appeal
to the Tauberian theorem. [ |

5. Tauberian theorem

In 1826, Abel proved the following;:

THEOREM 7 Let f(x) = > o2y anz", an € R; Assume that f(x) converges on
the real interval (—1,1). Also, assume Y > an converges. Then lim, ;- f(z) =
Y oo2oan (here limy_, - is the limit from the left).
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One would like to know whether the converse holds, i.e., if lim,_,; f(z) exists,
is it true that ) a, converges. This is clearly false. For example, take a, =
(=1)™, then f(z) = 7 (—1)"z" converges in (—1,1) and equals 1%@ there. Thus
lim, 1 f(x) exists and equals 1/2. But ) > ((—1)" is not convergent.

In 1897, Tauber observed that, under some conditions, the converse holds.

THEOREM 8 Let f(z) => 7" janaz", with a, € R. Suppose f(x) converges on the
real interval (—1,1) and assume that lim,,_,oc na, = 0. Now, if lim,_,1 f(z) exists,
then >, an converges.

Now, various strengthenings and generalisations are known, which all go under
the name of Tauberian theory. For details, one may consult J. Korevaar [4].

6. Prime number theorem, A quick proof

Let 7(N) = > 1 be the number of prime numbers upto N. Set #(N) = > logp,
p<N p<N
be the number of primes counted with weight log p. Let

Y(N) = Z A(n), where A(n) = {logp, n=p",

o 0, otherwise.

Then,
THEOREM 9 The following are equivalent:

(a) w(N) ~ 2y,
(b) 9(N) ~ N,

(¢) p(N) ~N.

Any of the statement above is called the prime number theorem.

In 1980, D.J. Newman [5] gave a simple analytic proof of the prime number
theorem, and we indicate the proof here. In fact, we follow the expository article
of Korevaar [4].

We start with the following Tauberian theorem:

THEOREM 10 Let f(x) be a nonnegative, nondecreasing function on [1,00]; As-
sume that f(z) = O(x), as x — co. Let g(s) = s [[° f(z)z~5 ' dx, be the Mellin
C

transform. Assume that there exists a constant c € R such that g(s) — ;%5 can be

continued analytically to a neighborhood of every point on the line R(s) = 1. Then

f(x) ~ cx.

We deduce PNT from Theorem 9.

Consider the Dirichlet series ((s) = 3 2, called the Riemann zeta function; This
is absolutely and uniformly convergent in every compact subset of R(s) = o > 1
and defines an analytic function there.
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Also, we have a product expansion

valid in ¢ > 1. Taking logarithmic differentiation (since ((s) does not vanish in
this region), we get

~('(s) _ o~ Am)
¢(s) P

n=1
We take f(z) =), ., A(n) and verify the conditions of Theorem 9. The condition
f(z) = O(x) is easy to verify. Also,

o(s) = s /1 T @) dr = s /1 TS Am)a e

n<x

1, AW ()
=2 T

—snz_:lA(n)/n

The product formula for {(s) shows that {(s) # 0 in R(s) > 1 and thus g(s) is
analytic in R(s) > 1. Again, it is not difficult to prove that g(s) has a simple pole
at s = 1 and thus taking ¢ = 1, g(s) — S_% is analytic in a neighbourhood of the
point s = 1;

In 1896, Hadamard and De la Vallee Poussin proved independently that (1 +
it) # 0if t # 0. From this, we deduce that —(’(s)/((s) has a pole on R(s) = 1 only

at the point s = 1; Thus _CC(IS(; ) _ 5%1 is analytic in a small open neighbourhood of
R(s) = 1; Thus from Theorem 10, we deduce that ¢ (z) ~ z.

7. The sequence b(n)

We want to study our problem of _ b(n) by the same method; Let f(z) = > b(n);

n<x n<x
Then, as before

Now, let

Now, we use the fact that, in the neighbourhood of s =1,

—1)%log?
a5 = a—l‘al—s _ a—l‘e—(s—l)loga — a—l (1 _ (S _ 1) loga+ (S)Z'Oga + .. > .
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Hence,

D(s)=1- Z Cll<1—(s—1)logd—|—(8_21)210g2d+...>

de{2,3,6}
1 1 1 log2 log3 log6
=(1-Z----2 —1
< 2 3 6>'+(8 )< > T3 T )7
log 432
=(s-1)—

Thus B(s) = 2D(s)"! = 1og12325—% + ..., which means that B(s) has a simple

12
log432°

C

pole at s = 1 and B(s) — ;%5 is regular at the point s = 1, for ¢ =

Now, we need to prove

1 1 1
. —14it, t#0.
95 3s 657&07 S + 1, 7&0

Unlike the case of the Riemann zeta function, in this case, it is easier; In fact,

=0

R 1 1 1 B cos(tlog2) cos(tlog3) cos(tlog6)
1- ol+it — gl+it  gl+it | — 92 N 3 N 6

if and only if cos(tlog2) = cos(tlog3) = 1. This implies that tlog2 and tlog3

are integer multiples of 27. By taking the ratios, this would mean {ggg € Q, say

log 3
log 2

= a/b, for a,b € Z. This implies 30 = 2¢ yielding a contradiction. Thus

1 1 1
©ool4it  gl4it gl 70, t#0.

1

Thus, Theorem 10 can be applied and one can deduce

> b~ g
" log432”"

n<x

8. The error term

Let

12
Ex) =S b, — .
(@) =25 log 432"

n<x

Is it possible to estimate E(x)? This needs:

(a) A bigger zerofree region for B(s)~!, and
(b) Perron’s formula.

In this section, we shall prove the following:
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THEOREM 11 There is a 6 > 0, such that

A larger zerofree region for D(s) = 2B(s)~! is given by Theorem 16 in the next
section. It says that for some positive constants ¢, co and |t| sufficiently large, the
only pole of B(s) in the region o > 1 — ¢1|t|=2% is at s = 1, with residue logli32‘
Further, it satisfies the upper bound |B(s)| < ¢s|t|?® for |t| sufficiently large.

We start with the Perron’s formula:

THEOREM 12 (Perron’s formula) Let F(s) = > > I®) pe absolutely convergent

n=1 ns

in R(s) > 1. Then for any x >0, x ¢ N, k > 0 and ¢ > 1, we have

k! c+100 s

Z ) (log %)k = 2m

n<z

X

(S)Skﬁ dS.

c—100
In our applications, we will resort to the following truncated version:

c+iT
\k k! z* Elzt S |f(n)| . 1
Z f(n) <log E) =5 / F(s)—SkH ds+0O <7er nz o min 1, TTlog 2 ,

n<z c—iT =1 |
(5)

where the implied constant is absolute.

We begin with some preparatory lemmas:

For any k£ > 0, let

LEMMA 13 For all k > 1, we have
i dt
Sk(x) = k/Sk—l(t)t'
1

Proof. This can be shown by expanding Sj,_1(t) = Y b(n)(logt/n)*~! and evalu-
n<t
ating the integral. ]

LEMMA 14 Let k > 1 and Si(x) be as given in (6). Assume further that one has
an asymptotic formula Sk(x) = cx + O(x/E(x)), such that E(x) — 0o as x — 0.

Suppose further that both %((2;0)) d E&é?) remain bounded as x — oo. Then

Sk—1(x) = T +0 <E(1‘)> )

where the implied constant is absolute.
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Proof. Let 0 < h < x, h = o(z) and consider the quantity

. . x z+h _
Si( +hg Si( ):/x S%tl(t)dtzsk_l(x)z(HO(h/m)). (7)

since b(n) > 0 implies Si(t) is monotonically increasing. Similarly, by considering
Sk(z) — Sk(x — h) and following the same procedure, we get a similar lower bound.

Using the asymptotic formula for Si(xz £ h) and Si(z), we then obtain

kSh_1(z) = (% +0(1)) <ch +0 (Efx)» —cx+0 <h + Efx) + hg@)

Choosing h = z/+/E(x), we complete the proof. [ |

Proof of Theorem 11. We apply Perron’s formula (5) to the sequence {b(n)} with
some r > 30 and ¢ = 1 + 1/logz. We then obtain
) : (8)

oo

+0 /t—c—l - 3tdt

b(n)

Sy(x) 1 et x® T
= — B(s)—=ds+ O | —
7! 27i /cz'T () g1 0 + Tr ;

Now, by partial summation and Lemma 4(iii), we find that

o

1

since ), ,b(m) < 3t and ¢ = 1+1/log 2. Applying this estimate and moving the
line of integration to o = 1 — ¢; 728, we obtain

S ( ) s -l il s
(T x 1 x
o = Ress=1B(s) e + i (3)@ ds
1—c,T-28—iT
1—, T—28—iT . c+iT . |
T T xrlogx
+ / B(S)@‘i‘ / B(S)78T+l +O( TT )
c—1T 1761T728+7:T
12 o8 xlogx
_ O( 1—c,T ) O 7
ogazz” T\ * T

since |B(s)| < |t|?® on the line [c — T, ¢+ T (except for a finite range of t, which
can be bounded separately) and that the integral of B(s)z*/s"*! on the horizontal
lines [1 — ¢; T2 44T, c + it] is negligible. Choosing

T = (logz)'/*° and r = 36,
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we find that

12z T
= P - -
S36(2) 36'log 132 © ((log x)1/5> '

Now, we apply Lemma 14 repeatedly with k = 36,35,34...,2,1. Assuming we
have an asymptotic for Si(z), Lemma 14 gives us the asymptotic formula for
Sk—1(x) with a weaker error term. We finally obtain

12 T
Sol) = Z b(n) = log 432" +0 ((log x)5> ’

for some & > 0. [ ]

9. Linear forms in logarithms

We start with a special case of a theorem of Baker in 1975 [1].

THEOREM 15 Let aq, ..., am, be natural numbers > 2. Let by,bo, ..., b, € Z be
such that A = bjlogaq +...bylog o, # 0. Let B = max{|bi|,...|bm|}. Then there
exists a constant C depending only on m, aq, ... o, such that

A > (eB)C.

In fact, the theorem of Baker [1] is more general. But this version is sufficient for
our purpose. From the above we easily deduce that

|mlog3 —nlog?2| > (en)°.

It is known, using Padé approximation, that one can take (see [7])

Imlog3 —nlog?2| >n~  forall n>2. 9)

In particular, we get |mlog3 — nlog2| > ¢yn=%, if n > m > 1, for suitable
constants ¢; and c. In this special case, using Padé approximation, G. Rhin has
observed that one can take cy = 8.

10. Bigger zerofree region for B(s)

Now, we aim to get a bigger zero free region; Let T be a large real number; Then,

THEOREM 16 There exists ¢ > 0 such that the only pole of B(s) in the rectangle
o> 1— 4%, |t| £ T, T sufficiently large is at s = 1, and further on the line
o =1— s, one has |B(s)| < caT%.

Recall that
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and let T' > 0 be a large constant.

We start with the following lemmas:

LEMMA 17  We have the following:

(a) =1 <18, if 0<z<1.
(b) ZnZQ%SO-Sx, for 0<ax<1.

Proof. To prove (a), note that % is increasing and hence if z < 1, % <e—-1<
1.8.

To prove (b), we note ), o ©r = €” — 1 — 2 and the result follows from (a). ®

LEMMA 18 If |s — 1| < 1/2, then |D(s)| > 0.2|s — 1].

Proof. Now, D(s) =1—27°—37% —67°. Write

Note that we have

(log 2)" n (log 3)" n (log 6)”'

(1) =
br) 2 3 6

Thus, taking y = |s — 1|, we obtain

\8 GR (ylog2)" (ylog2)" (ylog2)"
ls=1I" A Rl
z (1) = Z o T ; 3 2 6r!

r>2 r>2

Now, 0 < y < 1/2 and hence ylog6 < 1. Thus, by Lemma 17 (b),

—1)" log2 ylog3 ylog6
Z(s . ) POyl <08 (y (;g +y§g +y(ég >§O_8yD,(1)
r>2 ’

Recalling D(1) = 0 and using D’(1) = 1.0114..., we have

|D(s)| > |y|D'(1) = 0.8yD'(1) > 0.2yD'(1) > 0.2y.

Proof of Theorem 16. We break the proof into two cases:

Case (i): |t| < 0.4. In this case, we see that |s —1| < 1/2. Therefore from Lemma
18 we have |D(s)| > 0.2]s — 1|, or |B(s)| < 10|s — 1] < 5.

Case (ii): |[t| > 0.4. We want to say that R(D(s)) is nonzero and hence D(s) is
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nonzero. Now, assume that D(s) vanishes. We have

cos(tlog2) cos(tlog3) cos(tlog6)

0=R(D =1
(D(5)) - - =
sin2 (tlog2) Sin2 (tlog3) Sin2 (tlog6)
S (1-277 377 —67)+2 2 /4 VA 2
90 30 6o

Note that 1 —277 — 377 — 677 = O(0 — 1) and therefore

sin? <“02g2> + sin? (tl‘;g?’) —O(c—1) = O(T%). (10)

This can happen only when tlog2 and tlog3 are close to rational multiples of
7, which would mean log3/log?2 is close to a rational. This would give rise to
contradiction from Baker’s theorem (see eq 9).

Assume that
tlog2 =2ma+e€; and tlog3 =27b+ e, (11)

where |e;|] < 7 and a,b = O(T). Substituting this in (10), we find that ¢ =
O(T~2), or ¢, = O(T~). If either of a or b is zero, then it follows from (11)
that [t| = O(e;) = O(T~), which is a contradiction since |t| > 0.4. If a = b = 1,
then again subtracting one equation from the other, we obtain tlog(3/2) = ¢; —
eo = O(T~%), again giving rise to a contradiction. We can therefore assume that
max{a,b} > 2. Now, again from (11), we find that

th™1 < t|blog2 — alog3| = |be; — aez| = O(tT™14).

which implies b > T', a contradiction.

The lower bound |D(s)| > 2¢; 'T~28 for o > 1—¢; /T?® (which is equivalent to the
upper bound for B(s)) follows from the same argument since if |D(s)| were smaller
than 728 it would be absorbed in the error term 1 —277 —377 —6"7 = O(c — 1)
in (10) and the proof proceeds as above. [ |
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1. Introduction

Let Dyg(x) = > di(n) where di(n) is the number of ways of expressing n as a
n<x
product of k factors. It can be represented as ( for £ > 1 an integer )

Dy(z) = xPy(log x) + Ej(x) (1)

where Ej(z) is called the error term of the generalised divisor problem and Py is
a polynomial of degree k — 1, If we define 5; to be the least number such that

L[ By =0 (2+) 2

X

for every positive €, then to study (i, naturally studying higher moments of the
Riemann zeta-function on certain lines come into picture (for example see theorem
12.5 of [24]). In this connection to study S4 and 5, Heath-Brown proved that (see
[9] and [10] respectively)

T
/T |c(g +it)|Bdt < T(log T)*® (3)
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and
oA 10 3 52
/T ]C(% +at)|Vdt < T=(logT) (4)

for any T' > 10. Because of the functional equation of ((s), from 3 and 4, one
deduces that 84 < % and [ < 2%. However it is known that 8 > % (for
k=2,3, - see theorem 12.6 (A) of [24]) and hence we obtain 34 = 2.

Let b(n) denote the number of isomorphism classes of Abelian groups of order
n. The arithmetic function b(n) is multiplicative and it has a generating series

D bln)n™" = ((s)¢(25)¢(3s) - - ()
n=1

for ®s > 1. If we write

Az) =Y b(n) (6)

n<x

then, we can write
5 .
Az) = a4+ A) (7)
j=1

where A(z) is known as the error term of the counting function A(x). It is known
on the one hand that

Az) < 21T (8)

(see [23]) and on the other hand that

/1Y(A(:r))2dx o (Y%(log Y)) 9)

(see [2]). In [10], Heath-Brown proved that
Y 4
/1 (A(x))’dz < Y5 (logY)™ (10)

for Y > 2. Earlier in [11], Ivi¢ obtained an upper bound for L.h.s of (10) where
39

he proved the exponent of Y to be 53 instead of %. A result similar to (10) was
announced by Balasubramanian and Ramachandra in [2] before, but their claim
could not be substantiated. Apart from using certain new ideas, essentially the
results (3), (4) and (10) quoted above are excellent consequences of the twelfth
power moments of the Riemann zeta-function on the critical line. We also refer
to some important papers [12], [15] in this connection by Ivi¢ and Motohashi,
Jutila and Motohashi respectively. Developements in the mean square theory of the
Riemann zeta and other zeta functions can be found in a nice article by Matsumoto

in [17].
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Conrey and Gonek (see [6]) presented some nice heuristic arguments to formu-
late several important conjetures and using these conjectures, they obtained some
highly interesting results. We quote one of their conjectures (see conjecture 2 of
[6]) which is very much relevant here. Let

Dk,y(s) = Zd]zl(?)
n=1

Then,

CONJECTURE 1 For every positive integer k, we have

2T 1 ok 2T 1 9 2T 1 )
/ |C(= +it)] dtN/ Dy (5 + it)| dt+/ Dy (5 +it)|"dt (11)

T 2 T 2 T 2
where
T\" 1 T\"
Ty (277) with zy > 5 O Y > (271-) if =0 (12)

Montgomery-Vaughan theorem asserts that

or | N A 2 N
| X bn| = 32w (0 + 0(m)).
n=1 n=1

Thus one obtains

[y i ~ o)
D) T2 1) %Y

for y < T where

For higher moments , because of (12), at least one of z and y must be significantly
larger than T'. In our situation, one expects that (see also theorem 12.7 of [24])

CONJECTURE 2 For T > 10, and for every integer k > 2 , the inequality

T
L 1¢(1 — (kQ_kl) —it)|**dt < T(log T)"**

holds for some positive constant Ay.

Remark 1 Conjecture 2 is true for k = 2,3 and 4 due to Hardy, Cramér (see [24])
and Heath-Brown (see [9]) respectively. For k£ > 5, the problem is still open.
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It is the aim of this paper to prove the following theorems.

THEOREM 1.1 For T > 10, we have

[

2

10

1]. s 101
C(% +it)] dt < T2(logT) s (loglogT)°.

THEOREM 1.2 For T > 10, we have

r

2

8
dt < T(logT) B

C(g + it) (loglog T')S.

THEOREM 1.3 For T > 10, we have

r

2

6

2
C(g +it)| dt < T(logT)".

THEOREM 1.4 ForY > 10, we have

Y
/ (A(z))dz < Yg(log Y)%(log logY)°.
1

Remark 2 Clearly Theorems 1.1, 1.2 and 1.4 improve the log factors of (4), (3) and
(10) respectively. It is plain from the proof (see sections 3, 4 and 5) that all these
improvements follow from the use of Lemmas 3.1, 3.4, 3.5 (which is 12th power
moment of (s) due to Heath-Brown ) and Lemma 3.6. It has to be mentioned that
the method of proving Theorems 1.1, 1.2, and 1.4 is actually due to Heath-Brown
except the usage of lemmas mentioned above and the facts of steps 2 of sections 4
and 5. Proof of Theorem 1.3 is comparatively simpler as can be seen at the end of
section 4.

2. Notation and preliminaries

1. C1,Cs, - -+ denote effective absolute constants, sometimes may be positive.

2. s = 0 +it,w = u + iv unless otherwise specified.

3. f(x) = O(g(x)) and f(r) < g(z) both mean that there exists a positive
constant C; such that |f(x)| < Cig(z) for x > xg.

Also, f(z) = Q(g(x)) means that there exists a positive constant C] such that
|f(z)| > C{g(x) for arbitrarily large value of x.

4. We use the following facts

(). |r(% +1) < exp(_cﬁ}i”’). (13)
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(ii). If we write {(s) = x(s)C(1 — s), then we use
1377 < x(s) < t37° (14)

for any o satisfying C3 < o0 < Cy as t — oo.
(iii). For A; > 0,; > 0 and ) a; = 1, we use the inequality

min(Al,Ag,--- ,Al) SA‘IXI . Ag@--'A?l. (15)
(iv). For By, B2 (any two complex numbers) and [ > 1 (an integer), we have

1By + Bl < 2Y(|B1|' + |Bal). (16)

3. Some lemmas

EMMA 3. et = <t< an = . For 2> o0 > 5, we have
L 3.1 Let i 10T and X = 10000vT". For 2 3. we h

()= Y & 4x(s) Y. w0

n<100X n<100X

where h = 101logT" and x(s) is the conversion factor satisfying ((s) = x(s)((1—s).
Proof. We have

n=1 (17)
L [ ((s+w)X'T(2 + 1) + O(T1).
u=2,|v|<40(log T')?

We move the line of integration in the integral of 17 to u = —%. The residue arising
from the pole w = 0 is ¢(s). Since ((s) < t2775 for 0 < 1, we obtain

F(s) = -~ [ ((s+w)X'T(2 + 1) + O(T 1)
u=—" |v|<40(log T)? (18)
+((5) + O(T3+ 3 losTHe X 2e— 408 T)?),

Note that we have used

(\,
|F(% +1)| < eXp(—C’Ql\ZU’) < 4o ™)’

on the horizontal portions. Hence we have on using the functional equation of ((s),

F(s) = 5 J X(s+w) | S neterly S opstesl)T(R 4y Xwde
u:fg,|v|§40(logT)3 n<100X n>100X
+¢(s) +0(T™)
=J1+JJo+((s)+0O(T™Y) say.
(19)
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Since x(s) < 277 and h = 10log T, clearly we have
Jy < (20T)277F5 (100X)7 2 X 2 (log T)> < T (20)

In J1, we move the line of integration to u = 10. The residue arising from the pole
at w=01is x(s) Y. n°!. Hence, we obtain

n<100X
Ji=-x(s) > nt
n<100X
+ 7m0 J X(s+w)| > T +1)Xw 4+ 0T )
u=10,|v|<40(log T')? n<100X
=—x(s) X nl4J(s,x) +O(T™Y), say
n<100X
(21)
where
Mo =5m [ xrw | X et o e nxet
’ 2mi h w
We notice that
= / X(s+w) Z pStw-l F(g + l)de—w
27 h w
u=10,|v|<40(log T')? n<vX
T 1 _o—u otu yu 3 -1
< (E)2 (VX)) X4(logT)? < T (22)
and since (see p.106 of [24])
Z n* < azts + at*%’
a<n<b(<L2a)
we have (for 5 <t < 107, |v| < 40(log T)? with u = 10)
e
Z nte—l < Z (2”\/)?)“””“%Té < Ts XT3
VX <n<100X n=0
and hence we get
= / X(s+w) Z pstw—t 1“(E + 1)X“’d—w
27 h w
u=10,|v|<40(log T)3 VX <n<100X
T L o—umpt yotu—2 3 -1
< (3)? X (log T) < T (23)
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Now, the lemma follows from (17) to (23) on noticing the fact that

h 1—0c
(2) s X" (100X) s
Z e X)'ns < Z T < g <T
n>100X n>100X

This proves the lemma. |

Remark 3 This lemma may be compared with lemma 1 of [4].

LEMMA 3.2 Let f(z) be analytic in |z| < r and there max |f(z)| < H (H > 3).
Let C3 > 1. Then

101 < @acslog 1) (5 [ )] dy) + 17

Proof. See page 2 of [3]. This is remark 2 below the corollary to the theorem stated
in the introduction of [3]. |

LEMMA 3.3 Let a,,n=1,2,---,N be any set of complexr numbers, then

T N A N
/ S awn = 2dt = 3 an (T + O(n).
0 n=1 n=1

Proof. See [18] or [21]. |

LEMMA 3.4 Consider any set S* of complex numbers with the following property
(i). Rs > og for all s € S**,

(ii). |Ss| < T,

(i1). |S(s — s')| > 1 for any s, s’ € S** with s # s'. Then for V> 0, we have

[{s/s € §**,|S(s)| > V}| <« GNV 2 + TGNV S(loglog T)? + T + T*TG?v—*

where

2N 2N
S(s) = Zann_s ; G = Z |an|?n =%,
n=N n=N

Proof. See [22]. [ |

LEMMA 3.5 ForT > 10, we have
T 1
/ <G5+ it)|*2dt < T*(log T)'7.
0

Proof. See [8]. [ |
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o0
LEMMA 3.6 Let F(s) = Ze_(%)hn_s. For T > 10, we have
n=1
T 1
/ |F(§ +it)[*2dt < T?(log T)'" (loglog T)*2.
(log T)*

Proof. Gabriel’s two variables convexity theorem (see [7]) which says that if

J(o,)) = (/OT|f<a+z't>|i)A,

then

J(o,pA + qu) < (J(e, A)P(J (B, 1)

B—o o—a 1

Whereagagﬁ,p:B_—aandq:ﬁ—a.Byﬁxing)\:%,u:12,0[2 B =

N[

2,0 = % + @, we obtain, firstly

T T l—ﬁ T ﬁ
/ C(5 + e + 1)t < (/ 1<(3 +it)|12dt> (/ 1C(2 —I—z't)|12dt>
< (T2(logT)17)1_31°gT T3iosT

10 loglog T

< T?(logT)' e st

(24)
Note that here we have used Lemma 3.5. Now let s = £ + it and (log7)* < |¢| <
107T'. Then

F(s) = 5= [ ((s+w)D(% +1)Xwde + O(T71)
u=2,|v|<(log T)?
_ 1 1 1 : 1 ; rtv_ d
- Elmqgg:r)sqf toimgr + il F DT+ gy + 7)) X =TT i
+0(T~Y)

(25)
by moving the line of integration to u = @. Since

d
/ — v — = / + / < loglogT,
|m + ZU|

[v]<(iog T)? PI<etr  pir<lvl<(ogT)?

applying Holder’s inequality, we obtain,

dv

L +ivl

+i(t +v))[*?
|10g

1
12 11 - -
|F(s)]* < (loglog T') / IC(2 + og T

[v|<(log T')?
and hence , we get from (24)

T
/ |F(s)[12dt
(

log T)*
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2T
< ogtogD) [t ([T ioth 4 by oo+ o))

fol<(log T)s | =T (26)
< T?(log T)'"(loglog T') 12
and this proves the lemma. |

4. Proofs of Theorems 1.1 , 1.2 and 1.3

First we prove Theorem 1.1 and the proofs of Theorems 1.2 and 1.3 follow in a
similar manner.

4.1. Step 1
we define
S(L.t)=La{ > SN S > ant (27)
) — n%+it X 20 {2 n .
L<n<2L L<n<2L

We replace the integral by a sum over well-spaced points ¢, € [%,T] for which
ltm —tn] > 1 (m # n). From Lemma 3.1, we have
¢(s) = Z e (X" 4 x(s) Z n*~ 4 Oo(T™h)
n<100X n<100X
for % <t< 10T,% <Rs < 1%. Hence, we have
11 _L
(= +it) < (logT) max |S(L,t)|L™ 2 (28)
20 L<CcT}

where C' is an effective positive constant and L runs over powers of 2. For the value
of L giving the maximum in (28), we have |S(L,t)| > 1. Now it follows that

T 11 _1
Iy = /T/2|<<20 +it)[10dt < (log T)'° L™ Y| S(L, t,)['°. (29)

If N(U) is the number of well spaced points t,, for each U ( U runs over powers of
2 ) for which , we have U < |S(L, t,)| < 2U, then clearly we have

Ir < (log T)"' L™z N(U)U'® (30)

where L < VT,1 < U < L5.
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4.2. Step 2

Since T <t < T and x(s) ~ 277, we define

Sy(L,t) = L% Z ()R — B it

L<n<2L
and
L . X
Sa(Lot) = ()5 3w Et
L<n<2L

Now, we observe that the inequality
max (U, [|S1] = [S2]]) < |51+ Sa| < min (U, |S1] + [S2])

holds. If N1 (U) and Na(U) are the number of well-spaced points t,, for each U such
that % < |S81] €U and % < |Ss| < U respectively, then this implies that for every
well-spaced point ¢ counted in N(U) , there is a well-spaced point ¢ ( need not be
the same ) being counted either in N1(U) or in No(U) and hence, clearly we have

N({U) < Ny (U) + No(U). (31)

4.3. Step 3

Here we consider (by Perron’s formula)

1 T

L% 20 " logT 4F3(%+’Lt+U)) (M) dw+0(10gT)

w

(S1(L,1))* =

271

= L5 [P P ti(t+ ) <(2L)_2°+3W(L)_2°+”> dv

T (=55 +iv)
‘i 17
2

N O(L§ (logT)TT (loglogT)3) + O(log T)

(32)
by moving the line of integration to u = —2—10. Of course from Lemma 3.6, since
% <t<Tand|v| < %, we obtain

17
2

1 )
|F(5 +i(t +v))| < Ts(logT)1= (loglog T')

for & < |t +v| < 10T and hence the horizontal portion contributes

L:Tz(logT) % (loglog T')3
T

o( ).

Now, we notice that L < T> and hence, we obtain

3 L5 % F3(%+iy)(2—%+3i(u—t)71)L—%+3i(u—t)
(Sl(L) t)) - 271 /3; (_%O_i_i(y_t)) dV (33)

+ O(Ti(log T) s (loglog T)3).
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Therefore, we have by Hoélder’s inequality,

S L2 = [(Si(L )
Ey F3(%_A'_iy)(Q*%+3i(”*t)_1)L3i(uft)
<< 2];-(-/ (721704»74-(1/7)&)) d]/‘4
+ O(T(log T)'"(log log T')'?) (34)

5T 5T 3
Y3l 4 o122 dy Y
< (/T |F (2 +iv)| 210+|,,_t) </T 210+,,_t|>

4

+ O(T(log T)'"(log log T')*2).

Therefore, we get from (34) and Lemma 3.6,

UPN(U) <D IS1(L, 1) < T?(log T) ¥ (log log T) ™. (35)

n

4.4. Step 4
Applying Lemma 3.3 to (S1(L,t))?, from Lemma 3.2 we obtain

S

T
UANL(U) < (log T) / ISy (L, 4)[4dt
< Li(logT) > (d(n))*n w0 (T +O(n)) (36)
L2<n<(2L)?
< (T + L*)(log L)*(log T)
< T(log T)*

since ) di(ln) < (logz)? and L < VT.
r<n<2c

4.5. Step 5

Applying Lemma 3.4 to the partial sum (S1(L,t))?, with the notation of Lemma

34, wehave V=U2 N < L2and G=Ls Y (d(n))*n 1 < (logT)? and
L2<n<(2L)?

hence we obtain

N1 (U) < L2U*(log T)? + TL2*U2(log T')?(log log T')?

+ T 4+ THU 8 (log T)S. (37)

4.6. Step 6

Analogously, we obtain the same upper bounds for No(U) on studying the partial
sum S2(L,t) and hence we conclude in view of the inequality (31),

N(U) < TU *(logT)%, (38)

N(U) < L2U *(1log T)? + TL2U~*2(log T')? (log log T')?

+ T+ T U8(logT)", (39)
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and

NU) < T*U2(log T')'®(log log T)'?

5. Completion of the proof of Theorem 1.1

Let

(40)

M* =max (LU *(log T)*, TL*U"?(log T)? (log log T')?, T¢, T**U ®(log T)°) .

5.1. case (1)

we suppose that M* = L2U4(log T)3.
Using the inequality (15), we obtain

N(U) < {L2U4(log T)*}i{T
< T:L:U(log T)* (loglog T)?

and hence from (30), we get

Ir < Tz (log T)*? (loglog T)°.

5.2. case (ii)
Suppose that M* = TL2U~12(log T")? (log log T').
Then from (38) and (40), on using the inequality (15), we obtain

N(U) < {TU *(log T)*} 1 {TL2U~'2(log T)°(log log T')2} 1
. A{T*U "2 (log T)"*(log log T)'2} 2
< T2L:U0(log T)'3

and hence from (30), we get
Ir < T (log T)*

5.3. case (iii)

Suppose that M* =T
First of all we notice that

Z n” a0t < Zd5 n)n~ (T + O(n)) < T

B n<T10 i n<T2

and

/ Ix( 20+2t Z n~a |00t <« T3
n<T1
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and hence we can always assume that L > Tw. U < T(%_Qe)é, then clearly we
have

I < (log T)'' L2 UYN(U)
< (log T)"H L=z U107
< (log T)1*UoT* (45)
< U%.T%
<T:

since U < L. Otherwise, suppose that U > T(%_QE)%, then anyway, we have from
(15)

N(U) < min{T?U~12(log T)'®(log log T')*2, T}
< {T2U"2(log T)'8(loglog T)'2} 1 {L2U *(log T)3} « (46)
< T3 (logT) (loglog T)?LzU 10,

since T¢ < LU~ *(log T)3. Thus, we have

Ir < (log )L 2 U N(U) < T3 (log T) + (loglog T)°.

5.4. case (iv)

Suppose that M* = T'+U~8(log T')S.
Then clearly, we have from (15),

N(U) < min{T?U~2(log T)'®(loglog T)'2, T' U8 (log T')%}
< {T2U"2(log T)'8(log log T) 2}z {T' U 8(log T)5} =
< T5+2e—10

(47)

Therefore, we get
Ir < (log )L 2 UN(U) <« T21*L7: < T

since L > T'i. This proves Theorem 1.1.
Theorem 1.2 follows in a similar way by defining similar S(L1,t) and on noticing
the fact that

T

5

Jr = / |C(§ +it)[3dt < (log T)? LT USN (Uy).
T/2

Analysis similar to the proof of Theorem 1.1 now completes the proof of Theorem
1.2.

Theorem 1.3 follows in a rather simpler way by defining similar S(Lo,t) and
on noticing the fact that

T
Jh = /T/2|<(§ +it)[Sdt
< (log T)"Ly *USN (Us) (48)
< T(logT)'' Ly 'U2
< T(logT)1,
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since from (38), similar estimate
N(Usp) < TU; *(log T)*
holds and also we have

Lo < VT, 1< U< L.

6. Proof of Theorem 1.4

After suitable modifications, the analysis of Ivi¢ (see [11], p.19-21) leads to

Y 4
/y (A(z))?dz < Vi (logY)? <1g1TaécyT_ll}> (49)

2

where
T
It = /T |C(1 — o +1it)((1 — 20 + 2it)( (30 + 3it)( (4o + 4it)((50 + 5it)]2dt

and

1 1

6 + logY"

In view of the inequality, 2|ab| < |a|? + |b|?, we have
It < max(J7, J7') (50)

where
T
I = / (% (30 + 3it)¢* (4o + 4it)(* (50 + 5it)|dt (51)
and
T
Jr = / 1C2(30 + 3it) ¢4 (1 — o + it)¢H(1 — 20 + 2it)|dt.
Since the estimation of J3' is similar to J;., we restrict our attention to J.

6.1. Step 1
We define

Si(L,3t)= Y e G Ty (30 4 3it) Y n¥TL L (52)
L<n<2L L<n<2L

n

SE(M,4t) = M { Z e~ (B 4o it |y (4 4 4it) Z ploHdit=1y  (53)
M<n<2M M<n<2M
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and

Si(N5t) = Ns{ > e & T x5+ 5it) Y nPTT (54)
N<n<2N N<n<2N

As in the proof of the previous section, we replace the integral by a sum over well

spaced points t, € [, 7] for which [t,, —t,| > 1 (m # n). From Lemma 3.1, as
before, we obtain,

Jp < (log TP M5 N73 3 [(S5(L, 3ta)) (S (M, 4t,)) (S5 (N, 5ta))"| (55)

for certain fixed L, M, N with
1S5(L,3tn)| > 1, [S§(M,4t,)[ > 1, [S5(N,5tn)| > 1,

since all other terms arising from (52), (53) and (54) contribute a small quantity
to J1.
We classify the points ¢, according to the ranges U < |S3| < 2U,V < |S;| <2V
and W < |S¥| < 2W in which the relevant sums lie. Here U, V, W run over powers
of 2 with

1< U<L:,1<V<M: and 1< W < Na. (56)

if there are N*(U,V, W) well-spaced points ¢,, for each triplet (U, V, W), it follows
that

Ji < (log T)BUPVAWAM S N5 N*(U,V, W). (57)

Note that L < T2, M < T= and N < T'.

6.2. Step 2
we define
S§1(L73t): Z e*(%)hn*?wfiﬁt’ (58)
L<n<2L
S, (L,3t) = T=737 Z pBot3it=1 (59)
L<n<2L
Sy (M, 4t) = M z e (%) p—do—4it (60)
M<n<2M
Sio(M,4t) = M s 240 Z n40+4it71’ (61)
M<n<2M
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and

We note that £ <t < Tand t377 < x(s) < t2 . I N} (U, V,W) (j =1,2, -
are the number of well-spaced points t,, for each triplet (U, V, W) such that

v
2

and

vl

vo|

U
5 <ISwl<U.

Si(N,5t) =Ns Y e &)

S;Q(Nv 5t)

< |83l <U,

< |53 <0,

< |S§1| S U7

< |83l <U,

< [S5| <U,

< |53 < U,

< [S3| < U,

v

v <

o <

y
S <ISkl<V,

N<n<2N

— NsT35 Z

n
X

—bo—bit

n50+5zt71 )

N<n<2N

<S5 <V,
S <Ishl <

<[5l <V,

< ’SZQI S V7

<[Sul <V,

< |8l <V,

<[Snl <V,

<[Sul <V,

respectively, then (as before) clearly we have

w

2

w‘%

<[S5il < W

< |85l < W

<|Sgl < W

< |[S5| < W

< |[S5l < W

<S5l <W

< |[S5l < W

<[Ssil < W

8
“(U,V,W) Z (U, V,W).
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6.3. Step 3

Proceeding as before in steps 3, 4, 5 and 6 of the proof of Theorem 1.1, we obtain

for any integer k£ > 1, (from Lemma 3.2 and Lemma 3.3),

UN*(U,V,W) < (L* + T)(log T)*",

VEN* (U, V,W) < (M* + T)(log T)*

and
W2EN*(U, V, W) < (N* +T)(log T)*".

(By applying Lemma 3.3), we get

N*(U,V,W) < L2U~*(log T)? + TL*U~*2(log T')?(log log T')*
+ T4+ T U 3(log T)°,
N*(U,V,W) < M?>V~4(logT)? + TM?V~2(log T)?(log log T')?
+ T+ TV —3(log T)9
and

N*(U,V,W) < N>W4(1og T)? + TN?*W ~'2(log T)?(log log T')?
+ T€ + T W —3(log T)S.

Also we have

N*(U,V,W) < T*U2(log Y)'¥(loglog Y)*2,

N*(U,V,W) < T*V~'2(log Y)*¥(loglog Y)!?
and

N*(U,V,W) < T*W2(log Y)'¥(log log Y)'2.

7. Completion of the proof of Theorem 1.4

(73)

(74)

Because of the symmetry in the bounds of N*(U, V, W), it suffices to restrict our-

selves to N < M. Otherwise
M35N5 < M5Ns.

We consider the follovxlzing four cases. )
case 1. 1< N<T: : 1<M<ZT: : (N<M).

case2.Ti§N<<T% : Ti§M<<T% (N < M).
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case 3. 1< N<Ti : T:i<M<T: : (N<M).

case 4. Tis < N<Ti : Ti<M<T: : (N<M).
Clearly this will exhausts all possibilities when N < M.

case . 1< N<Ti : 1<M<Ti : (N<M).
We take £k = 2 in (73) and k = 4 in (74). Hence by using the inequality (15), we
get

N*(U,V,W) < {TV-38(og T)'6}z {TU4(log T)*}2
< TVAU2(log T)!0
< TU=2V AW ~4(log T)10.W* (82)
< TU2V AW 4(log T)0. M5 N

sinceW4<<1]\72:N§N§ 1<<N§]\41§, 1
case 2. T+ < N<CgT>: : Ta <M<C;Tz : (N<M).
We use (79), (80) and the inequality (75) with & = 4. From (15), we obtain

N*(U,V,W) < {T?V~"2(log Y')'8(log log Y')'2} 5 {max (T, N*) W~8(log T)'6} 2
. AT?U2(logY)!8 (loglogY)m}
< TU2V=4W~*(log Y)!7(loglog Y)%{max (Tz N2)}
< TU2V4W4(log Y)'"(loglog Y )6 M5 Nz

case 3. 1< N<Ti : Ti<M<CgT: : (N<M).

First of all we notice that N < M i. Let
My = max{M?>V~"*(log T)3, TM*V 2 (log T)? (loglog T)?, T¢, T***V~8(log T)°}.

(i). Suppose that M; = M2V ~*(logT)3. Then, from (74) with k& = 2, (79) and
(80), we get

N*(U,V,W) < min{ M2V ~4(log T)3, TV ~*(log T)*,
T2U 2 (log Y)8(loglog V)12, T2V ~12(log Y) ¥ (log log Y') 12}
< {(M2V—4(log T)*}: {TV~*(log T)*}>
. {T2U2(log Y)'8(loglog Y)'2} 5 {T2V ~'2(log )8 (log log Y )12} 1z
< TM=U2V4(logY)"?(loglog Y)3.
84
. Suppose that M; = TM?V~12(log T)?(loglog T)?. Then, from (73) v(vit})1

(ii)
=2 and (74) with k = 2, we see that

k

N*(U,V,W) < min{TM?V~'2(log T)?(loglog T')?, TU ~*(log T')*
, TV—*(log T')*}
< {TM2V~"2(log T)?(loglog T)2} 1 {TU ~*(log T)*} = (85)
ATV 4(log T)*}+
< TM:U2V"4(logY)3?5(loglog Y ).
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(iii). Suppose that My = T°. Then, from (79) and (80), on using (15), we get

N*(U,V,W) < {T}z{T2V"2(log Y)'8(loglog Y )2} 5
ATPU2(log Y) ¥ (loglog V) 12} s (86)
< TM:U2y 4

(iv). Suppose that My = TV =8(log T). Then, from (73) with k = 2 and
using (15), we get

N*(U,V,W) < {T"V=8(log T)6}2 {TU *(log T)*} 2
< TM=U2y 4

From (84), (85), (86) and (87), we conclude that in this case

N*(U,V,W) < TM:U"2V"4(log Y)"?3(loglog Y )3
< TU 2V AWMz W(log V)25 (loglog Y )3 (88)
< TU2VAWAMIN (logY) "% (loglog Y)3

sinceW4<<{V2andN§Mi. ) .
case 4. T < N<T: : T: <M< CT: : (N<M).

(i). Suppose that M; = M2V —*(logT)3. Then, clearly M2V ~*(logT)? >
TM?V~2(log T)?(loglog T)? holds, which leads to

V > T (logT)i (loglog T)7. (89)
Now, from (75) with k& =6, (79) and (80), we obtain

N*(U,V,W) < {M2V’4(log T)3}§ {max (T7 N6? W=12(log T)36}i
. {T2V"2(log V) 8(loglog Y)'2} 1 {T2U12(log Y) '8 (log log Y )12} s
< M3U2V AWV s W (log ) (log Y)"-5
. (loglog Y)5Tg (max (Ti,N%>>
< MEU_QV_“W_‘L(]og Y)172(loglog V)5
(max <T§N%,T5N2)>
< TMsU2V=4W4(log V)25 (log log Y)?
(90)
because of (89), W < Nz and since for T3 < N < T, clearly we have

TNz <TNs and T3 N2? < TNs.

(ii). Suppose that M; = TM?V~'2(log T)?(loglog T')?. Then, from (75) with
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k = 8 and (73) with k = 2, we obtain

N*(U,V,W) < {TM>V~"2(log T)*(log log )2}  {max (T, N®) W~16(log T)} s
. {TU*(log T)*}>
< M3U2V—4W 5T (log T')*5-67 (log log T)§
. {max (Té,N§>}
< M3U2VAW 4 (log T) 567 (log log T) 5
. {max (TN?T%JW)}
< TMsU 2V AW 4 (log )57 (log log T) s
(91)
since W5 < N5 and TN5 < TNs,T¢ N2 < TN for Tie < N < Thi.
(iii). Suppose that My = T*. Then, from (79) and (80), we get

N*(U,V,W) < {T2U2(log V)8 (loglog Y')'2}s {T2V 12 (log V)8 (log log Y)'2} 1
T}
< Tg+2eU—2V—3
<K TU 2V AW AT s V4
< TU2V AW 4725 Mz N2
< TM%N%U*QV*‘*W*“.TQ?J%M
6
< TMiNsU 2V 4w
(92)
since V< M2, W < N3, N <Ti,M > Thi.
(iv). Suppose that My = TV =8(log T')%. Then, from (75) with k = 4 and (79),
we obtain

N*(U,V,W) < {T"*V=5(log T)°}:{T*U~*(log Y)"¥(log log Y')1*} ¢
. {TW3(log T)'6}5
<K T.Te U2V W4 Wi (log V)5 (loglog V)2
< T.M3U2V=4W4(log V)5 (log log V)2
. T Ws
< T.MsN3U 2V 4w —4

since W < Nz and N > Tis. From (90), (91), (92) and (93), in this case we
conclude that

N*(U,V,W) < TM3N:U 2V~ *W*(log V)" (log log Y')°. (94)

Now, from (82), (83), (88), (94), (57) and (49) the Theorem 1.4 follows.
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Abstract: Ramsey’s theorem is an integral part of results of the
type that may loosely be classified as those that satisfy the prop-
erty that if a large enough system is partitioned arbitrarily into
finitely many subsystems, at least one subsystem has that particu-
lar property. Although initially stated as a result in mathematical
Logic, Ramsey’s theorem is now considered one of the cornerstones
of Combinatorics.
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Frank Plumpton Ramsey
(1903 — 1930)

Frank Ramsey was a British mathematician who, in addition to Mathematics,
made significant contributions in Philosophy and Economics at an early age before
his death at the age of 26. Frank was born on 22 February 1903 in Cambridge where
his father Arthur, also a mathematician, was President of Magdalene College. He
was the eldest of two brothers and two sisters, and his brother Michael, the only
one of the four siblings who was to remain Christian, later became Archbishop of
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Canterbury. He entered Winchester College in 1915 and later returned to Cam-
bridge to study Mathematics at Trinity College. With support from the economist
JOHN MAYNARD KEYNES he became a Fellow of King’s College, Cambridge in
1924, being the second person ever to be elected without having previously studied
at King’s College. In 1926 he became a University Lecturer in Mathematics and
later a Director of Studies in Mathematics at King’s College.

In 1927 Ramsey published the influential article Facts and Propositions, in which
he proposed what is sometimes described as a Redundancy Theory of Truth. His
other philosophical works include Universals (1925), Universals of Law and of
Fact (1928), Knowledge (1929), Theories (1929), and General Propositions and
Causality (1929). The philosopher LUubwIG WITTGENSTEIN, whose work Tracta-
tus Logico-Philosophicus he helped translate into English, mentions him in the
introduction to his Philosophical Investigations as an influence.

Ramsey’s three papers in Economics were on Subjective Probability and Util-
ity (1926), Optimal Tazation (1927) and Optimal One—sector Economic Growth
(1928). The economist PAUL SAMUELSON described them in 1970 as “three great
legacies — legacies that were for the most part mere by-products of his major interest
in the foundations of mathematics and knowledge.”

One of the theorems proved by Ramsey in his 1930 paper “On a problem of formal
logic” now bears his name. While this theorem is the work Ramsey is probably best
remembered for, he only proved it in passing, as a minor lemma along the way to
his true goal in the paper — solving a special case of the Decision Problem for
First-order Logic, namely the Decidability of Bernays-Sconfinkel-Ramsey Class
of First-order Logic. A great amount of later work in Mathematics was fruitfully
developed out of the ostensibly minor lemma, which turned out to be an important
early result in Combinatorics, supporting the idea that within some sufficiently
large systems, however disordered, there must be some order.

Easy going, simple and modest, Ramsey had many interests besides his scientific
work. He was immensely widely read in English literature; he enjoyed classics
though he was on the verge of plunging into being a mathematical specialist. He
was very interested in politics, and well-informed; he had got a political concern
and a sort of left-wing caring—for—the—underdog kind of outlook about politics.

Suffering from chronic liver problems, Ramsey contracted jaundice after an ab-
dominal operation and died on 19 January 1930 at Guy’s Hospital in London a
month before turning 27.

The Decision Analysis Society annually awards the Frank P. Ramsey Medal to
recognise substantial contributions to Decision Theory and its application to im-
portant classes of real decision problems.

1. Ramsey’s Theorem

The newest of the three major results on Ramsey—type theorems — the theorem of
Ramsey in Combinatorics that bears his name — was enunciated as a result in Logic.
Ramsey’s Theorem may be considered as a refinement of the Pigeonhole Principle,
but one in which we are not only guaranteed a certain number of elements in a
particular class but also guaranteed that these elements share a given property.
The following problem, considered folklore, amply describes this situation.
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PrROBLEM 1.1 (The Party Problem)

At a party consisting of six persons, there must be three mutual acquaintances or
three mutual strangers.

A simple application of the Pigeonhole Principle provides a proof of this problem.
Consider the complete graph Kg, with vertices 0, ..., 5, each representing a party—
goer, and colour the edges between acquaintances blue and those between strangers
red. By a triangle we mean those three—sided figures with all vertices 0, ..., 5. Thus,
a triangle with all sides blue will depict the situation where the three vertices
represent persons who are mutual acquaintances, and a triangle with all sides red
will depict the situation where the three vertices represent persons who are mutual
strangers. A proof must consist of showing that no matter how we colour each edge
in one of two colurs blue, red, one of these two monochromatic triangles must arise.
By the Pigeonhole Principle, at least three of the edges 01, 02, 03, 04, 05 must be
of one colour, say blue. By renumbering, if necessary, suppose the edges 01, 02, and
03 are colored blue. If any one of the edges 12, 23, 13 is coloured blue, then the
triangle with vertices 0 and the two endpoints of the blue edge form a blue triangle.
If none of the edges 12, 23, 13 is coloured blue, then the triangle with vertices 1,
2, 3 form a red triangle. If three of the edges 01, 02, 03, 04, 05 are coloured red,
the same argument with the roles of blue and red interchanged again results in a
monochromatic triangle.

The mathematical statement captured by this statement of this problem is
R(3,3) < 6. The two 3’s represent the two relationships (acquaintances, strangers)
or the two colour classes (blue, red), whereas the 6 represents that fact that six
people suffice to capture one or the other situation. More generally, given positive
integers m, n, the statement

R(m,n) =N

is the combination of the following two statements:

e If all the edges of K are coloured either blue or red in any manner, then
there must exist m vertices such that all the edges formed by the graph X,,
on these vertices are coloured blue, or there must exist n vertices such that
all the edges formed by the graph X, on these vertices are coloured red, and

e There is a colouring of the edges of KXy _1 in blue and red such that neither
of the two situations listed above arises.

The first of these situations is captured by the statement R(m,n) < N, and the
second by R(m,n) > N — 1. Therefore, together these imply R(m,n) = N. Note
that the roles of blue and red are interchangeable. Hence R(m,n) = R(n, m), and it
is customary to use R(m,n) with m > n > 1. It is trivial that R(m, 1) = 1. To see
why R(m,2) = m, colouring all edges of X,,,—1 blue simultaneously avoids a blue
K and a red Ko, and hence implies R(m,2) > m — 1. On the other hand, the only
way to avoid a red Ko in a blue-red edge colouring of X,,, is by colouring all edges
blue, in which case there is a blue X,,. Hence there is always either a blue X,, or a
red K in every blue-red edge colouring of XK,,, implying that R(m,2) < m, so that
R(m,2) = m. The nontrivial values of R(m,n) therefore start with m > n > 3, and
R(3,3) is the first of these. The choice of the Party Problem as an initial example
mentioned at the start of this section is therefore quite natural.

The proof of the Party Problem implies R(3,3) < 6. In fact, it is true that
R(3,3) = 6. If we colour the outer five edges of K5 blue and the inner diagonals
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red, we find no triangle of the same colour. This solitary example of 2-colouring
the edges of K5 shows that R(3,3) > 5, and hence also that R(3,3) = 6. The
numbers R(m,n) are the simplest examples of Ramsey numbers. Their existence
is guaranteed by the following theorem.

THEOREM 1.2 The Ramsey numbers R(m,n) satisfy the recurrence
R(m,n) < R(m —1,n) + R(m,n — 1)
for m,n > 2. Moreover, if both R(m — 1,n) and R(m,n — 1) are even, we have
R(m,n) < R(m —1,n) + R(m,n —1) — 1.

The Ramsey numbers R(m,n) satisfy the bounds

(m—1)(n—1)+1 < R(m,n) < <m+n—2) _ <m+n—2>

m—1 n—1

form,n > 2.

Proof. Let us write N = R(m —1,n) + R(m,n — 1) for convenience. To prove the
general upper bound, we must show that in any blue-red colouring of the edges of
X, there must exist either a blue X, or a red XK,,.

Let V and E denote the set of vertices and edges, respectively, of Ky, and
consider any blue-red colouring of the edges of K. Choose any v € V| and par-
tition the set V' \ {v} into sets B = {& € V : 2v € Fand is coloured blue }
and R = {# € V : zv € Fand is coloured red }. Then |B|+ |R| = N —1 =
R(m —1,n) + R(m,n — 1) — 1, so that |B| < R(m — 1,n) and |R| < R(m,n — 1)
is not simultaneously possible. Therefore at least one of |B| > R(m — 1,n) and
|R| > R(m,n — 1) must hold.

Consider the case |B| > R(m — 1,n); the parallel case |R| > R(m,n — 1) can be
argued by replacing the role of blue with red. Since the subgraph of Kp of X has
at least R(m — 1,n) vertices, Kp must contain either a blue X,,_; or a red X,
by definition of Ramsey number R(m — 1,n). If the first of these cases hold, then
the vertex v together with those of K,,_1 forms a blue X,, by construction of B.
Thus, in any case, K must contain either a blue X,, or a red X,,. This completes
the assertion that R(m,n) < R(m — 1,n) + R(m,n — 1) for m,n > 2.

To prove the stronger upper bound in the special case where both R(m — 1,n)
and R(m,n—1) are even, consider any blue-red colouring of the edges of KX _1 and
choose a vertex v € V of even degree; this choice is made possible because the sum
of degrees of all vertices in a graph equals twice the number of edges in the graph
and N —1 is odd. With B and R as defined earlier, we now have |B|+|R| = N —2.
If |B| > R(m — 1,n), the earlier argument implies K _; must contain a blue I,,.
Otherwise, |R| > R(m,n — 1) since degv is even, and again the earlier argument
implies Ky _1 must contain a red X,.

The proof of the upper bound the Ramsey numbers R(m, n) may be accomplished
by induction on k = m + n. We may easily verify the bound for all cases where
k < 5, since R(m,1) = 1 and R(m,2) = 2. For the same reason we may also
assume m,n > 3. Assume the bound holds for all pairs of positive integers m,n
with m +n < k and m,n > 3, and consider R(m,n) where m +n =k, m,n > 3.
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By inductive hypothesis

m+n—3
m_

R(m —1,n) < <

> and R(m,n — 1) < <m+"_3>.

m—1

Applying the recurrence satisfied by the Ramsey numbers R(m,n) yields

R(m, n) < R(m—1,n)+R(m, n—1) < <m+n—3>+<m+n—3> _ <m+n—2>.

m — 2 m—1 m—1

This completes the proof of the upper bound for R(m,n) by induction.

To prove the lower bound, we need to 2-colour the edges of X(,;,_1)(n—1) such that
there is no blue X,,,_; and there is no red X,,_1. Place the (m — 1)(n — 1) vertices
of K(n—1)(n—1) in a rectangular array in m — 1 rows and n — 1 columns. Colour
any two vertices in the same row red, and in different rows blue. Then the red
edges form m — 1 copies of K,,_1, and so there is no red X,. There are also no blue
K, for among any m vertices two must be in the same row and must be joined
by a red edge. Therefore the given blue-red colouring has neither a blue X, nor
ared X,,. This completes the proof of the lower bound for R(m,n) by an example. B

Theorem 1.2 gives R(m, 3) < 2(m? +m) for m > 3. This upper bound can be
improved quite easily to R(m,3) < %(m2 + 3) for m > 3 by induction. However,

actual rate of growth for the Ramsey numbers R(m, 3) is m?/logm for large m.

THEOREM 1.3 ([1, 18]) There exist constants c; and ca such that

2 2
< R(m73) < o

“l logm’

logm

The lower bound is due to Kim [18]; the upper bound to Ajtai, Komlés and
Szemerédi [1].

The diagonal Ramsey numbers R(n, n) have received considerable attention. The
upper bound R(n,n) from Theorem 1.2 is (2:__12); this is asymptotically c4™//n.
For the lower bound, the following theorem, due to Erdés, is asymptotically sharp.
This proof is significant also because probabilistic methods were introduced for the
first time in Ramsey theory.

THEOREM 1.4 ([9])
R(n,n) > (e\@)_ln2”/2(1 +0(1)).

Proof. We sketch a proof of the weaker lower bound R(n,n) > 2(*=2)/2,

Let N be a positive integer, which is to be specified later and which will serve
as a lower bound. Let the vertices of Ky be labelled 1,2,3,..., N, and randomly
colour all edges of Ky either red or blue, independently and with equal probability
1/2. Consider any n-subset X of [N]. There are (g) edges in X; the probability
that all are coloured either red or blue is 2~(3). Therefore the probability that all
edges in X have the same colour is 2 - 9-(3). Since there are (]X) ways of choosing
n-subsets of [IN], the total probability that there exists a monochromatic n-subset

of [N]is (V) 91=(3),
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For fixed n, if we choose N such that this probability (]X ) . 21_(2) is less than 1,
then we must have a colouring which contains no monochromatic n-set. The weak

estimates
N n n n(n —2)
<n> < N™ and 1—<2> <-—5 (1)

yield

<N> 91=(2) < N gnn-2)/2 _ (N‘2—(n—2)/2)n.
n
Thus, the probability (]X) 917() is less than 1 if N = 2(n=2)/2,

The bound in the theorem is a consequence of applying stronger bounds in
eqn. (1) via Stirling’s formula:

w=vam (2)" (1+0(5))-

Putting together the two bounds for R(n,n) leads to
V2 <liminf {/R(n,n) < limsup {/R(n,n) < 4. (2)

PRrROBLEM 1.5 (Open Problem)

e Does lim {/R(n,n) exist?
e Determine lim {/R(n,n), if it exists.

" 3 4 5 6 7 8 9 10 11 12 13 14 15
40 47 53 60 67 74

3 6 9 14 18 23 28 36 42 50 59 68 77 87
36 49 59 73 92 102 128 138 147 155

4 1812 41 61 84 115 149 191 238 291 349 417

43 58 80 101 133 149 183 203 233 267 269

5 48 87 143 216 316 442 633 848 1138 1461 1878
6 102 | 115 134 183 204 256 294 347 401
165 | 298 495 780 1171 1804 2566 3703 5033 6911
7 205 217 252 292 405 417 511
540 | 1031 | 1713 2826 4553 6954 10578 | 15263 | 22112
8 282 329 343 817 865
1870 | 3583 6090 10630 | 16944 | 27485 | 41525 | 63609
9 565 581
6588 | 12677 | 22325 | 38832 | 64864
10 798 1265

23556 | 45881 | 81123

Table of the Ramsey numbers R(m,n): Exact Values & Bounds
With r parameters, r > 2, the definition of the Ramsey numbers R(nq,...,n,)

have a natural extension. The Ramsey number R(ni,...,n,) denotes the least
positive integer N for which the following property holds: if we colour each edge
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in K with one of r fixed colours randomly, there must exist a X,, in colour 1,
or a X,, in colour 2, or a X,,, in colour 3, and so on. The case r = 2 is obviously
a special case. The following generalization of Theorem 1.2 settles the question of
existence of the Ramsey numbers R(ni,...,n,).

THEOREM 1.6 The Ramsey numbers R(nq,...,n,) satisfy the recurrence

r
fR(nl, ves ,nr) < ZR(TM, ey N1, Ny — 1,71,‘4.1, N ,Tlr)
=1

formny,...,n,. > 2.
The Ramsey numbers R(ni,...,n,) have the upper bound
ny+---+mn,—r
R <
(n1, ’nr)_<n1—1,...,nr—1>
valid for ny,...,n. > 2.

The general version of Ramsey’s theorem is considerably more complicated.
Given positive integers k and r, and sufficiently large N, each k—subset of [N]
is assigned one of r colours. Ramsey’s theorem assures the existence of such V.
More precisely, if k is any positive integer, 1, ..., ¢, satisfy ¢; > k for each i, and
we r—colour all k—subsets of [N], for some sufficently large N, then all k—subsets
of some ¢; numbers chosen from [N] must necessarily be coloured i.

THEOREM 1.7 (Ramsey’s Theorem)

For positive integers k,l1,...,L., with each ¢; > k, there exists a least positive
integer N = Ry (L1, ..., L,) such that, for every r—colouring of all k—subsets of [N],
there exists a monochromatic set of size {; for some i € [r].

When ¢ = -+ = {4, = ¢, we write R (¢;r) for Ri(lq,...,4.). If k = 2, we usually
suppress the subscript and write R(¢1, ..., £,) for Ro(¢y,..., ¢, ). Proof of existence
of the generalized Ramsey numbers Ry (41, ..., ¥,) is considerably harder to prove;

see [15] for instance.

2. Graph Ramsey Theory

Graph Ramsey theory involves graphs in Ramsey theory, as the name suggests, and
graph Ramsey numbers have graphs as inputs instead of positive integers. More
specifically, given any finite collection of graphs Gy, ..., G,, r > 2, there exists N
such that every edge colouring of X in r colours contains a copy of GG1 in colour
1, or a copy of G2 in colour 2, or a copy of Gi3 in colour 3, and so on. The existence
of such an N follows for the Ramsey number R(nq,...,n,), where n; denotes the
number of vertices in the graph G;, 1 < ¢ < r. Recall that the Ramsey number
corresponding to positive integers ni,...,n, involve positive integers N for which
every r-colouring of edges in Xy must contain a X,,, in colour ¢ for at least one
i. The graph Ramsey number R(Gy,...,G,) is the least positive integer N for
which the above mentioned property holds. Since each G; is contained in X,
the existence of graph Ramsey numbers follow from the corresponding Ramsey
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numbers. In fact,
R(G1,...,Gy) < R(nyy ... np),

where n; denotes the order of G;, 1 <17 <r.

Graph Ramsey theory has attracted a lot of interest, specially since the late 60’s.
As in the case with Ramsey numbers, most of research has centered around the
case r = 2 because of expected simplicity in the argument in this case as opposed
to the cases r > 2. Finding exact values of graph Ramsey numbers is an extremely
challenging problems, even in the case r = 2. For instance, the statement

R(G1,G2) =N

is the combination of the following two statements:

o [f all the edges of K are coloured either blue or red in any manner, the graph
formed by considering only the blue edges must contain G; as a subgraph,
or the graph formed by considering only the red edges must contain G as a
subgraph, and

e There is a colouring of the edges of KXny_1 in blue and red such that neither
of the two situations listed above arises.

The first of these situations is captured by the statement R(G1,G2) < N, and the
second by R(G1,G2) > N — 1. Therefore, together these imply R(G1,G2) = N.
Note that the roles of blue and red are interchangeable.

Some of the earliest results in graph Ramsey theory include determining
R(Pp, Pn), R(Cr, Cp), R(Th, Ky), and R(Ki ..., K1y, ). Here P, Cy, T;, de-
note path, cycle, tree, respectively, each of order n, and X, denotes a complete
bipartite graph with partite sets of orders 1 and n, and is called a star graph.

THEOREM 2.1 ([13])
For integers m,n, with 2 < n < m,

R(Pp, Po) =m + 2] — 1.

THEOREM 2.2 ([12, 26, 27])

For integers m,n, with 3 <n <m,

2m — 1 if n is odd, (m,n) # (3,3);
R(Con, C) = m+ 5 —1 if m,n are even, (m,n) # (4,4);
o max{m + 5 —1,2n — 1}  if m is odd and n is even,
6 if m=mn € {3,4}.

THEOREM 2.3 ([6])
If T,, is any tree of order m and n is a positive integer, then

R(Tpn, K) = (m — 1)(n — 1) + 1.

209



THEOREM 2.4 ([4])
Let nq,...,ng be positive integers, e of which are even. Then

N +1 ife is even and positive,

R(K1 s Kip,) =
( 1,m4 17”k) {N+2 otherwise,

where N = Zle(m —1).
We close this section with a sketch of the proof of Theorem 2.3.

Proof of Theorem 2.3.

To establish the lower bound R(T,,,X,) > (m — 1)(n — 1), we must exhibit a
colouring of each of the edges of X(,;,_1)(n—1) in red or blue for which there is no
red T, and no blue X,,. Place the (m — 1)(n — 1) vertices in a (m — 1) x (n — 1)
rectangular grid, and join any two vertices in the same row by a blue edge and
any two vertices in different rows by a red edge. The subgraph with blue edges
form m — 1 copies of K,,_1, thereby avoiding a blue X,,. On the other hand, any m
vertices in the subgraph with red edges must contain at least two from the same
row, by Pigeonhole Principle. But these two vertices must be joined by a blue
edge, which is a contradiction to our assumption that we are in the red subgraph.
Therefore we have exhibited a colouring of each of the edges of X(,,_1)(,—1) in red
or blue for which there is no red T}, and no blue X,,, as desired.

To establish the upper bound R(T,,, K,,) < (m—1)(n—1)+1, we use the following
result on trees:

If T is any tree with k — 1 vertices and G is any graph with minimum vertex degree
0(G) > k, then T is a subgraph of G.

Consider any colouring of the edges of X(;;,_1)(n—1)41 in red or blue, and let v be
any vertex in this graph. The proof we present runs on inducting on n. The base
case n = 1 is trivial. If v has more than (m — 1)(n — 2) neighbours along the blue
edges, then there must exist a red 7;, or a blue X,,_; among these, by induction
hypothesis. Together with the vertex v, the graph G then must contain either a
red T, or a blue X,.

Otherwise, every vertex must have at most (m — 1)(n — 2) incident blue edges,
and hence at least m — 1 incident red edges. The quoted result on trees now shows
the existence of a red T,,. This completes the sketch of the proof. |

3. Noncomplete Ramsey Theory

Noncomplete Ramsey theory generalize both classical Ramsey theory and graph
Ramsey theory. For any collection of graphs G1,...,G,, we say that a graph G
“arrows into” (G1,...,G,), and write

G — (Gy,...,G,), (3)

provided any r—colouring of the edges of GG yields a monochromatic spanning sub-
graph each of whose edges is coloured i and that contains a G;, for some i € [r].
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Otherwise stated,
G=F & - -®F = F; DG, for at least one i € [r].

The graphs F1, ..., F,. are spanning subgraphs of G, and are called “factors” of G.
By the containment F; O G; one means simply that G; is a subgraph of Fj, not
necessarily a spanning subgraph. Colouring the edges of G by one of r available
colours induces a factorization of G, each given by the spanning subgraph with
edges of one colour. Conversely, each factorizaton of G leads to a colouring of the
edges of G, with one colour assigned to all edges of each factor. Thus there is a
natural correspondence between factorization of G and edge—colouring of G and
the two terms may be used interchangeably.

The arrows notation may also be used to state Ramsey’s theorem 1.7 concisely.
Given positive integers ¢1, ..., ¢, k, with each ¢; > k, the notation

N — (by,...,60)"

stands for the statement of Theorem 1.7, and the least such N for which this
statement holds is Ry (41, ..., 4,).

The main problem of non—complete Ramsey Theory is to characterize graphs G
that arrow into a given collection of graphs Gy, ..., G,.

For any collection of graphs G, . .., G, the smallest positive integer n for which
X, — (Gy,...,G,) is the graph Ramsey number of G1,...,G,, and is denoted by
R(G1,...,G,). Being able to characterize G resolves many problems invoving the
given graphs G1,...,G,. For instance, the graph Ramsey number R(G1,...,G,),
which is the least positive integer n such that

K, — (G1,...,Gy),

may be easily determined from the characterization of G in eqn. (3). In particular,
the case when each Gj is also a complete graph K, , the corresponding graph
Ramsey number R(Ky,, ..., Ky, ) coincides with the Ramsey number R(¢1,...,¢,).

One of the first instances of a solution to the main problem of characterization
of G in eqn. (3) is when G| = Gy = Xy, due to Murty.

THEOREM 3.1 Let G be a connected graph and n a positive integer. Then
G — (xl,nv J<l,n)

if and only if

(i) A(G) >2n—1, or
(ii) n is even and G is a (2n — 2)-regular graph of odd order.

The result of Theorem 3.1 has been generalized by Gupta, Thulasi Rangan &
Tripathi [16] to G1 = K1y, .., Gr = K1 pn,, where nq,...,n; are any k positive
integers, k > 2. The characterization of G satisfying

G— (j{lmn <o 7g<17nk) (4)

is described by one of four cases, and these cases involve conditions on the graph
or their regularization. A k—factor of a graph is a factor that is k-regular, and a
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A(G)-regularization of G is a A(G)-regular graph G* of which G is an induced
subgraph.

THEOREM 3.2 ([16])

Let G be a connected graph, let ny,...,ng be positive integers of which e are even,
and let N = Zle(n,; —1). Let G* be the A-regularization of G. Then

G — (:Kl,nu . ,fKLnk)

if and only if

(i) A(G) > N+1, or
(ii) G is N-regular, of odd order and e is even and non-zero, or
(iii) G is N-regular, of even order, at least one n; is even, and G does not have

an n; — 1 factor for at least one even n;, or
(iv) G is not N-regular, A(G) = N, and G* = (Kinys-- -, King)-

The proof of Theorem 3.2 involves several basic results that deal with charac-
terizations of graphs that have a k-factor, such as the ones due to Tutte [30, 31]
and Petersen [22], and with edge colourings, such as the one due to Vizing [32],
and independently, to Gupta [17]. Even a sketch of a proof of this result is beyond
the scope of this article, but we briefly indicate how Theorem 2.4 and Theorem
3.1 may be deduced from Theorem 3.2.

Theorem 3.2 implies Theorem 2.4.

Observe that G = K2 satisfies eqn. (4) by condition (i). To complete the proof,
we need to show that K1 satisfies eqn. (4) if and only if e even and non-zero.
If e is even and non-zero, condition (ii) applies to Ky41. Conversely, suppose
K41 satisfies eqn. (4). If N is even, by condition (ii), e is even and non-zero. If N
is odd, by condition (iii), X1 does not have an (n; — 1)—factor for at least one
even n;, which contradicts the well known fact that Ko, is 1-factorable for each
n>1. |

Theorem 3.2 implies Theorem 3.1.

When k=2 and ny =ng=n, N+1=2(n—1)+1=2n— 1, so that part (i) in
Theorem 3.1 is a direct translation of part (i) in Theorem 3.2. Part (ii) in Theorem
3.2 reduces to G being a (2n — 2)-regular and of odd order, with n even.

Part (iii) in Theorem 3.2 reduces to G being a (2n —2)-regular and of even order,
with n even, such that G does not have a (n — 1)-factor, and part (iv) in Theorem
3.2 reduces to G being not (2n—2)-regular, A(G) = 2n—2, and G* — (K1 5, K1.).
It can be shown that neither of these cases can occur. |
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