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ON THE MINIMAL GAPS BETWEEN PRODUCTS OF MEMBERS
OF A SEQUENCE OF POSITIVE DENSITY

By
CSABA SANDOR

(Received June 17, 2003)

1. Introduction

Throughout this paper we use the following notations: let N be the set of
natural numbers. Let ¢, ¢p, ... denote positive real numbers. The cardinality
of the finite set S is denoted by |S|. If A is a given subset of N then we write

A(n) = |4N{1,2,...,n}|. We call d(« = lim sup 2% and d(4) = lim inf A2

00 n—00
the upper asymptotic density and lower asymptotic density.

Let .4 be a given infinite subset of N with d(A) = a > 0. Denote the set
of products of the form a;,a;, ...a; witha;; € A by .735? ={by <by<...}.
A. SARKOZY asked the following (see [2]):

Is it true that for all a > O there is a number ¢ = c(a) depending only on
a such that if 4 C N is an infinite sequence whose lower asymptotic density

d(d) is > «a, then b,(12+)1 — b,(lz) < ¢ holds for infinitely many n ? If the answer

Is affirmative, does this hold with c(a) < a% ? (If k > 1 is a natural number

and a, = nk, soa = % then b,(12+)1 — b,(12) > k2 for every n so this upper bound
would be sharp.)

G. BERCZI (see [1]) proved the existence of c(a) by showing that c(a) <
< o%" We prove that c(a) < 0%.

Mathematics Subject Classification (2000): 11B05, 11D41
Supported by Hungarian National Foundation for Scientific Research, Grant No T 38396.
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THEOREM 1. Let A be a subset of natural numbers with d(4) = a > 0.
Let us denote the sequence of the numbers of the form a;a; (with a;, a; € A

by B4 = {b1,by,...}, (b < by < ...). Then for infinitely many n we have
byy1 — by < ;—33 with some absolute constant c3.

G. BERCZI asked the similar question about ﬂ)’fg):

Let A be an infinite sequence of natural numbers with d(4) > o > 0 and
k > 2 a natural number. It is a natural question what can we say about the

distribution of the products a;, a;, . ..a; where aj; € A. Let .730(? be the set
of these products as above. Is it true that there are infinitely many indices n

— b,(lk) < c(a,k) where this constant depends only on ¢, k? We
have seen the case k = 2 but unfortunately I cannot say anything about the
other values of k, but the conjecture is surely true for every k.

We will prove that this conjecture is true for small enough k.

THEOREM 2. Fork =2,3...10,12 and arbitrary 0 < o < 1 there exist a

c(k,a) such that for 4 C N with d(d) = a we have b’(f:l — b,(,k) < c(a,k) for
infinitely many indices n.

2. Proofs

To prove Theorem 1 we will use a simple lemma about a subset of natural
integers with positive upper density.

LEMMA 1. Let S C N with d(S) > a > 0. Then there exist c4 and cs
such that for some 0 < | < 2 we haved (SN (S +1)) > ;—52

Proof of Lemma 1. It is sufficient to prove that for S C N with d(S) > %

there exists 0 < [ < 2k for which d(S N (S +1)) > 21%2

For d(S) > % there exists an infinite sequence s; < sy < 55 < ... such

that S(2ks:) > (1 - g ) 2s:. Then we have

G020 <a — a; < 2koa; < st} >3 (S("Zk)— s - 1)2k)> )

i—1
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St St
= % <Z S@i2k) — S((i — )sk)* — Z(S(iZk) — 8 — 1)2k))> 2

i:l l=]

2
<Z€(S(i2k) o (e 1)2k))> 5

1 i=1 . .
3 p —~ E(S(zzlo — S(Gi — 1)2k)) | >

Thus by the pigeon hole principle there exists 0 < [ < 2k for which

1
(1 B W) s

#{(l,.])aj —al‘ = l,aj < ZkS[} Z ﬂ = ﬁ’

which completes the proof. |

Proof of Theorem 1. By Lemma 1 we have a 0 < [ < Ca—4 for which
dAN+1)) > 00752 Let 8 = N (4 +1). Then d(8) > 00752 Using the lemma
again we have a 0 < m < ;—62 such that d(8 N (8 + m)) > ;—Zt. So we get

integers 0 < [ < Ca—4, O<m< ;—62 such that
AdAdN A+ D) N A+m)Nd+1+m)) > L,
a
but fora € AN (L +1)N (4 +m) we have
a,a—l,a—ma—m-—1¢ed
and cg
(a—lDa—-—m)—aa@a—m—-1)=Ilm < -3
a

which completes the proof. |

Proof of Theorem 2. For k = 2,3,...,10, 12 there are integers {dy, dy,
coodi s {eqsen, ... e}, fr such that

x+d)x+dy)...(x+dp) —(x+e))x +er)...(x +er) =fr =0,
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since this statement is equivalent to the solvability of the diophantine system

dirdh+.+dl=elvel v vel for 1=1,2,.. k-1

(so called Prouhet-Tarry—Escott problem). This problem has nontrivial solu-
tion for k = 2,3,...,10,12 (see [3]):
k=2 {0,2},{1,1}
: {1,2,6},{0,4,5}
{0,4,7,11},{1,2,9,10}
{1,2,10,14,18},{0,4,8,16,17}
{0,4,9,17,22,26},{1,2,12, 14, 24,25}
{-51,-33,—-24,7,13,38,50},{51,33,24, -7, —13,—38, —50}
{0,4,9,23,27,41,46,50},{1,2, 11,20, 30, 39, 48,49}
{1,25,31,84,87,134,158, 182,198},
{2,18,42,66,113,116,169, 175,199}
k =10: {-313,-301,—188, —100,—99,99, 100, 188,301,313},
{-308, -307,—-180,—-131,-71,71,131, 180,307,308}
k =12:{0,11,24,65,90,129,173,173,212,237,278,291, 302},
{3,5,30,57,104, 116, 186, 198, 245,272,297,299}

EaE I I SR O
1
© o N AW

Let my, = min{dl,...,dk,el,...,ek}, M, = max{dl,...,dk,el,...,ek}.
By Szemerédi’s theorem the condition d(4) = ¢ > 0 implies that there is a
positive integer d < d(a, k) such that for infinitely many positive integers g,
we have g, +jd € A for m < j < M. Hence g, +d;d, g, +e¢;d € A for
1<i<kand
(8n +d1d)(gn +dad) ... (gn +did) — (gn +e1d)(gn +e2d) ... (gn +ed) =
= d"fi < c(a, k),

which proves the theorem. |
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A SIMPLE TEST FOR INTEGER PROGRAMMING PROBLEMS
WITH BOUNDED INTEGER VARIABLES

By
PETER L. HAMMER, PETER KAS and BELA VIZVARI

(Received February 23, 2005)

1. Introduction

One of the effective methods of solving integer programming problems
with bounded variables is implicit enumeration. The two main tools of this
sort of algorithms are the enumeration tree, and the tests. The tests serve to
prove that the set of feasible solutions of a branch of the enumeration tree is
empty.

Tests are often based on the fact that in some cases it is very easy to
prove that a certain polychedron is empty. Even the very first family of tests
uses this sort of technique. Let aj,...,a,, and b real numbers. Then the set

{xe{0,1}" | apx; +- - +apxy, < b}

is empty if

(D) > min{0,a;} > b

J=1
as if (1) holds then even the polychedral
{(XeR" [axj+--+anxy <b;0<x; < 1,j=1,...,n}

is empty.

This paper is devoted to a similar result. All of the variables are non-
negative, bounded and integer. The constraints are equations. The result is a
generalization of an earlier result of Hammer et al. [1] where the number of
equations is restricted to 2.
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2. Manifestly infeasible consequences of system equations

Let n, and k be positive integers. A finite set f of n-dimensional integer
vectors is defined by the following set of constraints:

apxy tapxy +---+apxy =ajg
() ax|X| +axpxy +- - +ax,xXy =ay

ag1Xy tagpxy + - +agyXn = agg
3) ngj <uj, Xxj integer, j =1,...,n,

where g;; (i =1,...,k,j =1,...,n) is a real number and u; (j = 1,...,n) is
a positive integer.

DEFINITION 2.1. The system equations (2) is manifestly infeasible if there
are real weights w; (i = 1,...,k) such that the equation obtained from (2) by
these weights, i.e.

n n k k
) doaxi=q Y (Z%W:‘> Xj=ag =g ) aiowi
j=1 j=1 \i=l i=1

has the following property: either

(5) > aju; <ag
J:aj>0

or

(6) Z aj u; > agp.
J:aj<0

Notice that if either (5) or (6) is satisfied then the system (2)-(3) does not
have any feasible solution as the polychedral

{xeR" |ayx; +---+apxy, <b; 0<xj<Lj=1,...,n}
is empty.

Let 1 <1 < k be a fixed index. Assume that there are weights proving
the manifestly infeasibility of (2) such that w; # 0. Then, without loss of
generality, one can assume that w; = 1. If (4) is divided by |w;| then both (5),
and (6) remain satisfied if the inequality was satisfied before the operation. If

the new weight of equation / is —1 then after multiplying (4) by —1 condition
(5) is transformed into the form of (6) and vice versa.
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THEOREM 2.1. There is a finite set W, C R* such that if system (2) is
manifestly infeasible then there is an element w € W), such that equation (4)
formed by weight vector w proves the manifestly inteasibility of (2).

PROOF. Let w € RX be a weight vector that proves the manifestly infea-
sibility of (2). First suppose that w; # 0. Then, without loss of generality,
we may assume that wy = 1. Let H; C R~ be the hyperplane defined by
the equation

(7 ajjyr+agyj +--+ag_1;yk—1+ag =0,
1.€.
H; = {y c Rk-1 | y satisfies (7)}.

The hyperplane H; exists if and only if 3i: 1 <i < k — 1 such that a;; = 0,
or ai; = 0. Let # be the set of the indices of the existing H;’s. Assume that

H; exists. A pointy € RK represents an algebraic consequence of the system
(2) of type

n k—1 k—1
@) Z (Z ailyi +akl> X = Z a;joyi + aio-
i=1

=1 \i=l

It is easy to see that the coefficient of variable x; in equation (8) has the same
sign on one side of H;. Furthermore, the coefficient changes its sign if and
only if the weight vector passes from one side of H; to the other one.

Assume that # = (). Then a;;=0@G=1,....,k—1,j=1,...,n). If 2) is
manifestly infeasible then either exists an index i (1 < i < k — 1) such that

th

ajo # 0 and then w = i unit vector proves the manifestly infeasibility, or

kth

the kM equation alone is manifestly infeasible and then the unit vector is

an appropriate choice for w.

Otherwise, i.e. if # # 0, the hyperplanes partition the space R¥—! into
polyhedrons Pj,..., P, such that in each polyhedron P, (¢t = 1,...,m) the
sign of all coefficients remains the same.

Assume that the weight vector w, which proves the manifestly infeasi-
bility of (2) is an element of P;. Without loss of generality, we may assume
that condition (5) is satisfied. The case when condition (6) is fulfilled can
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be discussed in a similar way. Let &£ be the set of nonnegative coefficients
within P;. Then the linear programming problem

k—1 k—1
©) max Z a;oyi — Z <Z a,-j> Yj tago — Zakj
i=1

jel \i=l JEL
YEP
has at least one feasible solution, namely w, and either the optimal value is
positive or the objective function is unbounded from above.

The well-known Motzkin theorem states that every polyhedron is the
Minkowski sum the of the convex hull of finite many vectors and a cone
spanned by finite many vectors, i.e. there are vectors pi,...,Py,,di,---

.5 qy, € RE—1 such that

Ut Vi Ut
(10) Pr=3 > Puku+) Gty | Y Au=1, Aseess Ayt sty 20
u=1 v=1 u=1

If an optimal solution exists then one of py,...,py, is optimal. If the objec-
tive function is unbounded then it is unbounded along one of the directions
qi,---,qv,. Thus, the set % can be chosen as

m
(11) Wk=U{p17---’pUtaq17"-7th}'
t=1

If the assumption w; # 0 made at the beginning of the proof does not
hold, i.e. wy = 0, then the manifestly infeasibility can be proved without
using the last equation. This equation can be omitted from the system and the
other part of the proof can be repeated on the smaller system of equations. I

Notice that if one of the P;’s has an extremal point then all P;’s have at
least one extremal point. An extremal point is the intersection of k — 1 linearly
independent bounding hyperplanes of the polyhedron. In general, a non-
empty polyhedron does not have an extremal point if and only if it contains
a complete line. If an extremal point exists, then each line is intersected
by at least one of the k — 1 linearly independent hyperplanes. Algebrically
the nonexistence of extremal points means that there is no k — 1 linearly
independent equation in the system (7).
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Assume that there are extremal points. Then their number is at most

()

The extremal directions are the solutions of homogeneous version of system
(7), i.e. the weight of the kth equation of (2) is 0 instead of 1. Thus, their
number is again at most
n
k—1)°

Therefore we can conclude that the number of elements of W is O(nk—1.

AN EXAMPLE. Let us consider the constraint set

X1 — xg=1
Xy — X4=1
X3—X4=1

0<x; <2, x; integer,j =1,2,3,4.
By summing up the equations one obtains that
(12) X1 +Xp +X3—3X4=3.

The system is obviously not manifestly infeasible as x| = 2, X, = 2, X3 = 2,
x4 =1 is a solution. On the other hand if x4 is fixed to 2 then (12) becomes

(13) X1 +Xp +X3=9.

Hence (5) is satisfied, i.e. the fact that the branch x4 = 2 is empty, is proven.
To get an equation of type (7) for k = 3 and j = 1, respectively j = 2, one
must have y; = 0, respectively y, = 0. Hence the intersection of the two lines
which are now the H;, and H, hyperplanes is (0, 0, 1). If the procedure starts
with £k = 1 or k = 2 then the vectors of weight obtained are (1,0,0), and
(0, 1,0). The equations obtained by these weight if x4 is fixed to 2 are

% =3, j=123

Taking into account that Vj : x; < 2, the equations are manifestly infeasible.
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GENERALIZATION OF A THEOREM ON ADDITIVE
REPRESENTATION FUNCTIONS

By
SANDOR KISS

(Received March 19, 2005)

1. Introduction

Let k > 2 be a fixed integer and let = {aj,ay,...} (a1 < ap < ...) be
an infinite sequence of positive integers. For n =0, 1,2,... let R;(n) denote
the number of solutions of a;; +a;, +...+a; =n,a; € 4d,...aq; € A

If sg,s1,... is given sequence of real numbers then let A;s, denote the /-th
difference of the sequence sy, sy, s2,... defined by Ays, = 5,41 — s, and
A;sp = A1(Aj_1sp)- It is well known and it is easy to see by induction that

l
(1
(1) Apsn = (~1) <i>s,,+,--
i=0

We will consider the following problem : what condition is needed to guar-
antee that |A; Ry (n)| cannot be bounded. P. Erdds, A. Sarkozy and V. T. Sos
proved in [1] thatif k =2,/ =1 and

BA,N
2 lim 2N _
N—oc N
then |AjRy(n)| = |Ry(n + 1) — Ry(n)| cannot be bounded where B(A, N)

denotes the number of blocks formed by consecutive integers in .4 up to N,
1.€.,

B, N)= Y 1,
n<N
ned.n—1¢4

Mathematics Subject Classification (2000): 11B34
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and they showed that assumption (2) is nearly best possible. I have proved
in [2] that under condition (2) for arbitrary / |A; Ry(n)| cannot be bounded
either. One might like to extend this result to the case k > 2. In this paper
my goal is to prove the analog result for k > 2 and [ < k (but, unfortunately,
I have not been able to settle the case [ > k). In fact we will prove the

following theorem:

THEOREM 1. Ifk > 2 is an integer and limp_. %\/}Vﬁ) =o00,andl <k,

then |A; Ry (n)| cannot be bounded.

2. Proof of the theorem

Clearly it sufficies to prove the assertion of the theorem in the special case
[ = k. We prove by contradiction. Assume that contrary to the conclusion of
the theorem there is a positive constant C > 0 such that |A; Ry (n)| < C for

every n. Throughout the remaining part of the proof of the theorem we use the

2ina

following notations: N denotes a large integer. We write e =e(a) and

we put r = e_l/N, z = re(a) where « is a real variable (so that a function of

form p(z) is a function of the real variable a : p(z) = p(re(a)) = P(a)). We

oo

write f(z) = . z%. (By r < 1, this infinite series and all the other infinite
J=1

series in the remaining part of the proof are absolutely convergent).

1
We start out from the integral I = [ |f(z)(1 — z)|kda. We will give
0

lower and upper bound for I. The comparison of these bounds will show that

M is bounded which contradicts the assumption of the theorem. This

contradiction will prove that our indirect assumption on |A; Ry (n)| cannot
hold which will complete the proof of the theorem.

(o)
First we will give a lower bound for I. We write f(z)(1 —z) = >_ byz".
n=1

Then forn — 1 ¢ A, n € A we have b, = 1, thus by the Holder inequality and
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the Parseval formula, we have

! 2k, b -2k}
Pk ( / F —z)lkda) ( / lda) > / )1 - 2)da
0

/‘anz sz 2 2N Z b2 =2 Z |

n=1 n=1 n<N n<N
nedn—1¢4 nedn—1¢4

=e¢ 2B(d, N)
whence
I>e % (B, N2,

Now we will give an upper bound for I. By (1), our indirect assumption,
the Cauchy inequality and the Parseval formula we have

1 1 1
=/[f(z)(1—z)|kda:/[fk(z)(l—z)k|da:/Kzzaj)k(l—z)k‘da
j=1

/I‘ (3 Remz")(1-2)"|da /‘ ZRk(n)z )(Z( 1y () |dee

n=1

I s &k
/‘ZZ( 1)’( )Rk(m D" da—/‘ZAkRk(m k)z"|d
o m=1i=0

00 1/2

oo 1/2
< (/‘ZAkRk(m —k)z" ? a) = (Z | A Ry (m —k)|2r2’">

0 m= 1 m=
( )1/2

IN
9

) e ) el

1 1/2

co(- ) <
l1—e N

since we have

m=1

BT TR Th
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forO<x < 1.
Now we will complete the proof of the theorem. We have

k/2
ek <B(A, N)) <I<CV2N

hence

B, N :
7(,( N _ 24402
VN
This contradicts our assumption on B(«, N') which completes the proof of the
theorem.
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Sarkozy for the helpful discussions.

References

(11 P. ERDOS, A. SARKOZY and V. T. SOs: Problems and results on additive prop-
erties of general sequences III., Studia Scientiarum Mathematicarum Hun-
garica 22 (1987), 53-63.

[2] S.KisS: On a regularity property of additive representation functions, Periodica
Mathematica Hungarica, 51 (2005), 31-35.

Sandor Kiss

Department of Algebra and Number Theory
Eo6tvos Lordnd University

Pazmany Péter Sétany 1/c

H-1117 Budapest

Hungary

kisspest@cs.elte.hu



ANNALES UNIV. SCI. BUDAPEST., 48 (2005), 19-29

ON SOME SINGULARITY OF A HYPERCOMPLEX ANALYSIS

By
WIESEAW KROLIKOWSKI

(Received March 21, 2005)

Introduction

In [9] the author introduced a notion of an almost Clifford-type structure
as a generalization of complex and quaternionic ones. In this paper we give
examples of manifolds endowed with an almost Clifford-type structure. More-
over, using this structure we define a Clifford-type holomorphy and prove two
characteristic and peculiar properties of Clifford-type holomorphic mappings.

1. A Clifford-type structure

Let V be a real vector space.

DEFINITION 1.1. An almost Clifford-type structure €, on V is a set of n
almost complex structures {Ij,..., I, } such that

Ialﬂ +Iﬁla = _25a[3 Id, «,p=1,...,n,
where Id stands for the identity endomorphism of V, & denotes the ,Kro-

necker delta”, provided that any /; is not a product of two, four etc. of others
from the set {I},..., I, }.

REMARK 1.1.
a) If n = 1, then 6; = {I} with I> = —Id. This 8, is nothing but an
almost complex structure. Recall that the standard form of an almost complex

Mathematics Subject Classification (2000): 15A63, 15A66, 30G35, 32A30, 32K15,
53C10-53C40
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structure looks as follows:
_(0 I _
L=(" o) =1,
provided that V has an even dimension (see, e.g. [7]).

b) If n = 2, then 6, = {I,J} with I? = J> = —Id and IJ + JI = 0. Define

K := IJ then IJK = —1Id and K2 = —Id. Thus %, is nothing but an
almost quaternionic structure (see, e.g. [8]). The standard form of an almost
quaternionic structure looks as follows:

0700 0 0 10 000 I
(=100 o0 [0 o or 0 0 —I 0
b=\ 90 o00-1]"%=\-rooo0|"%=l0o71 0 0]

0017 0 —700 70 0 0

provided that dimg V' = 4n.

Note that any almost Clifford-type structure 6, = {[j,..., I, } induces
the following set of almost complex structures:
I,... In;
11127 11137 LT 11111712137 LT IZIn: LT Il‘l—lln;
(no triplet is an almost complex structure)
hhRy,. .. 5L 30,2, 11y
(no odd product is an almost complex structure)
etc.

Denote by p;, the number of the above almost complex structures, then

p/ — (’it)+<’21.)+(z)++(nz])7 lfn iS Odd9
" M+G)+G)+---+(G), ifniseven.
By the straightforward calculations we get the following numbers:
pi=1, p3=3, p3=6, pj=1l,
Pt =20, pk=37, ph=70, py=135 etc.

Denote by V(n) a real vector space endowed with a Clifford-type struc-
ture 8, = {I1,..., I, } then:

THEOREM 1.1 [9]. We have
dimg V(n) =2" -5,

where s > 0 is an integer.
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2. Clifford-type numbers

In order to consider at the same time quaternions and octonions (even
complex numbers) we introduce the ”Clifford-type numbers”.

Assume that n =1,3,7.
DEFINITION 2.1. Denote by 4, the field (skew field) of the "Clifford-type
numbers”. A typical element of 4,, can be written as
a€d,, a:=xo+tex;+...+exp, X0, X15+-»Xn €R, n=1,3,7
and we assume that the “’Clifford-type units” ey, ..., e, satisfy the relations:

e em+em e =200, km=1,..,n,

2
(ef=—1 k=1,..,n, e -em=—en-e, kzm,km=1,..,n)
{ek . em} = {j:el" DT :l:el’l}a a: _ek7 (m = _ek *Cm, kim)a
k,m=1,...,n.

We have also

a'b:E'a, a,be.ﬂn.

EXAMPLES 2.1.
1. C — complex numbers with the complex unit ey = i satisfying i 2=
and i = —i.
(The complex multiplication is commutative and associative).
2. H — quaternions with the quaternionic units e; = i, ey = j, e3 = k
satisfying the conditions:

(The quaternionic multiplication is not commutative but it is associative).
3. O - octonions with the octonionic units ey, e, . . ., e7 satisfying the condi-
tions:
et=-1, k=1,...7,
€rem +e;nek :0, k¢m, k,m = 1,...,7,

ejex =e€3, exe3=e], e3e]=ey, e€1éq4=es,

ere4 =eq, e3e4=e7, ese]=ey4 elc,

€12 =e€3, e€je3=—€3, eje4=¢s,

eje5 = —eyq, e1eq=—e7, ejej=eqg elc.



22 WIESLAW KROLIKOWSKI

and
a = —€.

(The octonionic multiplication is not commutative and it is not associative).

Let 45 = R®*+DP denote the Clifford-type” Euclidean p-space with the
coordinate A = (al,...,a"), where

a’=x,+ex] +---+epxy,, s=1,...,p.
Define the right multiplication e : .45 x 4, — 45 by
Aea:=('-a,...a’-a), Acd, acd,.

Let us emphasize that 4 can be identified with R*DP endowed with n

almost complex structures Iy, ..., I, satisfying the conditions:
Ialﬁ + IﬁIa = _250!ﬂ Id,
LX =X, ... LX=eX, XeRP

where Id stands for the identity mapping in R?*+DP.

Define a bilinear form (,) on .5, as follows:

if A=(al,...,aP) and B = (b!,...,bP) € 4, then

p
(A,B) = % > (@*b” +b%a%)

a=1

p
=Re(A,B):=Re ) a“b",

a=1
where
5 ._ .S ) ) _
as :=x, —ejx] — - —epxy, s=1,...,p.

Then (A, B) is an inner product of ., considered as a (n + 1)p-dimensional

real vector space. Considering ., as a “Clifford-type” p-space we define the
“Clifford-type symplectic product”:

p
(A,B):=> a“bC.

a=1
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Note that we have the following relation:
1
(A,B) = S (A, B)+ (B, A)].

Denote by SP,,,1(p) the set of all endomorphisms of .4}, which preserve
the Clifford-type symplectic product (,).
(In the quaternionic case (n = 3) SP4(p) is nothing but a well known group
usual denoted by Sp(p).)

A norm of A € 4% is defined by

p _
A2 = (A, 4) =" dPab.
B=1
Let us denote
SPyp1(1) :={a €y, |lal[ =1}  (=1).

Note
1. SP,,1(1) is a group,
2. SP,41(p) C SOl(n +1) - pl.

3. Manifolds endowed with a Clifford-type structure

DEFINITION 3.1 [9]. A [(n + 1) - p]-dimensional Riemannian manifold M
is called a Clifford-type manifold if its holonomy group is a subgroup of

SPn+1(p) X SPn+1(1)-

EXAMPLES 3.1.
1. The basic examples of Clifford-type manifolds are “quaternionic”’ mani-
folds. Note that for n = 2 (Iy, I) there are three almost complex structures on
a given Riemannian manifold (M, g), namely: I}, I, I := I} I, and dimgM =
=22 = 4. These manifolds are called almost quaternionic (see e.g. [3], [8]).

If g is Hermitian for I} and I, then (M, g) is called almost-quaternionic-
Hermitian.

If the suitable fundamental 4-form is closed then an almost-quaternionic-
Hermitian manifold is called almost-quaternionic-Kdhler. The most important
example of an almost-quaternionic-Kihler manifold is the quaternionic pro-
jective space HP" with a standard metric (see e.g. [2], [11]).
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2. More generally, in the case when the holonomy group of a given almost-

quaternionic-Hermitian manifold (M*", g) is contained in the group Sp(m) x
x Sp(1) then such a manifold is called quaternionic-Kdhler (see e.g. [2]). Em-
phasize the important result by Berger [1] that a quaternionic-Kihler manifold
(of dimension 4n > 8) is Einstein (Riemannian manifold of constant Ricci
curvature). Moreover, quaternionic-Kéhler manifolds whose dimension is a
multiple of 8 are spin manifolds ([10]).

Some examples (but not called Clifford-type) of manifolds with a holon-
omy group contained in Sp(m), Sp(m) x Sp(1) or Spin(n) one can find in [12].

EXAMPLE 3.2. Define a Clifford-type projective space 4, PP as a quotient
of .xdﬁ“ by the group 4 of non-zero Clifford-type numbers:

Ay PP =0 gt A = {a € Ay, a0},
acting by the right multiplication.
A point of A, PP represents a Clifford-type line ¢ in .xdﬁ“. The line
o can be identified with the group SP,,(1). The subgroup of SP,,i(p + 1)
stabilizing o is SP,,,1(p)xSP,, 1 (1). This description gives 4, PP the structure

of a symmetric space SP,,1(p + 1)/ SP,,+1(p) x SP,,1(1) whose holonomy
group equals SPy, ;1 (p) x SPy1(1).

Let us add an important note on the dimensions. Thus, for the complex
projective space CPP we assume that p = 2m > 4, for the quaternionic
projective space HPP we assume that p = 4m > 8 and for the octonionic
projective space OPP we have p = 8m = 16.

4. A Clifford-type holomorphy

Take n almost complex structures I, ..., I, defined on a real vector space

V satisfying the condition
Inlg + I 1y =—25a,8 Id, a,p=1,..,n,

provided that any I; is not a product of two, four etc. of others from the set
{Il, . .’In}.

Let X € V, X#0, then the vector subspace V of V generated by

X L X,.. "Ipé,X’
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according to the definition of the numbers pj,, has a dimension p}, + 1:
dim V =p) + 1.

EXAMPLE 4.1.
a) If n =1, then we have one almost complex structure, p’1 =1and dimV =
=dimV =2, (V ZR?= ().
b) If n = 2, then we have two almost complex structures, p’2 = 3 and
dmV =dimV =4, (VER*¥ Ca C ¥ H).
c) If n = 3, then we have three almost complex structures I, I, Iy which
generate a set of six almost complex structures on V, namely

11,12, 13, 14 = 1112, 15 = 1113, 16 = 1213 [(1112]3)2¢ — Id]

Thus p’3 =6 and dim V =7 etc.

DEFINITION 4.1. Let V = (V,%,) and W = (W, 8,)) be two real vector
spaces equipped with two almost Clifford-type-Hermitian structures 6, =

=,....1I;) and 6, = (Iy,..., I,), respectively. Assume that ® : V — W is
a smooth map. Then ® is called Clifford-type holomorphic if the following
condition:

4.1) Iiod®d=d®ol, for a=1,...,n

is fulfilled.

REMARK 4.2.
a) If n =1, then (4.1) reduces to the equation

Tod®=ddol.

In this case the Clifford-type holomorphy is nothing but the holomorphy of
complex analysis. Moreover, we have

- 170 d
Tod®=dDdol) < b(E+i5)(u+iv)=0with(b=u+iv].

b) If n =2, then (4.1) reduces to the system

Iod®=ddol,
Jodd=d®doJ.
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In this case the Clifford-type holomorphy is nothing but the quaternionic
Q-holomorphy (see, e.g. [8]).

WARNING! It is important to emphasize that the Q-holomorphy and the
Fueter regularity (see, e.g. [6], [8]) are two different notions, i.e.

Tod® = d®ol lyo .o .9 d 0 s 2 3
{deb:dcboj} L [Z(m—o+’mc_l+1mc—2+kmc—3)(” HUUHUD=0].

5. Some definitions

DEFINITION 5.1. Assume that (M, g) is a 2" - s-dimensional Riemannian
manifold. An almost Clifford-type structure €, on (M, g) is defined as a

covering {U'} of the manifold M with a set of almost complex structures
{I{,..., I} on each U’ such that

LI+ 0, = —20,41d

(provided that any I; is not a product of two, four etc. of others from the set

{I},...,I}) and (2" - s — 1)-dimensional vector spaces of endomorphisms
generated by

L,....Li,L1L,....I, 1I,,....,1 -1,
ie.
Endyi ={a'l++a"L+a [+ +a" "L - Iy
al,...,a%,..,a"" e R}
are the same on all of the manifold.
EXAMPLES.1. Letn =2 ands = 1, then the almost Clifford-type structure

6, is nothing but a quaternionic structure on a 4-dimensional Riemannian
manifold.

DEFINITION 5.2. A Riemannian metric g is Clifford-type Hermitian if g
is Hermitian for each Iy, ..., 1,.

DEFINITION 5.3. a) A Riemannian manifold (M,g) with an almost
Clifford-type structure 6, is called an almost Clifford-type manifold,



ON SOME SINGULARITY OF A HYPERCOMPLEX ANALY SIS 27

b) An almost Clifford-type manifold (M, g, 8,) with g Clifford-type Hermi-
tian is called almost Clifford-type Hermitian.

REMARK 5.1. A real vector space V with an almost Clifford-type struc-
ture 6, = {I;,..., I} can be turned into a Clifford vector space by defining
a scalar multiplication by Clifford numbers as follows:

If a € A(eq,...,en) ::Jd,?, then

Loy +- - +a"e, +

+a%eier+---+aeje, +aBeres+...+a" Ve, e, +

+a'Pejerez+---+aTPO DG e len ...+

+a12~-~(n—1)

a=a’+a

+a23-~-n 12--n

ejey eyt exe3---ep +a erex - -én,

where a®,al,...,a",..,a'?"" € R. For X € V we have

L+ +a"ep +a'%ejer+ - +a' > ejeren) X =

=a’X +a'[ X+ +ad"LX+a* L LX+- - +a' > "L I, X.

a-X=@@’+a

DEFINITION 5.4. Take a point a € R2"k A right Clifford line passing
through the point a [6 — line(a)] is defined by

€ — line(a) := {a’ € Rk g'=a.c, ce ACY.

6. Two properties of Clifford-type holomorphic maps

Assume that n > 1.

THEOREM 6.1. Let U be an open neighbourhood of the origin in R%'s,

Let®: RS — R bea Clifford-type holomorphic map with respect to the

almost Clifford-type structures {Iy,...,I,} and {1,,...,1,}, respectively. If
& is singular at the origin then @ is a constant map.

PROOF. Denote by U C U the intersection of U with a right Clifford
line, i.e. the right multiples by elements of Jd,? =4A(ey,...,ey), here R2"S is

identified with (.xd,? )S. Such a 2" - s-dimensional submanifold is easily seen
to be almost Clifford-type.
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The singular set of <I>| i7 1s defined by det[d((D| i)]1 = 0 and it is a complex

subvariety N of U in Iy, ..., I, complex structures. In particular, it cannot be
isolated because it is non-null. At a regular point x € N the real tangent
space of N must be invariant under each I;,..., I;. So, N is 2"-dimensional

at x and thus at all points of U. Then (I)| {7 1s constant and because U is the

union of the right slices U, so @ is also constant. 1

REMARK 6.1. A Clifford-type affine map from R2'51 o RY"2 is a map
of the form ®(X) = X - A+ B, where A € ./bt(sl,sz;ad,?) and B € R?"%2.
Identifying R%" 51 and R*" 2 with («$)*! and (4S)*2, then we have ®(X) =
= A-X+B, where A is the transpose matrix of A with real 2" x2" submatrices

replaced by Clifford numbers and where X and B are s; and sp-tuples of
Clifford numbers, respectively.

PROPOSITION 6.1. Denote by U and V open sets in R2"51 and R?" 2,
respretively. Let ® : U — V be Clifford-type holomorphic with respect

to Clifford-type structures on R2"*51 and Rzn'SZ, respectively. Then @ is the
restriction to U of a Clifford-type affine map from R2"s1 (o R 52,
PROOF. Since the truth or falsity of the Proposition is not affected by

translations of the range or domain, one can assume that U and V contain
the origin and that ®(0) = 0. Consider the map X — ®(X) — Xd®D(0). Since

d®(0) € M(sy, sz;adf ), so this function is Clifford-type holomorphic and by
the construction its Jacobian is zero. Thus, composed with any projection

7 R?"52 - R?" defined by

1 .2 2" 1 .2 2" 1 2 2"
ﬂl‘(.xl,xl,...,xl ,...,xl' ,xl' ,...,xi ,...,XSZ,XSZ’...,XSZ )
1 .2 2" .
= (xi,xi,...,xi ), i=12,...,8,
one gets a constant map by Theorem 6.1. Thus, ®(X) = XdP(0). ]

EXAMPLE 6.1. The above theorem is not true for n = 1 (s = 1), i.e.
in a complex analysis. Take for instance the map @ : C — C defined by

d(z) := z2. It satisfies the assumption of the Theorem 6.1 but @ is singular
at 0 and it is not a constant map.

Putting n = 2 we obtain the simplest, quaternionic form of Theorem 6.1,
namely:
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THEOREM 6.2. Let U be an open neighbourhood of 0 in R* and
O:R¥ R -2 Clifford-type holomorphic map (quaternionic Q-holomor-

phic) with respect to the quaternionic structures (I}, I,) and (I}, I), respec-
tively. If @ is singular at O then @ is a constant map.
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1. Introduction

First we will recall several basic notions and definitions from cryptog-
raphy. We will refer to the excellent monograph [1] repeatedly, all the quo-
tations in the introduction are taken from [1]. The so called Vernam cipher,
also described in [1], is a very simple but extremely important encrypting
algorithm. Earlier it was used in form of the one-time pad, but nowadays
it is much more frequently used in form of “... stream ciphers where the
keystream is pseudorandomly generated from a smaller secret key, with the
intent that the keystream appears random to a computationally bounded adver-
sary”. The algorithm constructing the keystream from the small secret key is
called pseudorandom bit generator: “A pseudorandom bit generator (PRBG)
is a deterministic algorithm which, given a truly random binary sequence
of length k, outputs a binary sequence of length [ > k (I much greater
than k) which “appears” to be random. The input to the PRBG is called
the seed (produced by, say, coin toss, and passed the partner by public key
cryptography) while the output of PRBG is called a pseudorandom (PR) bit
sequence”. The quality of the PRBG is usually characterized by using the
terminology and tools of computational complexity: “A PRBG is said to pass
the next-bit test if there is no polynomial-time algorithm which, on input of
the first [ bits of an output sequence s, can predict the (I + 1)st bit of s with

probability significantly greater than % ... A PRBG that passes the next-bit
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* Research partially supported by Inter-University Centre for Telecommunications and
Informatics (ETIK).
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test (possibly under some plausible but unproved mathematical assumption
such as the intractability of factoring integers) is called a cryptographically
secure pseudorandom bit generator (CSPRBG).”

However, recently this computational complexity approach has been crit-
icized widely since it is of asymptotic nature only; it measures only the
quality of the PRBG but not that of the individual sequences constructed;
the non-existence of a polynomial time algorithm cannot be shown. Motivated
by these problems, recently a more constructive approach has been developed
which also avoids the use of any unproved hypotheses:

Consider a finite binary sequence Ex = {ej,...,en} € {—1,+1}V.
In [2] Mauduit and Sarkézy first introduced the following measures of pseu-
dorandomness:

Write

t—1
U(EN)taaab) = Z€a+jb
J=0
and, for D = (dy,...,d;) with non-negative integers d; < --- < dy,

M
V(EN) M) D) = Z el’l+dlel’l+d2 e el’l+dk‘
n=1

Then the well-distribution measure of Ep is defined as

1—1
W(En) = max |U (En,t,a,b)| = max eqii
() = max |U (Ey. 1,0, )| = max Xg atjb

s

where the maximum is taken over all a,b,r € N such that 1 < a < a +
+ (t — )b < N, while the correlation measure of order k of Ey is defined
as

M

Ck (EN) = ﬁ?l); |V (EN, M, D)| = %f% ngl €n+d Cn+dy """ En+dy
where the maximum is taken over all D = (d;,...,d;) and M such that
0<di<---<dy<N-M.

Then the sequence Epy is considered as a “good” pseudorandom sequence
if both these measures W (Exn) and C,(Ey) (at least for “small” k) are
“small” in terms of N (in particular, both are o(IN) as N — oo). Indeed,
later Cassaigne, Mauduit and Sarkozy [6] showed that this terminology is
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justified since for almost all Ex € {—1,+1}N, both W(Ep) and C,(Ep) are

1
less than N2(log N)°.
Recently, large families of finite binary sequences have been constructed
which possess “good” PR properties (“good” in this second, constructive
sense).

In this paper my goal is to compare the two approaches described above
from computational point of view. First in Section 2 I will present two of the
most important PRBG’s which are cryptographically secure in the computa-
tional complexity sense. Next in Section 3 I will present three constructions
which are the best ones in the constructive sense. In Section 4 I will estimate
and compare the running times of the 5 constructions in terms of the param-
eters involved. Finally, in Section 5 I will present the results of numerical
computations in order to compare the 5 constructions for special values of
the parameters.

2. The computational complexity approach: two cryptographically
secure pseudorandom bit generators

In this section we present two especially important crypographically
secure pseudorandom bit generators following [1]. The security of these
generators relies on the presumed intractability of integer factorization. In
the following algorithms there is a parameter /, which is the length of the
pseudorandom binary sequence, and it is usually chosen as a power of the

length of the dyadic representation of the modulus (~ }ﬁ—’;).

2.1. RSA pseudorandom bit generator

The algorithm is the following:

1. Generate two secret RSA-type primes p and ¢, and compute n = pg and
¢ = (p — 1)(g — 1). Select a random integer ¢, 1 < e < ¢, such that

gcd(e, ) = 1.
2. Select a random integer x( (the seed) in the interval [1,n — 1].
3. For i from 1 to / do the following:

3.1. x; :=x/_; modn.

3.2. Let z; be the least significant bit of x;.
4. The output sequence is z1,22,...,2].
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2.2. Blum-Blum—-Shub pseudorandom bit generator

The algorithm is the following:
1. Generate two large secret random (and distinct) primes p and ¢, each
congruent to 3 modulo 4, and compute n = pq.

2. Select a random integer s (the seed) in the interval [1,n — 1] such that

2 modn.

gcd(s,n) = 1, and compute xq := s
3. For i from 1 to [/ do the following:

. 2
3.1. x; :==x;_ | modn.

3.2. Let z; be the least significant bit of x;.
4. The output sequence is z1,22,...,2]-

We remark that the efficiency of these generators can be improved by
extracting the j least significant bits of x; in step 3.2., where j = clglgn and
c is a constant. Provided that n is sufficiently large, these modified genera-
tors are also cryptographically secure. Here we will analyse only the basic
(unimproved) versions of the RSA and Blum—Blum—Shub pseudorandom bit
generators.

3. The constructive approach: three constructions

As we mentioned in the introduction, a sequence Ep is considered as
a “good” pseudorandom sequence if the measures W (Epy) and G, (En) (at
least for small k) are “small” in terms of N.

It was shown in [2] that the Legendre symbol forms a “good” pseudo-

random sequence. More exactly, let p be an odd prime, N = p — 1 and

En ={ey,...,en} is defined by ¢, = (%)

Then we have
1 1
W(EN) < p2logp < N2log N
and
1 1
Cr(EN) < kpZlogp < kNZlogN.

However, this construction produces only a “few” good binary sequences
while in certain applications (e.g. in cryptography) one needs “large” families
of “good” pseudorandom binary sequences. Now we will present three con-
structions of this type.
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3.1. A further construction related to the Legendre symbol

In [3] Goubin, Mauduit and Sarkozy extended the Legendre symbol
construction to large families of binary sequences with good pseudorandom
properties. The most important results in [3] can be combined in form of the
following theorem:

THEOREM 1. Ifp is a prime number, f (x) € F,[x] (F, being the field of

the modulo p residue classes) has degree k(> 0) and no multiple zero in E

(the algebraic closure of F,), and the binary sequence E, = {ey,...,ep} is
defined by
) =
0 o (1) forgmnp=1,
f1 " forp |f(n),

then we have
1
W(Ep) < 10kp? logp.

Morever, assume that forl € N one of the following assumptions holds:
=2

(ii) I < p, and 2 is a primitive root modulo p;

(iii) (4k)! < p.

Then we also have

1
Ci(Ep) < 10kip2logp.

Based on this theorem, they proposed the following algorithm for con-
structing pseudorandom binary sequences of a given length p (where p is
prime):

Suppose a prime p and an integer L € N are given with

p

I p forall p,
< 7 if 2 is not a primitive root modulo p

1
(and typically L is “much smaller”, than %7 say, L < p#). Suppose we want
to control the correlation of order [ for all [ < L.
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Let L € N be a “large” number but such that k < 1(};(% if 2 is not a

primitive root modulo p. Write t = [%] Then consider polynomial g(x) €
€ Fy[x] of the form

t
glx)= xK + Zaixi
(=0

where any coefficients a; can be chosen with a; € Z, fori =0,1,...,1 — 1
and a; € Z,\{0}.

Let d(x) denote the greatest common divisor of the polynomials g(x) and
g'(x), and compute
f@)zi@): g@% .

(x)  (g(x),8'(x))

Then computing the sequence E, defined as in Theorem 1, we obtain a “good”
pseudorandom sequence Ej,.

3.2. A construction using additive characters

Let p be an odd prime number, f (x) € Fy[x], and define E, ={ey,...,ep}
by

) %:{H if 0 < rp(f(n)) < 5,

-1 if% < rp(f(n)) < p,
where r,,(n) denotes the unique r € {0,...,p — 1} such that n = r modp.

This sequence can be generated fast and the well-distribution measure
and the correlations of “small” order are “small”, which is formulated in the
following theorem:

THEOREM 2. Forf € F,[x] of degreed and E, = {ey,...,ep} defined by
(2), we have

1
W (Ep) < dp2(logp)?,
moreover, for2 <[ <d — 1 we have
C/(E,) < dp? (logp)™*!
1(Ep) < dp2(logp)™ .

However we have to pay a certain price for the fast computability since
the correlations of “large” order can be “large” as the corollary of the follow-
ing theorem shows:
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THEOREM 3. For any k = 2! there exists a constant ¢ = c(k) > 0 such
that if p is a prime number large enough, f € F,[x] is of degree k and
E, ={ey,...,ep} is defined by (2), then

T+M

max epe ceee _1l > cp.
61 Z n€n+l n+k—1| Z €P

I<T<T+M<p | n=T
COROLLARY 1. For any k = 2!, if p is a prime number large enough,
f € Fy[x] is of degree k and E, = {e|, ... ey} is defined by (2), then
Ci(Ep) > p.

This construction is slightly weaker than the previous one which uses
the Legendre symbol thus it provides a reasonable alternative to the previous
construction only if it suffices to control the correlations of small order.

3.3. A construction using the multiplicative inverse

Define rp(n) as in Section 3.2. This construction is based on the use of
the multiplicative inverse modulo p:

THEOREM 4. Assume that p is a prime number, f(x) € Fy[x] has degree
(0 <) k (< p) and no multiple zero in Fp. For (a,p) = 1, denote the
multiplicative inverse of a by a~:

aa" =1 mod p.
Define the binary sequence E, = {ey,...,ep} by
3) e =)L HEMPI =L@ <8,
"7\ -1 ifeither (f(n),p) = 1, rp(f(n)"1) > & orp | f(n).
Then we have

W(Ey) < kp? (logp)™.
Moreover, assume thatl € N with2 < | < p, and one of the following
conditions holds:
H1=2
(i) (4k)! < p.
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Then we also have
1
C/(Ey) < klp2(logp)'*!.

This sequence can be generated fast since we can calculate the multiplica-
tive inverse quickly (in polinomial-time), but the nice sufficient condition in
Theorem 1 that 2 is a primitive root modulo p is missing now.

4. The theoretical running times of the considered pseudorandom bit
generators

I will calculate the theoretical running time of the considered pseudoran-
dom bit generators for fixed seed length.

In all of the considered five cases, first we choose one or two random
numbers from a given interval, and then we look for the first primes after
these random numbers. In case of the Blum—Blum—Shub PRBG we have to
choose the first prime congruent to 3 modulo 4, and in case of the construction
related to the Legendre symbol we have to choose the first prime p, such that
2 is primitive root modulo p. Assuming that we have a primetable (in case
of the Blum—Blum-Shub PRBG a table of the primes of form 4k — 1, and in
case of the Legendre symbol construction a table of the primes p, such that 2
is a primitive root modulo p, respectively), we may neglect the time needed
for selecting the suitable primes.

As usually, we measure the running time of an algorithm in terms of
the number of bit operations performed. We obtain the running time of a
pseudorandom bit generator by adding the running times of the algorithms
involved. We will neglect the time of having access to the memory, the
shifting operations, the copying, the printing, etc.

4.1. RSA pseudorandom bit generator

Suppose that the length of the seed is s and that we have already chosen
two random primes, p and g of size O(2%). Then the time of calculating of
the products n =p-g and F=(p — 1) (g — 1), is O((logp)(logq)) [8, p. 41,
ie. O(s2).

Choosing a random number between 1 and F = (p — 1)(g — 1), it will

be relative prime to F with probability %éq__l]))). So the running time of

choosing e (the number between 1 and F, such that relative prime to F) is
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expected to be O(log(log((p — 1)(g — 1)))), i.e. O(logs). (In the practice the
integers in (1, F) which are coprime with F are usually given, we choose one
of them randomly, and we neglect the time needed for this.)

We prepare the seed by coin toss and of course we determine the interval,
from where we choose the primes, in such a way that the seed should be
smaller than n.

We have to carry out step 3.1 (x; := x_; modn) ¢ times (for example

t= sz), and the time of each step with using the Power Algorithm [7, p. 102]

is O((loge)(log n)?), i.e. O(ts3). This is the most critical and slowest step
in the algorithm. Then the complexity of taking the least significant bit of
x; can be neglected, so the total running time of the RSA pseudorandom bit

generator is O(ts3). In the special case of ¢ = 52, to be studied later, this is
O(s>).

4.2. Blum-Blum-Shub pseudorandom bit generator

Suppose that the length of the seed is s and that as we wrote it earlier
we have already chosen two primes, p and g of size O(2%). We can calculate

the product n = p - ¢ in time O(s2) again as at the RSA PRBG.

We choose the limits of the interval here again so that the seed should
be smaller than n. Let us denote the seed in the decimal system by D. We

can calculate the greatest common divisor of D and n in time O(s2), and the
initial element of the recursion (xq := D?modn) in time O((log 2)(10gn)2),
1.e. O(sz). Here we use the Power Algorithm again, and so the time of

the complete recursion is ¢ - O(s?), i.e. O(ts?). We take no notice of the
time of the least significant bit’s choice. So the total running time of the
Blum-Blum—Shub pseudorandom bit generator is O(ts?). In the special case
of 1 = 52, to be studied later, this is O(s?).

4.3. The construction related to the Legendre symbol

Suppose that the length of the seed is s and that we have already chosen a

s
logs

we wrote at the beginning of Section 4. We prepare the seed (the coefficients
of the polinomial f) by coin toss. Since having the polinomial f in special

random prime p of size O( ( )4) such that 2 is a primitive root modulo p as
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form, we compute the derivative of f in time O(s - logs), then we determine
the greatest common divisor of the polynomials f and f’ in time O(s2) by
using Euclidean algorithm [7, p. 128]. For determining each pseudorandom
bit first we compute the value of x; = f(i) modp in time O(s -logs) by using
Horner’s scheme [8, p. 4]. And if this value is not equal to zero, then we
compute the Legendre symbol (%) in time O((logx;)(logp)) [7, p- 113], i.e.
O((log s)2). For constructing a pseudorandom binary sequence of length r we
have to perform this step ¢ times, so the total running time of this construction
is O(t - s - logs). In the special case of t = s2, to be studied later, this is
O(s3 -log s).

4.4. A construction using additive characters

Suppose that the length of the seed is s and that we have already chosen

a random prime p of size O((lo‘; 5 )4>. We prepare the seed (the coeflicients
of the polinomial f) by coin toss. In each step we compute the value of
x; = f(i) modp in time O(s - logs) by using Horner’s scheme [8, p. 4]
again. We can decide in time O(log s) whether x; — % is negative or not. For
constructing a pseudorandom binary sequence of length ¢ we perform these
steps ¢ times, so the total running time of this construction is O(¢ - s - logs).

In the special case of t = s2, to be studied later, this is 0(s3 -logs).

4.5. A construction using the multiplicative inverse

This construction differs from the construction related to the Legendre
symbol just in the last step, so when we have already determined the value
of x; = f(i) modp (in time O(s - logs)), we compute the multiplicative
inverse of x; modulo p in time O((log s)3) [8, p. 19]. Finally we can decide
whether this value is smaller than % or not in time O(log s). For constructing
a pseudorandom binary sequence of length ¢+ we perform these steps ¢ times,
so the total running time of this construction is O(z - s - logs). In the special
case of ¢ = s2, to be studied later, this is O(s3 -logs).



TIME-ANALYSIS OF PSEUDORANDOM BIT GENERATORS 41

5. The running times of the different constructions and their
pseudorandom measures

In Section 4 we estimated the theoretical running times by using Lan-
dau’s big-O notation. However, it might be troublesome to compute the
numerical values of the constant implied by this big-O notation. It may occur
that in some cases this constant is so big that it influences the quality of the
bounds obtained for the pseudorandom measures. Thus it is advisable to carry
out numerical computations as well.

First I wrote a program for the two cryptographically secure pseudo-
random bit generators mentioned in the second chapter, then for the three
constructions mentioned in the third chapter.

While in the case of the RSA and the Blum—Blum—Shub PRBG we have
to choose two secret random primes of the order of magnitude of 10'?, and
I constructed a pseudorandom binary sequence of length ¢ = s2 = 16384
(where t, s are the parameters introduced in the previous section), while in
case of the constructions mentioned in the third chapter only one random
prime of the order of magnitude of 107 is chosen. As a reasonable choice of
the parameter ¢, I will set t = 52 throughout all the numerical computations.
For each of the five constructions, I used a seed of length 128 prepared by
coin toss (in the case of the constructions described in the third chapter I
fixed a few bits of the coefficients in order to reduce the number of the bits
to be chosen to this common length 128), and I constructed a pseudorandom
binary sequence of length 1282 = 16384. So in the case of the RSA and
the Blum—Blum—Shub PRBG I ran the programs for 50 pairs of primes p, g
of order of magnitude of 10!° so that p, ¢ are close, while in case of the
constructions mentioned in the third chapter for 50 primes of the order of
magnitude of 103, and I calculated the average running time for each of the
pseudorandom bit generators. The results (the average, the best and the worst
running times for the considered PRBGs) are in the next table:

average best worst
RSA 413.335 sec. 373.9 sec. 469.4 sec.
Blum-Blum—-Shub 69.14 sec. 61.7 sec. 94.7 sec.
Legendre symbol 3.495 sec. 3.4 sec. 3.6 sec.
additive characters 1.165 sec. 1.1 sec. 1.2 sec.

multiplicative inverse ~ 5.715 sec. 5.3 sec. 6.7 sec.
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The three constructions described in Chapter 3 are much faster than the
RSA and Blum-Blum-Shub pseudorandom bit generators.

Then for each of the five constructions and for three different choices of
the parameters I computed the PR measures by the same programs.

The next table shows the well-distribution measures and the correlation
measures of order 2 for the binary sequences produced by the PRBGs studied:

well-distribution correlation

RSA 187;134;163 414;394; 521
Blum-Blum-Shub 199;116;117 483;464;443
Legendre symbol 163;327;137 505;446; 485

additive characters 233;194;116  6305;3905;5033
multiplicative inverse  162;214;175 449; 467,570

(The running times were between 3830.3 sec. and 6702.6 sec. for the well-
distribution and between 2931 sec. and 4051.6 sec. for the correlation mea-
sure.)

The values of the PR measures are similar for the five constructions
(but we can prove good upper bounds only for the ones studied in the third
chapter), apart from that in case of the additive character construction the
value of the correlation is greater by a factor about 10 than in the other cases.
The reason of this is not quite clear; it is possible that this difference would
disappear for greater values of s or at least would become less significant.

Furthermore, one binary sequence out of 50 generated with the Blum—
Blum—Shub PRBG and RSA PRBG, respectively, didn’t pass one of the most
basic statistic test, namely the serial test, which warns that before using the
binary sequences obtained by these constructions it is advisable to test them.

We may conclude that the new constructions described in the third chap-
ter are superior to the usual cryptographically secure pseudorandom bit gen-
erators at least in certain situations and it is worth to look for further “good”
constructions.
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LIFE AND WORK OF FRIGYES RIESZ

By
AKOS CSASZAR*

We commemorate this year the 125th anniversary of the birth of two
brilliant researchers of Hungarian mathematics: Lip6t Fejér and Frigyes Riesz
(this is the Hungarian form of his Christian name, the better known form is
the French one (Frédéric) as it has been used in most of the publications of
Frigyes Riesz). Our purpose is to give a short survey on the life and work of
this latter.

Frigyes Riesz was born on the 22nd of January 1880 in Gyédr, a city
approximately on the middle way between Budapest and Vienna. His father
was a physician; he gave a very careful education to all three of his sons
and as a result of this two of them, Frigyes and his younger brother Marcell
(Marcel in its more often used form) developed to excellent researchers in
mathematical analysis.

Frigyes Riesz learned until the age of 18 years in his native town Gy®r.
After this, he began to study in Switzerland, at the Eidgenossische Technische
Hochschule in Ziirich. However, after a few semesters, he remarked that
the technical branches of his studies are much less interesting for him as
mathematics, so that he decided to continue his studies from 1899 as a student
of mathematics at the University of Budapest. In these years, there were two
eminent professors of mathematics at this university, Gyula Kénig and J6zsef
Kiirschak, and their influence surely helped the evolution of Frigyes Riesz.
He also spent a year in Gottingen, under the influence of David Hilbert and
Hermann Minkowski, and finally he finished his studies in 1902 in Budapest
by earning a diploma of a high-school teacher in mathematics and physics

* Lecture held in Eger, 11. 06. 2005.
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and very soon later a doctor’s degree based on a dissertation on projective
geometry.

In the following years, he worked as a high-school teacher in a town of
northern Hungary, Lécse (nowadays Levoca in Slovakia). After a short time,
from 1908, he continued his teaching work in Budapest. He performed his
research work in several directions: geometry, topology (in his formulation
at that time, analysis situs), and other subjects. However, the most important
feature of his work was the fact that he thoroughly studied the investigations
of the French school of analysis, the works of Lebesgue, Borel, Fatou, etc.
As a result, he began to publish from 1906 papers on questions of analysis in
the spirit of this French school.

In fact, it is an imperishable merit of the history of mathematics in
Hungary that we had a researcher, namely Frigyes Riesz, who, a few years
after its birth, not only maked himself master of Lebesgue’s theory of measure
and integral, but who published in March of 1907 a classical work (Sur les
systemes orthogonaux de fonctions, Comptes Rendus (Paris), 144 (1907),
615-619) containing the proof of the so called Riesz—Fischer theorem.

In order to formulate the content of the Riesz—Fischer theorem, let us first
consider the function class L? = [?(a,b), i.e. the collection of all functions
f integrable in the sense of Lebesgue in the interval [a, b] with the property
that f 2 is integrable as well. Consider also an orthonormal sequence (¢,) in

[a,b], i.e. a sequence of functions ¢, € I? such that

b
/‘Pn‘Pm:O
a
b 2
/(pn=1
a

for each n. The integrals in question surely exist because it is not difficult to

whenever n # m and

prove that fg is integrable whenever f,g € I2. (Here and in the following
“integrable” always means “integrable in the Lebesgue sense”.)

If (p,) is such an orthonormal sequence and f € 1%, we can speak of
the orthonormal series or Fourier series of f; this is the series 280 CnPn
composed with the coefficients

b
Cn:/ fon,
a
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i.e. the Fourier coefficients of f with respect to the sequence (¢,). These
coeflicients necessarily fulfil the Bessel inequality

o b

2 2
E Cng/ fo,
0 a

proved by a rather easy calculation.

Now the purpose of the Riesz—Fischer theorem is to answer the following
question: Given a numerical sequence (c,), what is the condition of the
existence of a function f € L? such that the numbers ¢, coincide with the

Fourier coefficients of f? The paper of Riesz quoted above states that the

condition “} (" c,% is convergent”, necessary according to Bessel’s inequality,

is also sufficient.

The method of proof used by Riesz reduces the problem to the case of
the classical orthonormal sequence composed, in the interval [0, 27 ], of

1/V2m, cosnx/v/m, sinnx/va (n=1,2,..),

and then proves an auxiliary theorem providing a certain condition for the
integration of sequences:

Iff, € Lz(a, b) and f;, — f almost everywhere (a.e.) in [a, b], moreover

the integrals
b 2
| %
a

[oe [

A.e. means of course “with the exception of a set of measure zero”.

are bounded then f € L? and

The expression “Riesz—Fischer theorem” shows that the same result
has been obtained, independently of Riesz, by the Austrian mathematician
Ernst Fischer (Sur la convergence en moyenne, Comptes Rendus (Paris), 144
(1907), 1022-1024), published in the same Comptes Rendus in May, 1907,
where the paper of Riesz appeared in March, 1907. The title of Fischer’s
paper shows that he uses another way for proving the theorem, namely the
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concept of “convergence in mean”. This is obtained if we introduce, for a
function f € I*(a,b), the norm

I = ( / bf2> "

and define the convergence in mean of a sequence (f,) € L? to f by the
formula

[fn = fII = 0.

It is not quite obvious that the result proved by Fischer is equivalent to
the one proved by Riesz; however, for Riesz, this fact was well-known.

% 3k %k

It was evident for the mathematicians in the first decade of the 20th century
that the author of a paper considering so fundamental facts and methods of
Lebesgue’s theory of integration is worthy of being applied in the higher
education. Consequently Frigyes Riesz obtained at the university of Kolozsvér
(then in Transsylvania in East Hungary, now Cluj-Napoca in Roumania)
an extraordinary (i.e. associate) professorship in 1912 and an ordinary (i.e.
full) professorship in 1914. A few years later, in 1916, he was elected a
corresponding member of the Hungarian Academy of Sciences.

The publications of Frigyes Riesz between 1905 and 1920 made clear
that he is one of the fathers of a new branch of mathematics, called functional
analysis nowadays. Although functional analysis had several roots in the 19th
century, such as Fourier expansion of functions and spectral theory of some
differential equations, its genesis could be put in the 20th century. Even at
the end of the 19th century, linear algebra was very finite dimensional and
dealt with n-tuples of real numbers, and Fréchet’s thesis on metric spaces
appeared in 1906. The crystalization of ideas was catalyzed by Lebesgue’s
integration theory. Many of the basic concepts of functional analysis were
born in the setting of infinite dimensional function spaces. The intimate
relation of the Lebesgue integral and infinite dimensional functional analysis
is very transparent in the work of Frigyes Riesz.

The space I? of square integrable functions on an interval of the real
line was the first infinite dimensional space on which functional analysis
in the modern sense was studied. The Riesz—Fischer theorem, in Fischer’s
version, claims that the space I? s complete, that is, all Cauchy sequences
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are convergent in the L2-sense. Riesz’s version gives a condition on Fourier
coeflicents, but Riesz was aware of the equivalence, as we told it above.

Another early paper of Riesz (Sur une espece de géométrie analytique
des sy-stemes de fonctions sommables, Comptes Rendus (Paris), 144 (1907),
1409-1411) tells us that any bounded linear functional A of L? is induced by
an element g of I? in the form of integration of the product:

b
(1) A(f)=/ fg

for some g € L? if there exists a constant M such that
b
/ fI><1 implies |A(f)| < M.
a

In 1910 Riesz published a paper in Hungarian (Integralhat6 fiiggvények
sorozatai (Sequences of integrable functions), Math. Phys. Lapok, 19 (1910),

165-182) in which he explains his understanding of L? and the above men-
tioned two results. In this paper he defines the weak topology on the space

I? and shows that a bounded sequence contains a weakly convergent subse-
quence.

In our present language, (1) describes the dual of the I? space. The
dual space was certainly a concept that should be attributed to Riesz. He

defined the dual of L2 in 1907, and in 1909 he dealt with the dual of the space
of continuous functions (Sur les opérations fonctionnelles linéaires, Comptes
Rendus (Paris), 149 (1909), 974-977). Let C(a, b) denote the set of all con-
tinuous real-valued functions in the interval [a, b]. In 1903 Hadamard wanted
to describe all linear functionals U : C(a,b) — R such that Uf, — Uf
whenever f;, — f uniformly. He obtained a rather complicated result; Riesz
reached a much simpler result by describing the continuous linear functionals
U by means of a Stieltjes integral. He proved that there exists a function «
of bounded variation such that

b
®) U() = / F) dao),

moreover, ¢ is unique if a(a) = 0 and the left continuity of « is required.

Extending his work on the space L2, Riesz devoted a fundamental paper
to I spaces in 1910 (Untersuchungen iiber Systeme integrierbarer Funktio-
nen, Math. Annalen, 69 (1910), 449-497). L? is the set of all complex valued
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measurable functions f such that |f|P is integrable. He restricted himself to
the case p > 1 and extended the Holder and Minkowski inequalities

n n 1/p n 1/q 1 1
San|< (Ylar)  (Smr) (3ed-1),
k=1 k=1 k=1 P4

n 1/p n 1/p n 1/p
(Z |ay +bk|p> < <Z |ak|p> + <Z |bk|p>
k=1 k=1 k=1

to measurable functions. If f € I'” and g € L9, then fg is integrable and

/abfg < (/abwp)l/p (/ab|g|q)l/q.

Moreover, if f,g € LP, then f + g € [P and

</ablf+g|”>l/ps (/abwp)l/p+</ab|g|”)l/p.

Riesz also extended several definitions and results from the theory of L2
spaces. He defined strong convergence in I” as f, — f if and only if

/ab o — P = 0.

He said that f;, — f weakly if

[ [0

for all ¢ in [a, b]. He showed that this is equivalent to

b
/(f—fn)g—>0 forall g e LY.
a

He proved the weak compactness of the unit ball of I” and he was particularly
interested in the solution of the infinite system of linear equations

3) /abfig =¢

where & is the unknown and the f;’s belong to L?; the subscript i can run
over an arbitrary set, countable or not. One cannot give an easy condition for
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the existence of the solution; however in the case when the functions f; run
over all elements in L9 then the condition is exactly the boundedness of the
functional A defined as A(f;) = ¢;, and he discovered that the dual of L7 can
be identified with I”. By this, he obtained an example of what we call today
reflexive Banach space.

Besides different papers, Riesz also wrote in these early years a mono-
graph “Les systémes d’équations linéaires a une infinité d’inconnues” (Paris,
Gauthier-Villars, 1913), on problems related to the last mentioned one.

% 3k ok

By the end of World War I, a considerable part of Hungary was annexed to
other countries; in particular, the city Kolozsvar went to Roumania and by
this the Hungarian University had to end its activity. All professors, among
them Frigyes Riesz and Alfréd Haar leaved Kolozsvar and continued their
work in the city Szeged in the southern part of the remaining Hungary. There
no university was active previously and, in particular, there was no scientific
library. It was a remarkable success that Riesz and Haar founded a new
periodical, Acta Scientiarum Mathematicarum or Acta Szeged in its short
name, edited since 1922, and a lot of good journals accepted the exchange
with it so that a mathematical library could be maintained. In this way, Szeged
developed in a short time to an important centre of mathematical research.

Frigyes Riesz, in his research work, continued to reach various applica-
tions of Lebesgue’s theory of integration. However, he was aware of the fact
that Lebesgue’s method for introducing the concept of the integral, based on
the theory of measure, is rather long, and he looked almost immediately for
other, shorter and easier, hence more elementary ways to reach the Lebesgue
integral. He published a very short sketch of his method as early as 1912
(Sur quelques points de la théorie des fonctions sommables, Comptes Rendus
(Paris), 154 (1912), 641-643). This method also furnished a short proof
of Osgood’s theorem having a quite classical character (Végtelen sorozatok
integrdldsar6l, Math. Phys. Lapok 26 (1917), 67-73; Uber Integration un-
endlicher Folgen, Jahresber. Deutsch. Math.-Vereinigung 26 (1918), 274—
278): if a sequence (f;;) of continuous functions is bounded and converges to

a continuous function f in an interval [a, b] then | ‘f fn— ‘f f.

Finally, in 1920, a detailed paper dedicated to the elementary setting up
of Lebesgue’s integral theory has been published (Sur I’intégrale de Lebesgue,
Acta Math. 42 (1920), 191-205). The method is based on a completely
elementary particular case of Lebesgue measure, namely on the definition and
simplest properties of the sets of measure zero (briefly null sets): a set A C R
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is a null set if and only if it can be covered, for an arbitrary ¢ > 0, with a
sequence of intervals [a,, b, ] such that Z?o(bn — ay) < &. A statement is
true a.e. if it is true everywhere with the exception of the points of a null set.

The starting point is the, still quite elementary, definition of the integral
of simple functions, i.e. functions in [a, b] such that there is a decomposition
of [a, b] to finitely many pairwise disjoint subintervals in each of which the
function is constant. For simple functions, the (Riemann) integral can be
given by a finite sum.

Now a function f, bounded in [a, b], is said to be integrable if and only
if there exists a bounded sequence of simple functions f;, (i.e. |[f,| < M for
some M) such that f, — f a.e. in [a, b]. It can be shown that, under these

conditions, the integrals [ ‘f fn converge to a limit depending only on f (i.e.

independent of the sequence); this limit defines | ab f.

In order to define the integral of an unbounded function, let us first say
that a (bounded or unbounded) function is measurable in [a, b] if and only
if it is the limit of an a.e. convergent sequence of simple functions. The

integral | ‘f f of a measurable function f is defined as the limit of the sequence

J : fen,d, Where (cp) is an arbitrary sequence tending to —oo and (d,) one
tending to +oo, while f., 4, is the function equal to f(x) if ¢, < f(x) < dp,
to ¢, if f(x) < ¢, and to d, if f(x) > dj; the function is said to be integrable
if and only if the above limit exists, is finite and independent of the choice of
the sequences (c,) and (d,).

Based on these definitions, it is not difficult to deduce the usual prop-
erties of the integral (linearity, theorems on the integration of sequences of
functions, etc.). It can be easily shown that, for a function integrable in the
Riemann sense, the new integral exists and is equal to the Riemann integral.

In two papers (Sur le théoréme de M. Egoroff et sur les opérations fonc-
tionnelles linéaires, Acta Sci. Math. 1 (1922-23), 18-25; Elementarer Beweis
des Egoroffschen Satzes, Monatshefte Math. Phys. 35 (1928), 243-248),
Riesz presents an analysis of the role of Egoroff’s theorem according to which
a convergent sequence of measurable functions is uniformly convergent on a
subset obtained by elimination of a subset of arbitrarily small measure, in
the theory of the Lebesgue integral, and, in particular, he indicates the mod-
ifications necessary for extending the theorem for applications in the theory
of the Lebesgue-Stieltjes integral; of course, the Stieltjes integral attired the
attention of Riesz because, we have seen, it plays a decisive role in the integral
representation of bounded linear operations in the space C(a,b).
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In three small papers (Sur les valeurs moyennes des fonctions, Journ.
London Math. Soc. 5§ (1930), 120-121; Sur une inégalité intégrale, Journ.
London Math. Soc. 5 (1930), 122-128); Sur un théoréme de maximum de
MM. Hardy et Littlewood, Journ. London Math. Soc. 7 (1931), 10-13),
parts of his letters written to G.H. Hardy, Riesz gives simple proofs for
some integral inequalities; in general, the argument is based on the use of
the function m(y) = m({x € [a,b] : f(x) < y}) associated with a function
f measurable in [a,b], here m denotes the Lebesgue measure. In the third
paper, he uses the so called Riesz lemma.

The last mentioned result in Frigyes Riesz’ rich work on Real Analysis
does not touch the theory itself of Lebesgue integral but one of its famous
applications; it is an elementary proof of the theorem of Lebesgue according
to which a monotone function is differentiable a.e. (A monoton fiiggvények
differencialhatésagardl, Mat. Fiz. Lapok 38 (1931), 125-131; Sur I’existence
de la dérivée des fonctions monotones et sur quelques problemes qui s’y rat-
tachent, Acta Sci. Math. 5 (1930-32), 208-221; Sur I’existence de la dérivée
des fonctions d’une variable réelle et des fonctions d’intervalle, Verhandl.
Internat. Math. Kongr. Ziirich (1932), 258-269). Riesz’ proof is based on a
completely elementary statement that was called in the literature, very soon
after its publication, as Riesz lemma.

In its simplest form, i.e. formulated for continuous functions, the Riesz
lemma is so elementary that its proof can be added to this historical survey.

RIESZ LEMMA. Iff is continuous in the interval [a,b] and we denote by
H the subset composed of those points x € [a,b] for which there exists some
point x < x' < b such that f(x) < f(x') then H is an open set, consequently
we can write H = | J(ay, by) (the number of the pairwise disjoint members
being either finite or countably infinite) and we have f (a;) < f(by) for eachk.

PROOF. The set H can be empty; in this case we have nothing to prove.
If H # (), it is clearly open by the continuity of f so that the representation
H = J(ag, by) is clearly possible. Fix a k and consider a; < x < by. Let x
be one of the points in the interval [x,b] where the value of f is maximal.
Then x < x5 < by is impossible since it would imply x3 € H and the
existence of an xy < x’ < b satisfying f(xg) < f(x’). Thus by < x5 < b and
then f(by) > f(xg) as by ¢ H. On the other hand, f(x) < f(xg) by the choice
of xp, hence f(x) < f(br) and, from the continuity of f, x — a; implies
flag) < fby). |



54 AKOS CSASZAR

It is worth mentioning that the original proof due to Frigyes Riesz was
slightly more complicated; the idea of applying the above point x( is due to
his brother Marcell Riesz (1886-1969).

The proof of Lebesgue’s theorem on the a.e. differentiability of a mono-
tone function, based on the Riesz lemma, is nearly completely elementary
because the covering of the sets that are of measure 0 according to the theorem
with the help of a sequence of intervals having an arbitrary small sum of
lengths is, using the lemma, quite automatical.

Frigyes Riesz himself was aware of the fact that this lemma can be used
for proving further interesting theorems of Measure Theory (Sur les points de
densité au sens fort, Fundam. Math. 22 (1934), 221-225) and even of Ergodic
Theory (Az ergodikus elmélet néhdny kérdésérdl, Mat. Fiz. Lapok 49 (1942),
34-62; Sur la théorie ergodique, Comment. Math. Helv. 17 (1944-45),
221-239); On a recent generalization of G.D. Birkhoff’s ergodic theorem,
Acta Sci. Math. 11 (1948), 193-200).

The fact that Lebesgue’s theorem on the differentiability of monotone
functions obtained an elementary proof through the Riesz lemma, awoke in
Frigyes Riesz the idea to present a new foundation of Lebesgue’s integral
theory, based precisely on the differentiability of monotone functions. In two
papers (A Lebesgue-féle integralrdl, mint a differencialas miiveletének meg-
forditasarol, Mat. Fiz. Lapok 42 (1935), 1-24; Sur I'intégrale de Lebesgue
comme 1’opération inverse de la dérivation, Annali Pisa (2) § (1936), 191-
212), he describes this kind of setting up the theory.

The starting point is the following observation:

THEOREM. Letf > 0 in the interval [a,b] and suppose that there exists
a function F, increasing in [a,b] and satistying F'(x) = f(x) a.e. in (a,b).
Then there exists, among these F, one for which the difference F(b) — F(a)
is the smallest possible.

After having proved the above remark, we can say that f > 0 is integrable
in [a, b] if and only if there is an F with the above property, and define [ ‘f f
to be equal to F(b) — F(a) for this extremal function F. A function f of
arbitrary sign is said to be integrable if and only if f* = max(f,0) and f ~ =
= — min(f, 0) are integrable and then we define | ‘f f=1 ‘f - f f~. From
these definitions, one can deduce without any difficulty the usual properties
of the integral, e.g. the theorems on the integration of sequences of functions.

Besides the just mentioned results concerning Real Analysis, Riesz has
maked important discoveries in several other branches of mathematics. In
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topology, some of his early papers (A térfogalom genesise, Math. Phys.
Lapok 15 (1906), 97-122; 16 (1907), 145-161; Die Genesis des Raumbe-
griffes, Math. Naturwiss. Berichte Ungarn 24 (1907), 309-353) can be con-
sidered as precursors of the theory of proximity spaces elaborated be Smirnov
after the second war. He published an elegant proof of the fundamental

theorem on Jordan curves (A Jordan-féle gorbetételrdl, Mat. Term.tud. Ert.
57 (1938), 477-487); Sur le théoreme de Jordan, Acta Sci. Math. 9 (1939),
154-162).

In the classical theory of analytic functions, Frigyes Riesz published a
very important and often cited paper together with his brother Marcell (Uber
die Randwerte einer analytischen Funktion, Comptes Rendus 4. Congr. Math.
Scand. Stockholm (1916), 27-44).

As a generalization for functions of two variables of the concept of a
convex function of one variable, Frigyes Riesz introduced the concept of
subharmonic functions and elaborated their theory in a series of papers (e.g.
Uber subharmonische Funktionen und ihre Rolle in der Funktionentheorie und
in der Potentialtheorie, Acta Sci. Math. 2 (1924-26), 87-100). By this, he
produced a very important contribution to potential theory.

We mentioned above that Riesz had also important results in ergodic
theory.

In the year 1925/26, Frigyes Riesz was elected to the rector of the
university in Szeged. In his inaugural lecture (Elemi moédszerek a felsd
matematikdban, Math. Phys. Lapok 32 (1925), 112-124), he demonstrates
by examples chosen from higher mathematics that in this science adjectives
like “higher”, “involved”, “difficult” have no constant value; what seems to
be such today, may become “elementary”, “simple”, “easy” by tomorrow.
In particular, in all papers of Frigyes Riesz, the reader is fascinated by the
elegance of the methods and the effort of making everything as elementary as

possible.

% 3k ok

Riesz remained in Szeged during the years of World War II. Although he was
not exempt, during the Nazi occupation of Hungary in 1944, from personal
danger, he never lost his courage. Fortunately, Szeged was occupied by
Russian troups in October 1944 without essential damage in the buildings.
Riesz accomplished again, for a short period in the spring of 1945, the office
of the rector of the university, but slightly afterwards he was invited to be a
professor at the University of Budapest. He accepted the invitation, and so he
tought in Budapest from the autumn semester in 1946. For myself, this fact
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made possible to follow his mathematical courses in the last months of my
studies, what produced for me an unforgettable experience.

During the years in Budapest, Riesz tried to summarize someway his re-
sults in Real Analysis and Functional Analysis. He wrote some big expository
papers on the evolution of the concept of the integral (L’évolution de la notion
d’intégrale depuis Lebesgue, Ann. Inst. Fourier 1 (1949), 29-42; Lebesgue
integralfogalmanak fejlédése, Mat. Lapok 1 (1950), 79-90) and on the role of
the null sets in real analysis (Nullahalmazok €s szerepiik az analizisben — Les
ensembles de mesure nulle et leur role dans I’analyse, I. Magyar Mat. Kongr.
Kozl. (1952), 204-224). It is natural that his own ideas play a central role in
all these summaries on central subjects of the field in question.

The last mentioned paper is the reproduction of the lecture held by Riesz
at the first Hungarian Mathematical Congress organized in 1950 in Budapest
and dedicated to the celebration of the 70th birthday of Riesz and Fejér.
This birthday gave also an opportunity to the edition of a double volume
of the Acta Szeged, containing a large number of contributions of first rank
mathematicians from many parts of the world.

However, the most important summary of Riesz’ results is the monograph
“Lecons d’analyse fonctionnelle” appeared in 1952 (Budapest, Akadémiai
Kiadd) written by Frigyes Riesz and his pupil Béla Sz6kefalvi-Nagy. Without
any exageration, we can say that this book had a determining success in
the whole world and, in a short time, it was translated to English, German,
Russian, etc. It begins with the setting up of Lebesgue’s theory of integration
using the method of Frigyes Riesz, as we sketched it above, and discusses an
essential part of functional analysis including a part of the spectral theory of
linear operators in Hilbert space.

In the years after the second war, Riesz could take pleasure in several
kinds of appreciation. In 1945, he received the Grand Prize of the Hungarian
Academy of Sciences, in 1949 and 1953 he got the Kossuth Prize (in those
years, the most important scientific prize in Hungary). In 1948, he was elected
corresponding member of the Academy of Sciences of Paris, and honorary
member of the Bavarian Academy of Sciences in Munich, similarly to the
Royal Physiographic Society in Lund (Sweden). He was honoured by the
degree of doctor honoris causa from the University of Szeged in 1946, of
Budapest in 1950, and of Paris in 1954. The Bolyai Janos Mathematical
Society elected him its first Honorary President.

At the university, he held conscientiously his lectures, but, in the last
years, he could only write to the blackboard with some difficulty so that this
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task was assigned to one of his pupils (in a certain time to myself). He died
on the 28th of February, 1956.

The collected papers of Frigyes Riesz, except the book written together
with Béla Szokefalvi-Nagy, have been edited in 1960 in two big volumes
by the Publishing House of the Hungarian Academy of Sciences; my modest
person had the role of editor.

The influence of his work on the development of mathematics did not
fade in the past decades so that we can acknowledge him as one of the greatest
mathematicians in the 20th century, and especially, one of the most brilliant
researchers of Hungarian mathematics.
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1. Introduction

The first problem which we have during the learning and working on
subspaces theory in osculator spaces of order k was notation. Subspaces of
tangent space, were mostly reduced on h-horizontal and v-vertical subspaces.
It was difficult to determine which component of tensor is from which v-
spaces. Because of that in this paper we used double indices for all tensors
and quantities: the first indices (A, B, C,...=0,1,...,k) denote the subspace
horizontal, first, second or k-th vertical in which we are, the second index
(a,b,c, ...) denote the component in the subspace which run from 1 to n. In
this way we avoid the use of symbols L, &, v on different places.

Than we introduced the covariant derivative V x' Y where X and Y
belong to any subspace and V x Y has non-zero components in all subspaces.
By reduction of this condition we obtain several special connections, one is
the mentioned d-connection, which is used in most other papers.

Using the special transformation in Osc* M we obtain two complemen-
tary subspaces Oscle and Osck M,, (Section 3) and in that way we solved
the problem of tensors coordinate transformation in the complementary space
of the subspace.

We construct the special adapted basis in Osck M, and Osck M, in such a
way that the A-th vertical space in Osck M is the direct sum of A-th vertical
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space of 0sckM1 and 0sckM2, and the same is valid for the dual spaces.
This construction was not simple, because we have to determine the relations
between the nonlinear connections of surrounding space and subspaces (see
(3.44), (3.45)). The big help was the matrix representation of problem, which
is first time used here. In such constructed adapted basis the decomposition of
tensors is very simpler (see Section 7). The decomposition of curvature and
torsion tensorv in direction of tangent space of subspace and complementary

space in Osck M is given.

2. Adapted basis in T(OscK M) and T*(Osck M)

Here E = Osc* M will be defined as a (k+1)n dimensional C*° manifold
in which the transformations of form (2.3) are allowed. In some local chart
(U,¢) some point y € E has coordinates

(0o, p1,y2, . yke ) = (yAa)),
a,b,c,d,e,...=1,2,...,n, AB,C,D,...=0,1,2,...,k.

The following notations will be used:

!

yla yla
/ 2a’ yZa P 9
(21) [y(a )i| = y: , [y(a)] = : , aAa:ayW’ aa:aoazm,
yk'“/ yka
90,y 0 0o .. 0
la’ la’
(a’)} _| 90ay 91ay 0 0
e2)Bl] =| " : : :
: , : ) : / : /
80y 7D 81,y K7D a0,y *TDE gy * D

!
REMARK 2.1. We shall use the notation [B((g))] for the matrix, which has

one column and one row more.
If in some other chart (U’,¢’) the same point y € E has coordinates

! ! !
(yoa ,yla . yka ), then in UNU' the allowable coordinate transformations

are given by

23) ] =[] @], v =y o0,
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THEOREM 2.2. The transformations of type (2.3) form a pseudo group.

Some nice example of the space E can be obtained if the points (x“) €
€ M, dim M = n are considered as the points of the curve x? = x%(¢),t € T

and yA“, A=1,2,...,k are determined by
(2.4) yAa = thyoa = thx“, th = A
If in U N U’ the equations x“l(t) = xa/(xl(t),xz(t), ...,x™(¢)) are valid, then

it is easy to see, that

! ! ! ! ! !
(2.5) yla :dtlxa, yza :dtzx“,...,yka :d{‘xa

satisfy (2.3). In Miron’s books and papers [16]—[22]
1
Aa _ ' 4A a
v E i
and it results, that the structure group is different from (2.3).
Let us introduce the notations

!
0o By =08 =ane Wy —gppg < B
@] _
.7) [B(a)}l_
[ ()©Os¢ 0 0 0]
(0)VBg () ©Bg 0 e 0
! ! !
| ©@m Qs Q08 0
_ _ / _ _ / _ _ / _ : ’
_(kol)(k I)Bg (kll)(k Z)Bg (kzl)(k 3)Bg (i_})(o)Bg |

THEOREM 2.3. If yA% and yA“I are determined by (2.4) and (2.5), then
they satisty the following equation:

@8 p] =[], ]

THEOREM 2.4. The partial derivatives of the variables and (A)Bgl are
connected by the following formulae:

! ! ! T, ! !
900y = 91491 = 92y =+ =9y P =BT = Ba,
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! !
(2.9) dgay 9 = WBY,

! A+ B 1
aAay(A+B)a :< 1 >3(A—1)y(A+B Da

A+ B Bd' A+B\ /
:...:< A >60ay a:< A >( )Bg.

THEOREM 2.5. The following relation is valid:
(2.10) WpBa’ - (a‘(lA—l)Bg')ylb + (AT (a‘(lA—z)Bg’) LI
+ (47D (8a0Bg") 7, A=1,2,... k.
The natural basis B of T(E) is

(211) Bz{a()a’ala’"'aaka}'

If we introduce notations

(2.12) [9@)] =[90a 91 -+ Okal
2.13) (9] = 100 B1r -+ gt
, " 0 ... 0
T ! !
B(a') _ [Bg] 0 _ 60ay1“ alayla 0
(a) | — k;/ ka' ka' - . . .
90ay 91ay cov Okay"" :k , :k , d!
(2.14) 90ay a 91qy a Ikay a
. 00
@ﬁ>3& 0 .. 0
1 1
_| @MBE (D©BS . 0
W ga (kyk—1) ga’ K\ 0) ga’
(®Bg (H* VB ... (§) OB

(see the last equation of (2.9)), then the transformation of B is given by
2.15 = B@)
(2.15) [a(a)] - [a(a’)] [ (a) } :

The natural basis B* of T*(E) is

(2.16) B* = {dyoa,dyla,...,dyka}.
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If we use the notations

dyOal dyOa
la’ la

@.17) [ay@?] = y lay@] = |
dy}‘“/ dyke

then the elements of B* with respect to (2.3) are transforming in the following
way:

/ !
(2.18) [ay«] = [B&)] [ay@] .
We shall suppose that B* and B are dual to each other, i.e.
(2.19) [dy(“)] [00)] =621
The adapted basis B* of T*(E) is
(2.20) B* = {(3y0a,(3y1a,...,6yka}.
If we introduce the notations
6y0a 6),061/
1 la’
(221) |:6y(a):| — 6)’ a ’ |:5y(a/):| _ 6_)) a ’
6y.ka 6y}<a'
o 0 0 ... 0
1
Mozlf 61‘7; 0 ... 0
(2.22) (M) = | Mg Mg of 0,
A A A :
Mg Mlg Ml o
then the adapted basis B* can be defined by
(2.23) [0y @] = [M@)] [ay®].

THEOREM 2.6. The necessary and sufficient conditions that 0yA® are
transformed as d-tensor fields, i.e.
/

aa 0% 4 'S A
6)’ 4 =W(3y “=Bg(3y a, A=0,1,...,k
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are the following relations:

(229 ()] [26)] = e’ [m5)]

Let us denote the adapted basis of T(E) by B, where

(2.25) B =1{604,0145--,0ka}-
If we use the notations
2.26) [0@)] =[00a O1a --- Okal, [a(a,)] =[00,r O1a/ --- Oparls
oL 0 0 ... 0
15 b
(b) _NOZ% 6a2b Ob ;
2.27) INO) = | Nz —Nip ol 01,
\ kb \ kb \ kb :b
—Nfb —Nfb _NEb 6k

then the adapted basis B is defined by
b
2.2 ) = ] [NG)] -
THEOREM 2.7. The necessary and sufficient conditions thatd 5, are trans-

formed as d-tensors fields, i.e.

ayOa
6AGI=W6AG=BZ/6AG’ A=O,1,...,k

are the following relations:

(2.29) [B((j)')} [N((;))] - [Ng;] ) ga'

THEOREM 2.8. The necessary and sufficient condition that B* be dual
to B, ie.

(2.30) <6be ,5Aa> =000

1s that the matrices [M((Cb)) ] and [N((ac)) ] are inverse matrices, I1.e.

(2.31) (MO ING)] =0k
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THEOREM 2.9. The elements of the bases B and B, further B* and B*
are connected by relations

2:32) 3] = Bw] [MD)]
(2.33) [ay@] = [Ng2)] [oy®]
The proof of Theorems 2.1-2.8 can be found in [5], [6], [9], [18], [19].

[21], ....

REMARK 2.10. The adapted bases B’ and B’* introduced in [19], [20]
and used in [17]-[23] has simpler form. They are very convenient for the
definition of tangent structure J, in the spray theory etc. In [8] it is proved,
that in the adapted bases B and B*of type (3.22) and (3.23) the tangent space

of Osck M can be decomposed on orthogonal subspaces, what in B’ and B’
is valid only under some conditions.

3. The subspaces in Osck M

Here some special case of the general transformation (2.3) of M will be
considered, namely, when

(3.1) % = 0a (um 0, 0(m+1) vOn) = y0a <u0a voa?)
a,b,c,...=1,2,...,n, a,pB,7,0,...=1,2,...,m,
&,B,?,g,... =m+1,...,n,
and the new coordinates of the point y in the base manifold M with respect

! /! /! !
to another chart (U’,¢’) are @O, ..., u0m y00m+D)" - ,0n7y where

! ! ~~/ ~/
(3.2) u% =00 <M01"”’Mom> ’ poa’ _ 0a <v0(m+1)’m’von>

! ! ! ! / ! ! ! ~/
(3.3) yOa =y0a (MOI ’___’MOm ’VO(m+1) ’.“’VOn ) =y0a <u0a ’vOa )

We shall use the notations

d d
0g =0 = 0> d5 =0 = — =
a Oct 9,0 a Oc PN
3.4 ! 0c’ ~/ 0!
( ) Bg = aoau * s BEOZ = aoav s

B = 00qy" = 04x?, B%= dogy ¢ =05x.
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If the transformation (3.1) is regular, then there exists an inverse trans-
formation:

(3.5) u0e = ,0a <y0a) N L (y0a> .
In [9] is proved that if the Jacobian matrix J has the form:
. D(y0,....y) (5] [
D (MOI,...,MO’",VO(’"H),...,von) B @ pxm @1 nxn—m)|’
then its inverse matrix is
B(ﬁ)}
]_ _ [ (b/\) mXxn
| B®
(b)
(n—m)xn
As y0a = xa 0a = ya v0& = @ the explicit form of the above matrices
are:
ax! o ax!] ax! ax!
dul ou™ m+l gvh
(5] - v . (5] o Y
(@) : : (@) : :
ax" ax! ax" ax"
(3.6) dul ou™ I nxm gym+l vt I nx(n—m)
) aul aul 7 avm+1 avm+1
ax1 T gxn - ax! T Taxn
[B((f))] = : [B((f))} = : :
a’/'tm a’/'tm 8\'1" 8\'1"
dx1 0x™ 1 mxn dx1 ax"™ 1 (m—m)xn

From J~1J = I we obtain

58] 5] =0t [5][] O
o0 8] [5] =0 [PE] 8] -

(@) (@) (a) @] _
[B(a)] [B(b)] + [B(a)] [B(b)} =0y Inxn.

From the above matrix equations we get

(3.8)

BiBS =0, BLBY=0, BiB=0, BYBI=0", BIB{+BiB} =of.
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We shall use the notations:

la_ dyOa
Todt
dan
3.9 la _
(3.9 u TR
vla ~ dvo(’i
T

k ., 0.
ka_dya
b - dtk >
ka_dkuoa
= T
vka_dkvOa
o dtk

In the base manifold we can construct two families of subspaces M; and

M, given by equations

(310) My : % =y (0, %),

M, : y0a = y0a (C()a’voa)’

where we suppose, that the functions appeared in (3.10) are C°°. The subman-
ifolds M| and M, of M induces subspaces E| = Osck M and E, = Osck M,

in Osc* M. Some point u € Ej has coordinates

v0a pla o vka) We have

point v € E, has coordinates (

dim(0sck My) = (k + 1)m,

If we introduce the notations:

u la
2a

<

(3.11)

4]
Jka

Ao U

: / /
k=va' 5, k=D

(an’ula

dim(0sck My) = (k + 1)(n — m).

1a
bl = |
0 0
alaulal 0
a(k_l)a,;t(k—l)a'

,...,uka) and some

~/
and [B(f )} obtained from (3.12) if @, a’, u are substituted by @, a’, v
N

respectively, then the transformation group of E; and E, are given by (3.13)

and (3.14):

(3.13)

(3.14)

/ _ ( /) Oal _ 0 / 0
) = [BE] ] =t W),

- 1
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The natural bases By of T(E;) and B, of T(E,) are:
(3.15)  Bi={30ad1>---»9ka}>  B2={00z: 916, %a ) -

and their dual bases B} and Bj are:
(3.16)

B = {duoa,dula,...,duka}, Bl = {dvoa,dvla,...,dvka}.

If we use the notations:

GAD ) =80 G - dals  [3@)] =10 4 - Hal
du® dvof
(3.18) [du(a)}: du:m ’ [dva]: dvzla |
duk dvka
dgq u 0 0
(3.19) [B((g)’)]: 600,710" ala%,la’ 0
aoa;tkal alal./tkal e aka’./lkal

~/
and [B((g))] obtained from (3.19) if a, &', u are substituted by a, a’, v

respectively, then we have:

THEOREM 3.1. The elements of By, B,, Bl* , B; under the coordinate
transformations (3.13) and (3.14) are transforming in the following way:

(320)  [3@) = [ [Bg)/)]’ @) = |9@n) [Bg)]’
o0 )< o] ][] - o] )]

The natural bases B and B, B, and BE‘ are dual to each other, i.e.

(3.22) [du(a)] [a(ﬁ)] = 0§ Inxm

(3.23) [dv@)] [a@] :5[?1(,,_,,1)X(,,_,,1).
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Let us denote by

Fof 0 0 .. 07

M(iﬁa 5&: 0

(3.24) (M§)] = | Mg Mg of
| Mgt Mg Mg g |
B 0 0 0]
o N 0
B IV I e
| NP _NFB_NEB L sf

and [M(Aa)], [N(E
®) @)

by a, B , then we can construct the adapted bases By and B} of T(E;) and

T*(Ey), further B, and B; of T(E,) and T*(E;) respectively, where

(3.26) Bi ={000:0145---:0ka}» B2 =1{005.015:---:0;5} >
(3.27)B1*:{6u0a,6u1a,...,(3uka}, B;:{avoa,évla,...,avka}.

] are obtained from (3.24), (3.25) if «, B are substituted

We shall use the following notations:

(3.28) Piw)] =100 Ve - Okals [3)| =10 d1z - Ozl
Sule 6‘)03
la N la
(3.29) [(m(“)} - 6”: , [5%00} _ |9
6u'ka 6v‘ka\

DEFINITION 3.2. The adapted bases By, B}, By, B are defined by
@0 bal=[] [N]. ) =[] M),
630 [ou®] = v [au®]. [r@] = M@ 0],

where the notations (3.24)—(3.29) are used.
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THEOREM 3.3. The necessary and sufficient condition that SuA% (5v4%)
are transformed as d-tensors, 1.e.

(3.32) dul® = B¥suA, <6vAa/=Bgl(3vAa), A=0,1,...k

(a’)} B"] _ e’ [ (a>] @ [ 5@ = ga' | ry@
M {Bdf)] = Ba [Mg)] Ma | |Bg) | =B Mg, | )

THEOREM 3.4. The necessary and sufficient condition thatd s, (0 ;) are
transformed as d-tensors, i.e.

(B34 4 =B%0nw  (0az =BIOuz), A=01,..k

are
(3.35)

) M _ [ x| pa (7 N _ | 0| pa’
{Bw] [N(w}‘[N(a')] Ba - ({%) NG| = |V B )

THEOREM 3.5. The necessary and sufficient conditions that B be dual to
By and B be dual to B, are the following equations:

(3.36) [M((f))] [N(Zﬂ =0 L
(3.37) {M@(ﬁ))] [Ng))] = 02 Lnmyx(am)-

THEOREM 3.6. The elements of bases B, and By, further Bf and B} are
connected by relations:

(3.38) [9@)] = [5«%)} [M((f))] ;
(3.39) 4] = [N ] ou®].

The above theorem is valid if By, @, 3, u are substituted by B,, &, ,E .V,
respectively.

Now we want to obtain the relations between the adapted bases B and
B’, where

B ={004:0145+>%ka} »

(3.40) ,
B’ =By UB) = {804:005:01¢>0 155+ - »OkatsOxg | »
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further between B* and B’*, where

B* = {6y0a,6y1a,...,6yka},
(3.41) . R R
B” =BfUB;j = {6uoa,5voa,5ula,6vla,...,5uka,5vka}.

The adapted basis B, B’, B*, B”* are functions of

(@) (a) (@) (a) @) @)
L B B L B L B [M(ﬁ)] : [N@} :
which have to satisfy the conditions given in previous text. It is clear, that

the adapted bases are not uniquely determined.

For the easier calculations we want to obtain such adapted bases, for
which the following relations are valid.

(3.42) Ona =B Opq +BIO,my  A=0,1,...,k
(3.43) oyA® = Bour® + BAovA%,  A=0,1,...,k.

If elements of B, B*, B’ and B’ satisfy (3.42) and (3.43), then B’* is
dual to B’ if B{ is dual to By and Bj is dual to By, i.e.

<ayAa,aB,,> - <BgauAa + BLOVAL BIo by +B§6BE>

A BiAsd _ sA Gy _sA
= BIBJ o8 +B§B§636§‘ = 0A(BIBY + BAB{) = 040,

!

From u® = u“l(u“) = u® (ua (x")) e (u“ (x“ (xa ))) we have

/ !
1 9u® ou® ou® x4 !
Bgl - axa’ T 9u axa oxa’ = B} B‘?B:ll"

From x4 = xa/(x“) = xa/(x“(ua,va)) = x4 (xa (ua (ua ),va (va )))
we have
b oox? ax® 9x@ gu®
Bg/ = 7 = 7
duc 9x9 du® gy«

!
= BY B2BY,.

The above two equations are valid if «, u are substituted by &, v.
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From these equations it follows

04

o' =Bgi0aq = By, (BgaAa + BE‘AéAa)
= B (BE BE O pur + BYBE 0y ) = BY0 s + BH O g,
(3yA“l = BgléyAa = Bgl (Bgé Ul + BgévAa)
= By (BaBLou + BABLOvAT) = BEou + BhovA?,
which shows that (3.42), (3.43) are tensor equations.

THEOREM 3.7. The adapted bases B, B*, B' and B'* satisty (3.42) and
(3.43) if different [M] and [N] are connected by

(3.44)

Me | [B)] = [BO] M) [ {B((ﬁbﬂ = |5 [M(%)]
and
(3.45)

5] 43 ] )

® ] [Ny | = [Neo | [Bia) [B(E)} NG| = [N (ﬁ)} LA

) (a) @) (@)

The proof of this important theorem is given in [10].

THEOREM 3.8. If the adapted basis B is dual to Bf (formed by [N (a)}

®)
and [M (a)} respectively), B, is dual to B5 (formed by [N (Aa)] and [M @)}
® T 2 @) @)

respectively), then B is dual to B* (formed by []\T((If))] and [1\4((;))] respec-

tively), if and only if (3.44) and (3.45) are satisfied.
PROOF. If we the first equation in (3.44) multiply with [B((f ))] and second
with |[B®] and then add this two equation we got
(©
s®| [g®]) =
®][©

] (23] [2] +
- (5] [v] [88)] + [ [v@)] [55)]




k
THE THEORY OF SUBSPACES IN MIRON'S OSC" M 73

Now using (3.7) we have

o (o] = ] ) [0« [ [ ] 2]

® @) ®) (©
If we the first equation in (3.45) multiply with [B((gﬂ and second with [B((ﬂf; }

and then add this two equation we got

([0 28]+ =5 [6]) 1] -

- [55] V][] + [ 8] [NE)] [56)-

Now using (3.7) we have

aan [N =[] VO] [m] + [m9)] [NE)] (86

From the (3.46) and (3.47) using (3.7), (3.36) and (3.37) it follows
v ()] = ([5] [N (3] + B2 (V2] (5]
(L] ) (=] [m2] [w) [56]) -

- [8S] [N o [MY) [88)] +

® (@) O] 7@
+|BO| IN® |52 |MD| |BO)| =
G @7 [T @D
- | ®) (@) ©) (c) ® @) O _
= [55)) (&) [m65] [ B3] + B(ﬁ)] {N(a)] {M@} [Bu)] =
_[g©] [g® ©] [gB] _ s¢
- [55) [86)] + B@J {B(d)] =%al-
The proof in the opposite direction is obvious. |

THEOREM 3.9. If the adapted basis By and By (formed by [N(%)] and

[M((ﬂa)) } respectively), are dual to each other and further (3.33) and (3.35) are
! !
satisfied, then B{ and B{* (formed by [N((ﬁa,))} and [M(%I,))} respectively), are

also dual to each other. Similar statement is valid for By and By
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PROOF. If we multiply the first equation in (3.33) by [B((f ,))} and the first

equation in (3.35) by B, we get

] [260] (o] =2’ o] [52] =

= [m)) =[] [55).

() ] pa _ | @) | pa’ pa () MN] pa _ | A@)
{B(y)} [N(a)} Bs: = [N(a')} By By = {B(y) [N(a)} Bsi = |Ng»)

Now using (3.36) we have

) ] - ) ][] D -

! !
:Bg Bg‘/: g‘/I. I

4. The linear connection on 7(E). The induced connection

DEFINITION 4.1. The generalized linear connection
V:T(E)x T(E)— T(E), V:(X,Y)—VxY
is the linear connection which in the adapted basis B = {0 4, } is given by
4.1
V6Aa(SBb = rlglg Aadce
=T%s 4a%0c + Thp aad1c +-~ + TBj 4a0Be + -+~ + T 40Ok

and the summation is going over both kinds of indices (A, B,C =0,1,...,k,
a,b,c=1,2,...,n).

DEFINITION 4.2. The d-connection (distinguished connection) is such a
linear connection for which in (4.1) remain only the underlined terms, the
other are equal to zero.

If we denote by Ty(E), T1(E), ..., T (E) the subspaces of T(E) spanned
by {004} {01a}s -+ {Oka} respectively, we see that the d-connection pre-
serves To(E), Ti(E), ..., T (E). More precisely Vx Y and Y belong to the
same subspace, one of Ty(E), T{(E), ..., Ty (E) for every X € T(E).
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DEFINITION 4.3. The generalized linear connection is strongly distin-
guished (s.d) connection if

VaAaéBb =0 for A # B,
A
VaAaéAb :FAgAaéAC

For the s.d-connection X, Y and V x Y belong to the same subspace of
T(E), one of Ty(E), T\(E), ..., T (E).

Now we shall consider the generalized linear connection. If X and Y
are two vector fields in T(E), ie. X = X490 ,,, Y = YBbop, then

YBb§ ;. Using the properties of linear connection V,
A

Vx Y = X494, YB2)o gy, + X 44 YBerb Ag0Ce
A A
= X a(aAa YCC +er A(l )6CC = (YC|Aa)X a(SCC.
where YC|CA
in the direction of 4.

=04, YCC + Fgl‘; Aa Y BP is the covariant derivative of Y €¢

THEOREM 4.4. If T is arbitrary tensor field defined on T(E)® T*(E) and
X a vector field defined on T(E) we have

4.3) VxT=(TB Cc|AaXAa)6Bb ©dyCe,
where
Bb Bb
(4.4) T Cclaa =94aT ¢ + D0 aa — TPaTee aa-

As before in (4.3) and (4.4) the summation is going over all kinds of
indices.

DEFINITION 4.5. The induced connection, also denoted by V, is the action
of generalized connection V on the basis B’ and it is defined by

Ccy
Vé 6Bﬁ FBﬂA 6(}}, +FB[3A 6C77

< cy
V(SA(SA | IS 5Cy+r,\

B~ " BB Ac Bj AaéC?’

4.5) 5
Vs AéBﬁ = FBﬂ azocy + FBﬂ priten

Cy cy
~=T"% I 4 .
VaAaaBﬁ BB Aa o0+ Bf A&éC?
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Let us denote by Ty(E;), Ti(Ey), ..., Tx(E}), the subspaces of T(E;)
spanned by {0oy}, {014 }s --- {Ora} respectively and by Ty(E), Ti(E,),
..., Ty(Ey), the subspaces of T(E,) spanned by {0y}, {015}, ... {0;5}
respectively.

We have:

T(E) =To(E) @ Ti(E) & --- @ Te(By)  i=1,2,
T(E) = T(E) © T(Ep) = To(E) © TI(E) © - - - & Ty (E).

DEFINITION 4.6. The induced connection defined by (4.5) is almost d-
connection if it preserves Tg(E) = Tg(E;) © Tp(E), B =0,1,2,...,k, i.e.
V x Y and Y belong to the same Tg(E) for VX € T(E). It is given by (4.5)
if we put everywhere C = B (no summation over B), the other coeflicients
are equal to zero.

The induced connection is d-connection if it preserves Tg(E;) and
Tp(E,),i.e. Vx Y and Y belong both to Tg(E) or Tg(E,) for VX € T(E).
The induced d-connection is given by

_1Br 7 R
VéAacSBﬁ _FBﬁ Aa(SBV’ VaAaaBﬁ _rBﬁAaaBV’
(4.6) o
_71bBr ~=1> ~
VaAaéBﬁ B Fgﬁ 4a°%By VéAazéAﬁ B FB,E A&éBV
(no summation over B). The other connection coefficients are equal to zero.

DEFINITION 4.7. The induced connection defined by (4.5) is almost s.d-
connection if it is given by (4.5), where we put A = B = C. The other
connection coefficients are equal to zero.

For this connections X, Y and V x Y belong to the same Tg(E) (B =
=0,1,2,...,k).

The induced connection is s.d-connection if X, Y and V x Y belong to
the same Tg(E;) or Tg(E)), i.e.

_ A _
VéAaaAﬁ _FAﬁAaéAy, VéAaéAg_O’

T4 R -
VaAaaAﬁ = FAE A&éAV’ VaAaéAﬂ 0.

THEOREM 4.8. All induced connection coefficients are the correspond-
ing projections of connection coefficients defined in the surrounding space,
By By By By By By

only eight types of them: FBﬁ o L BB 0a® BEOa’ BE o’ VBB 0@ FB,B G
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37 " 37 __have different relations to the connection coefficients in the
BB 0z’ BP0

ambient space, 1.e.

FICS")Zfo = ggAanfB)l,’BCZ, for B # C and every A=0,1,2,...k;

Fg; Ax = ng AaB;?B)I?BCZ, for every A # 0;
Fgf, Ox = T5h OaB)?B){?BCZ — BIfB;’x, for A =0;

where x € {a,@},y € {B.B}.z € {y,7}.

THEOREM 4.9. If the generalized linear connection V acts on the sur-
rounding space as d-connection, then the induced connection on subspaces
are almost d -connections.

THEOREM 4.10. If the generalized linear connection V acts on the sur-
rounding space as s.d-connection, then the induced connections on subspaces
are almost s.d -connections.

The proof of Theorems 4.1-4.4 can be found in [11].

5. Integrability conditions and Lie brackets

For the further consideration it is useful to introduce the following nota-

tion:
0 for B< A,
8B — ) 94, for B = A,
Aa (A+1)c Be
aAa—NAa a(A+])C—---—NAaaBC for A< B <k.
Bd _ (5(B)asBd (B) n7Bd
Koa 0» = (501; Noa" 904 Nov )+"'+
(2) 72 (2) Ar2 Bd (1) as1 (D) Al Bd
+ (50b Noa =904 Nozf) Mye™ + (‘3017 Noa =904 Nozf) M~
Bd
Kapa ap =

— (§B) arBd (B) n7Bd (B—1) pj(B—1)c (B—1) pj(B=1)c Bd
= (5Ab Nia = 0aq Nav ) + <5Ab Nyo — —0pa Nay )M(B—l)c +
QA+]) QADE QA+ \QA+DC £, Bd
oo (5Ab Nia =040 'Nap C) Maoarne +

(2A) \2Ac _ 5 (A A2AC 2 /Bd
+ (5Ab Nja“ =04 NAbC> M) -
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THEOREM 5.1. Fork =2l — 1 (T(E) = T(0sc? =1M)), Ty(E), 141 (E),
... Try_1(E) are integrable distributions. Tgy(E) = Ty(E) is integrable
distribution if and only if K24, = 0, VB = 1,2,...,21 — 1. Tu(E),
A = 1,2,...,1 — 1 are integrable distributions if and only if K Alzd ap = 0,
VB =2A,2A+1,...,2] — 1.

THEOREM 5.2. Fork =21 (T(E) = T(0sc* M)), Tj41(E), Tjs2(E), ...,
T, (E) are integrable distributions. Ty (E) = Ty(E) is integrable distribution

if and only if KP4, =0, VB = 1,2,...,21. To(E), A = 1,2,...,1 are
integrable distributions if and only if K Afid ap =0, VB=2A,2A+1,...,2l.

THEOREM 5.3. In Osck M we have:
(a) ForA< B <k, A+ B <k we have

— (A+B) —k
(5.1 040,085 =K 4 Bb dA+B)e + - - - + K Aq BbOkes
where we apply
7 Ve — Cc C—A C—B) \,C
Koaop =0, KAaBb=5§;b )Nﬁf—éga )NBbC, C = A+B,...,k.

For A+ B =k (5.1) reduces to
[0.40:0 5] = K hg ke = (555,)1\’5‘2 - 55\?,)1\]1@2) Ok
For A =0, B =k the above equation has the form
[00a-0kb) = Kou kidke = 01 NE ke = 01p NES e
(b) For A+ B > k we find
[6Aa76Bb] =0 is equivalent to f/ﬁchb =0, CcC=0,1,...,k.

In (5.1) the Lie bracket [0 44,0p5] Was expressed in the basis B. In the
basis B we have:

THEOREM 5.4. The Lie brackets in the basis B have the form

k
(52) [5Aa75Bb] = Z KAC;lCBb(SCC’
C=A+B
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where we use the notation:
K AtB) _ (A+B)c

Aa Bb = KaaBb >
(A+B+1)c _ 7= (A+B+l)c - (A+B)d ; (A+B+1)c
Kaapy =~ =KaaBy  +KaaBy Maipya -

k — ke —(k=1)d  k —(A+B) &
Kja B = Kaa Bo + KaaBb MgZ1)a+ "+ Kaa b MarBra-

For A+ B =k we find

k
[5Aa,5Bb] = KA; BbékCa
where we use the fact

—k
KA, =Kagpp  [04a:08p) =0 for A+B >k.

The proof of Theorems 5.1-5.4 can be found in [5].

6. The torsion and curvature tensors

The torsion tensor T(X, Y) is usually defined as follows:
(6.1) T(X,Y)=VxY -VyX—-[X,Y].
If X and Y expressed in the basis B have forms
X =X%8,,, Y=YBbsg

then using linearity of V and (6.1) we get the local expression

6.2) T(X,Y)= TG4, XY B .,
where the components are given by

C C C C
(6.3) T8t Aa =TBb Aa — T Aa Bb — Kad'Bb»
(6.4) [6.4a-085] = K G pp0cec

The curvature tensor for the generalized connection V is usually defined
as follows:

(6.5) RX,Y)Z=VxVyZ-VyVxZ-Vx,y|Z

If the notations X = X499 4,, Y = YBP9 5, and Z = Z€< ¢, are used,
then we get the local expression

(6.6) R(X,Y)Z = RE gy 4,25 YBP x A5,
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where the components are given by

Dd Dd Ee 1Dd
(6.7) RCe'Bb aa = Kce'Bb Aa = Kaa BV Cc Ees
68) K&y aa = (5Aa T& gy +TE T £ Aa) — (Aa/Bb).

Theorem 5.4 has consequences on the above formulae. From (5.2), (6.3)
and (6.4) we have:

THEOREM 6.1. In Osc* M the torsion tensor has the form (5]
(6.9)
Thaa =T aa — TS5 p, for C<A+B<k or A+B >k and

Toxaa =T858 aa — Ui o — KAa'py ~ for A+B < C <k
Using (5.2) we obtain:

THEOREM 6.2. In Osc* M the curvature tensor has the form (5]
(6.10)

Dd Dd
RCcBbAa:KCcBbAa for A+ B >k and

Dd _ o Dd
RCe'Bb Aa = Kce Bb Aa — Z Kifpp Tl  for 0< A+B<k.
E=A+B

THEOREM 6.3. If the connection ¥ in OscKM is d-connection (i.e.
l"CC

Bh Aq = 0 for B # C) the components of the torsion tensor have the form:
(6.11)
TbAa—O forC#B, C#zA, C<A+B<korA+B>k
TBb Aa = FBBI;:AG’ TBB;)CAG = FBBbCAa fOf A z B, A Zz O, B z O
TS us = K8,  for A+B<C<k
B
Tghoa = Thb0a — Koagy ~ for B#0

Ac
Tobaa = Tasop — Kigop  for A=0
Ac
Ti5 a0 = TAb a0 — Tha b
THEOREM 6.4. For the strongly djstjnguished connection (all connection
coefficients are equal to zero except ra Ab Aq ) the components of the torsion
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are given by

Ty =K. forA+B<C<k

Ac
T a0 =T Ak aa — Tas abs

(6.12)
all other connection coefficients are equal to zero.

THEOREM 6.5. If the connection V in OscX M is d-connection (T §; Bb Aq =

=0 for B # C) the components of the curvature tensor have the form

Dd
KCcBbAa=O for C=#D

(6.13) KBy aa = <5Aa P& py +TE BT ES Aa) — (Aa/Bb)

(no summation over C)

(6.14)
Cd Cd
RO BY Aa = Kce Bb Aa for A+B >k,

cd _ pCd Ee Cd
RE B aa = K&Boaa — Y. KA TE8p,  for A+B <k,
E=A+B

other coefficients of the curvature tensor are equal to zero.

THEOREM 6.6. If the connection NV in Osck M is s.d-connection (all con-
nection coeflicients are equal to zero except 'y Ab Aq ) the components of the

curvature tensor have the form
Kida aa = <5Aa TAd ap + TAS anT ac Aa) — (a/b),
Ad o Ad
RAc b Aa = KAc Ab Aa>

all other components of the curvature tensor are equal to zero.
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7. Decomposition of the torsion and curvature tensor

THEOREM 7.1. The torsion tensor in the base B' and B'*can be written
as follows

_ Cy Aa v B Cy Ad v B
T(X,Y) = (TBﬁ XY BB, 4 Tyl XY Bocy +
TS xACyBiy., T xA YBﬂ(SCy> +
Bp Aa Bp Aa
(7.1) s 5 s G BB
Y Aa v/ B, Y Aa v B
+ (TBﬁ A XY PP e Tl o XAy BB
7 yAa BB Cy  y AG~ BB )
+ T2 XA2yBPy 4+ T XxA2YyBP§
BB Aa 7" "B AG cy
and
Cy _~rC b ¢y _rC b
(7.2) TB,B Ax = TBb aaBit Bg By, TBﬁ Aa ~ TBbCAaBgBﬂ By
: ¢y _rC b ¢y _rC b
TB,E - TBbcAaBgBBB;, TB,E o Tiy 4a B BB;.

The above formulae are valid ify is substituted by 'y everywhere.
PROOF. Using (3.42) and (3.8) we have
X = x448 ,, = xAa (Bg‘éAa + BféAa) = XACS 40+ XADS -

where

XAC{ — XAaBg!’
(7.3) _ ~
XA = xAaBg.
From the above it follows
XAl + XA B = XA (B BY + BY BY) = xA0) = x4,
ie.
A A Aa
XA = xA*pd v xA“Ba,
7.4 ~
7 yB0 = yPP B+ Y® BL.
B
The substitution of (3.42) and (7.4) into (6.2) results
T(X,Y)= TS5, (XAO‘ BY + XA¢ Bﬂ) (YBﬁ B} + v BL’) -
« B
(7.5) ~
. (BZ@C,}, + Bgéc?)
The explicit form of (7.5) results (7.1) and (7.2). ]
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THEOREM 7.2. The Gauss—Codazzi equations for the Osc* M which give
the relation between the curvature tensor in the bases B and B*, further B’
and B"* can be expressed in the following way:

R(X,Y,2)= RE) 4,2 YBP X495 =
_ZCry BB xAGs oy

Do C B, A
R g 42T Y B XACS s +RC BB 4G

DS Cy v BB v Aa DS Cy v Bf vy Aa
+RCVBE aZ 7Y PP XA ps +RC?B,3A0:Z YPP X% ps +

Dy Cy v BB v AG DS 70y v Bp y A
+RCyBﬁAaZ Y P X0 ps +RC?B,3A0:Z YPP X2 ps +

7.6) RC{Z@BE aZC?YBﬁXAaa Ré{é 55 42 ZCTy BB xAds oy

R DdBﬁ A ZC‘}/ YBﬁ XAaa R Dé ZC‘}/ YBﬁ XAaa

Cy BB AG
+ RSSBEA AR YBf’XAaa 5+ RgﬁBﬁ A2 YBﬁXAa(SDS +
+RD? 5 7 y B xAas C’@BﬂA 7Ty BP xAdy o+
+ RC{)?BEA 2T yBhxAy 4 RcDjBﬁ - _ZTy B xAds
where
Rcl')yaBﬁ ace = RE By 4a Bl Bﬁ BBy,
RC%@Bﬁ 46 = REBy aa BY BYBEBY,
Rg,a BF Ac = R& 5 aa B ngBg By,
(f‘)/éBﬁ aa = RE BY aa BﬁBﬁBaaBg’
(1.7) R 5633 o= ROy aa BZBﬂAbBaﬂBg,

D6 _ pDd ¢ pb na pd
R¢5 B ac = Rce By 40 B; B B; By »

Do Dd b o)
RC’J//\BB\AO( = RCC Bb Aaij\BB\BgtB 5
D6 _ pDd ¢ pb pa pd
R 5wz = RE by aa By BI BBy

The equations (7.7) are valid if O is substituted by 5 everywhere.
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ON SOME CLASS OF HYPERSURFACES IN EUCLIDEAN SPACES
By
RYSZARD DESZCZ and KATARZYNA SAWICZ
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Dedicated to the memory of Professor Barbara Rabijewska
1. Introduction

Let M be a hypersurface immersed isometrically in a semi-Riemannian

space of constant curvature Ns’”l(c), with signature (s,n +1 —s), n > 4. In
[16](Proposition 5.1) it is proved that if on U i C M the second fundamental
tensor H of M satisfies

(1) H>=u(H)H>+y H+pg,
for some functions ¢ and p on U g, then on this set we have
B _(n — 2K
(@) R-C=0Q(S5R) ) Q(g,R)
+aQ(S,G) + L QUH, 6,
n—2
-3
(b) C-R:Z_2Q(S,R)+a1Q(g,R)+azQ(S,G),
-3
(2) (c) C'C=n_zQ(S,R)+C¢1 Q(g,C)
) (n =3)p
P (S, G) + n_27 QH, G),
1 K (n? —3n+3)%
al_n—Z(n—l-'-glp_ nn+1) )’

Mathematics Subject Classification (2000): 53B20, 53B25; 53C25
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(n — 3%

Ay =———F———,
(n—2nn+1)

where K is the scalar curvature of the ambient space. For precise definitions
of the symbols used we refer to Sections 2 and 3 of [12] (see also [14]
and [15]). Hypersurfaces in Ns’”l(c), n > 4, satisfying (1) and some other
curvature conditions were recently investigated in [15]. In [16](Theorem 5.1)
it was proved that if (2)(b) holds on the set V of all points of Uy C M

of a hypersurface M in N'*'(c), n > 4, at which R- § = ﬁ Qg,S)

then (1) holds on V. We say that the conditions (2)(a), (2)(b) or (2)(c),
as well as other conditions of this kind are conditions of pseudosymmetry
type. We refer to [4] for a survey of results related to manifolds, and in
particular to hypersurfaces, satisfying pseudosymmetry type conditions. We
mention that hypersurfaces M in N**!(c), n > 4, having the tensor R -
- C expressed by a linear combination of the tensors Q(S, R), Q(g, R) and
Q(S, G) were investigated in [14] (see also [12]). Among other things in
[14] it was shown that on hypersurfaces M satisfying such condition we

have R- S = % Q(g,S) on Uy C M, and in a consequence M is a

Ricci-pseudosymmetric manifold.

In the case, when the ambient space is a semi-Euclidean space F/*!, with
signature (s,n + 1 —s), n > 4, (2) yields

@ R-C=QSR+-L- o0,
-3
(b)  C-R="—Q(S.R+a, QR
©
n—3 (n—3)p
© € C= 5 QS R+a1 0. O+ —55 AH.G),
1
al:n—2<nil+8w)’ a=0.

Further, when on U g we have

(4) H3=tr(H)H2—i1H+pg,
n_

ie. (1) with

EK

(5) 1/):_—7

n—1
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then (3) turns into

@ R-C=QSR+ L QH,G),
©) b C-R=""2QsR).
n—2
n—3 (n—=3)p
© CC=1 QR+ 5 OH.G).

Investigations on the problem of the equivalence of the conditons Ricci-se-
misymmetry (R - S = 0) and semisymmetry (R - R = 0) on hypersurfaces in
E?“ , named the problem of P. J. Ryan (see [1], [10] and references therein),
lead among others things to quasi-Einstein hypersurfaces satisfying

EK

(7 H3 =w(H)H? -
n—1

H,

i.e. (4) with p = 0 (see e.g. [10], Theorem 1.1). Clearly, such hypersurfaces
satisfy (6)(b). We refer to [1], [10] and [11] for examples of hypersurfaces
in IE?“ satisfying (7) (see also [12], Example 5.1(1)). We mention that
hypersurfaces in E’S’”, n > 4, satisfying (6)(b) were investigated in [3]. We
also refer to [2] for results related to hypersurfaces in ]E’S”l, n > 4, having
the tensor C - R expressed by a linear combination of some tensors.

In section 2 of this paper we consider hypersurfaces M in NSS(c) satisfy-
ing (1) on Uy C M. We prove that on this set we have (see Proposition 2.1)

(((H)? —ue(H?)),  p=0,

N~

@ w=-
(®) -
(b) R-R=25Q@.R).

Thus, in particular, M is a pseudosymmetric manifold. If the ambient space
is IE? and if (1) and (5) hold on U then on this set we have p =9 =k =0
and R - R = 0 (Proposition 2.2). In section 3 (see Example 3.1) we construct
some tubes in Euclidean spaces i+l , n > 5. We show that (4), with nonzero
function p, holds at some points of that tubes. We also recall some known
examples of hypersurfaces satisfying (1) with p = 0. Recently examples
of hypersurfaces M in an Euclidean space E**!, n > 5, satisfying (1), with
nonzero function p, were found in [17].
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2. 4-dimensional hypersurfaces satisfying (1)

PROPOSITION 2.1. If M is a hypersurface in NSS(C) satistying (1) on
Uy C M then (8) holds on this set.

PROOF. Applying (1) in the equation (10) of [9] we obtain on U g
tr(H) (Hji H;j — Hjj Hig) + a Gyij
— (Hyj Hjy + Hy Hj — Hy Hj — Hjp H, )
—8ij (W —PB) Hix +p gix) — &ix (0 — B) Hyj +p gij)
+8i1 (W —B) Hix +p gix ) +8ix (@ —PB)Hyj +pgij) = 0,

where ¢ and f are defined by (11) and (12) of [9], respectively. Next,
transvecting (9) with g%/ we find

(€))

(n — 1)@ — 2p) g + tr(H)* Hy — tr(H) Hjj, +2Hjj — w(H) Hyj
— tr(H?) Hy + (n — 2)(8 — ) Hyy + t(H)B — ) g1 =0
Applying in this (1) we get

H =u(H) H? — 3 ((CH)) — u(H?) 42 — ) H
(10) |
— E(tr(H)(ﬂ —yY)+3a—2p))g.

Comparing the right hand sides of (1) and (10) we obtain

1
¥ = =5 (H)? — u(H) +26 — ),
(1n |
= —5 U@ — ) +3(@ = 2p)).

(9), by transvection with H ll, yields

tr(H tr(H
i (S0 b3 — H+ 6 ) Hi ) — Hie ("5 R~ H 48 —) Hy )
tr(H tr(H
+Hl12k( il )H H2+(ﬂ 1/))8;1) j( (2 )I_Iik_I_Ii%c"'(ﬂ_w)gik)

=(2p — a)(gijHpx — 8ik Hpj) -
Symmetrizing this in 4 and i and using (1) we find

(@—p)Qg, H)+(B —y)Q(g, H?) =0.
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Since the tensors Q(g, H) and Q(g, H 2) are linearly independent at every
point of Uy, the last relation implies @ = p and f = y. Applying this
in (11) we obtain (8)(a). Now, in view of Proposition 3.2 of [8], we get
R-S= % Q(g, S). But this, in view of Proposition 4.1 of [9], implies (8)(b),
completing the proof. |

PROPOSITION 2.2. Let M be a hypersurface in IE? satistying (1) on Uy C
C M.

(i) On Uy we have R- R=0, p =0 and

(12) w:—%x.

(if) Moreover, if (5) holds on U theny =k = 0.

PROOF. The first two equations of our assertion are an immediate conse-
quence of Proposition 2.1. Applying to (8)(a) the identity

(13) k =¢ (((H))* - w(H?)),

which holds on any hypersurface in E’s“'] (see e.g. [12], section 2), we ob-
tain (12).
(i1) The second assertion follows immediately from (8)(a) and (12). 1

EXAMPLE 2.1. (i) Examples of hypersurfaces M in Ns5 (c) satisfying on
Uy C M the equation (1), with p = 0, are given in [13]. Precisely, on the
hypersurface M defined in Example 5.1 (resp. Example 5.2) of [13] we have
H3=uH)H?*, ¢ =p =0, tesp., H =y H,y = S tu(H?), tr(H) =p = 0.
The second type hypersurfaces are also mentioned in Example 3.2 of this
paper.

(i1) In Example 3.3(ii) of [10] a 4-dimensional semisymmetric manifold
is defined. That manifold is a warped product of an 1-dimensional manifold
and a manifold isometric to the 3-dimensional Cartan hypersurface. As it was
stated in Example 4.3 of [10] that warped product can be locally realized as
a hypersurface M in Eg satisfying on U g C M the relations H> = ¢ H,

Y = %tr(Hz), tr(H) = p = 0. That hypersurfaces is also mentioned in
Example 3.2 of this paper.
(iii)) An example of a hypersurface M in IE’;”, n > 4, satisfying the

relations R-R =0,k =0, H3 =tr(H)H?> andyp =p =0on Uy C M is
given in [11] (see examples 4.1 and 5.1 of that paper).
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3. Examples

Let M be a (p + g)-dimensional submanifold in E'* n>p+q,n>5,
and let § be a unit vector field normal to M such that the shape operator Ag

determined by & has at every point of M exactly two distinct nonzero constant
principal curvatures u; and u,, with multiplicities p and ¢, respectively.
Further, let ®; be a tube of radius ¢ > 0 over the submanifold M. It is known
that the hypersurface ®; has at every point (x,&), x € M, three principal
curvatures ([5], Theorem 3.2, p. 131)

1y 5 1
14 A, - i = i - — —
(14) 1 1 t]’ 2 1 t27 3 P

with multiplicities p, ¢ and n — p — ¢, respectively. Evidently, we assume
that

(15) tup # 1 and tuy # 1.

Clearly, at points (x,&), x € M, of ®, we have

(16) tr(H) — (A1 +d2+43)=(p — DA1+(g — DAz +(n —p—q — D13.
We assume that at a point (x,&), x € M, of ®, we have

(17) tr(H) =A1 +42 + 3.

We note that if at such point we have p = ¢ = 1 then (16) implies A3 = 0,
a contradiction. If p =n — p — g = 1 then (16) implies A, = 0, and by (14)
o =0, a contradiction. If g =n — p — g = 1 then (16) implies 1 = 0 and by
(14) u; = 0, a contradiction. Therefore, at most one of the numbers p, g or

n —p — q can be equal to 1 at every point (x,&), x € M, of ®, at which (17)
holds.

Further, (17) by making use of (14) and (16) is equivalent at (x,&) to

(18) (n —uipat® — (n —q = Duy +(n —p—Duy)t +(n—p—q—1)=0.
We set
w :w(t)=a1t2+b1t+c1,t € (0,+0),
ay = —3upy, by=—n—-qg—2u; —(n—p—2u,y,
cp=n—-p—q-—1,
Ay =b7 —daje; =ui (0 —p - 2w +2((n— ¢ = 2)(n —p - 2)

19
1 —2n—=3)n—p—q-D)u+n—q-27),
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2

Ay =4((n—qg—2)n—p—-2)=20n=3)n—p—q—1))

—(n—p-27n—q-27)

=—16(n-3)p-Dg—-Dn—-p—-q—-1),

u
ur”
A1 > 0. Clearly, A; > 0 if and only if Ay < 0.

We consider now the following cases: p=1lorg=1lorn —p —q = 1.

Ifp=1,g >2and n — g > 3 then (18) yields

where u = Evidently, w(t) = 0, for some ¢ € (0,+c0), if and only if

n—q-—2 _j
20 t= ———
( ) n _3 /12 >
provided that u, > 0. Applying (20) to (14) we find
A = (n — 3y
(n =3y —(n—q—2)uy’
@ Jp=
qg—1
ds = _m,
n—q-—2

provided that (n — g — 2)u; # (n — 3)u,. Using (13), with ¢ = 1, (17) and
(21) we get

K

1
+yY = —— ((tr(H))2 — tI‘(Hz)) — A4y +lll3 +}.2}.3)

n—1 n—1

1
=—— (= DA +(g = DA3+ (1 —p — g — DA3)
n—3
n—1
_ (=3m-2g-1) ks
(n—1(qg—-Dn—-q—2)(n—=3u;—n—-q—2u
—3)n—-2g —1
_=3n-24-1,
(n—1D(g -1
We obtain similar results forg = 1, p > 2 and n — p > 3, as well as for
p>2,g>2andn—p—q > 2.
We consider the case: n =p+qg + 1, p > 2 and g > 2. Now (18) yields

o mmg =+ —p— 2y
(n — 3)uyur

(22)

(A1Ay +A1A3 +4243)

(23)

3
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provided that the right hand side of (23) is > 0. Applying (23) to (14) we get

Ay = - DHiks
@ — Dy —uz)’
(n — 3y
24 = ,
9 2= 4= Ds — 1)
e = (n — 3)uun
s=—

(P —Dup+(g—Duy’

provided that (p — Du; + (g — Duy # 0. Now using (13), (17) and (24) we
find

1
+ =_m(@_ 1)/1%+(q - 1)/1%+(n —P—q- 1)/1%)

~n—-3
n—1
-39 uin3
(n =D = D — 1) @1 —w2)((p = Duy +(q = Do)
(n =3 —q) (n-Hn-24-1,

= 7% Tl A=
n—1 173 n—1

(A1A2 + 4143 +4943)
(25)

Clearly, if p = ¢ then %5 +y = 0.
We consider now some tube assuming thatn =p+¢g +1 andp =g > 2.

EXAMPLE 3.1. (i) (cf. [7]) Let SP(r;) be a p-dimensional sphere in EPHL
p > 2, with radius r; > 0. Similarly, let S9(r,) be a g-dimensional sphere in

R4+, g > 2, with radius r, > 0 and let rl2 +r22 = 1. We consider the standard
product embedding of spheres S?(ry) and S9(r;)

SP(r) x S9(ry) — SPHI+L(1) — EPH x EI*! = EPHat2
Let fy,f1, - - - .fp be an orthonormal frame field for EP*! such that fo is normal
to SP(ry). Similarly, let fyi1,fp12, - - -sfp+g+1 be an orthonormal frame field
for F9*! such that Jp+g+1 is normal to §9(ry). We define now a frame field

2
€0 €15+ €pagsfyrgst fOr BPYTH2 as follows eq = rifo + rafpsgels € = fis
i=1,...,p+q, epygs1 = r2fo — r1fp+g+1- We can check that e is normal to

SP+a+1(1) and eprg+1 10 SP(r1) x S9(ry). Let A, and v&ep+q+l
operators with respect to ey and €41, respectively. We have

be the shape

Aoy =1d, Aepw“ =diag(Uy,..., U1, 125 .., 1U2),
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where u| = \/”1_2 —1and uy = _\/”2_2 — 1, occurs p times and ¢ times,

respectively. We note that ujuy, = —1. We set r{ = cos¢ and rp, = sing,
where ¢ € (0,%).

(ii) Let Ay, and Ay, be the shape operators with respect to unit vector

fields 1 and 17, normal to SP(r;) % S9(ry) in EP*4+2 such that 9, = cosa e+

+sina epyg.q and 7y = —sina eg +cosa e,q41. Where @ € (=75,%). We
have
Vdm _ diag cos(¢p — a)"“’ cos(¢p — a)’ sin(?b — a)’.“’ sin(?b —a)
‘ cos ¢ cos¢ sin ¢ sing
2
(26) ) sin(¢p — ) sin(p —a) cos(p —a) cos(p — a)
Ay, =diag Y , — ! ey — - .
cos ¢ cos ¢ sin¢ sing

The multiplicities of the principal curvatures of .y, are equal to p and g,
respectively. An analogous statement is true for .y, .

(iii) Let p = ¢ > 2, & = eypyq and ¢ € (0,%). Thus r; > ry. Since
uyp =tan¢ and u, = — cot¢g, (23) turns into

Q27) t=cot2p > 0.

Further, (24) yields

Ay = =4y =—sin2¢,
Az =—tan2¢.

We consider now the tube ®; over the submanifold M = SP(r|) x SP(r,) in
E2P+D) of radius ¢ defined by (27). With respect to the above considerations
we can state that (1) holds at all points (x,&) € Uy C ®;, x € M. In
addition, (25) yields ¥ = —-%—. It means that (4) holds at all points (x,&),

n—1-°
X EM.

(iv) Let @, be the tube defined in (iii) and let & = €p+l- Using now (24)
and (26) we compute principal curvatures A1, A12, 413 and 451, 422, 423 of
the tube ®; at all points (x,7;) € ®; and (x,7;) € D;, x € M, respectively.
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Namely, we have

P cos(¢p —a)
™ Cosg — cot2¢ cos(p —a)’
sin(¢p — «)
A =

sing — cot2¢ sin(¢p —a)’
A3 =43 =—tan2¢,

Ior = sin(¢p — a)
217 cosg — cot2¢ sin(g — a)’
cos(¢p —a)
App = —

sing +cot2¢ cos(¢p —a)
(v) Let ®; be the tube defined in (iii) and let £ =»n; and 0 < & < ¢p < %

cos(p—a) sin(p—a)

From (26) we have u = oS and up = Sing Now (23) turns into
(28) _ sin(2¢ — a)

T sin2(¢p —a)’
Further, (24) yields }.]] = —}.]2 = —%, }.]3 = —%. We

consider now the tube ®; over the submanifold M = SP(r{) x SP(ry) in
E2P+D) of radius ¢ defined by (28). With respect to the above considerations
we can state that (1) holds at all points (x,§) of ®;, x € M. Since p = ¢
and r| > rp, (25) yields = —%5. Thus (4) holds at all points (x,&) of @,
x € M. Finally, we also compute principal curvatures at all points (x,7,) of

®; x € M. We have up| = SIN@=0) ang U = _cos@—a) Now, by making

cos @ sing
use of (24) and (28), at the points (x,7,) we get A»3 =43 and
Ior = sin2(¢p — a)
21= 2cos¢ cos(¢p —a) — sin(2p —a)’
sin2(¢ — a)

A = " 2singsin(g — ) +sinp —a)

EXAMPLE 3.2 It is known that every Cartan hypersurface M in the (n+1)-

dimensional standard sphere S”*1(1) have exactly three distinct principal cur-
vatures A = const. > 0, —4 and O with multiplicities p, p and p, respectively,

where p = 3 and n = 3,6,12 or 24. These hypersurfaces lead to a family

of hypersurfaces M in E"*! having exactly three distinct principal curva-

tures /7, —/y and 0 with multiplicities “5Z, 52 and "+32p , respectively,
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where p > 1, n —p = 3,6,12 or 24 and y is a positive function on M
([10], Example 4.3). In [6](Section 6) the notion of a generalized Cartan
hypersurface was introduced. That hypersurfaces, by definition, are some

tubes M in S"*1(1), n > 3. They have exactly three principal curvatures
y, —y and 0 with multiplicities 1, 1 and n — 2, respectively, where y is a
function on M. The presented above hypersurfaces M satisfy on Uy C M

the equation H> = H, where ¢ is some function on U .

(11

(2]

(3]

(41

(5]

(6]

(7]

(8]

[9]

(101

References

B. E. ABDALLA and F. DILLEN: A Ricci-semisymmetric hypersurface of the
Euclidean space which is not semi-symmetric, Proc. Amer. Math. Soc. 130
(2002), 1805-1808.

K. ARSLAN, R. DESzCZ, R. EZENTAS, C. MURATHAN and C. OZGUR: On pseu-
dosymmetry type hypersurfaces of semi-Euclidean spaces I, Acta Math.
Scientia 22B (2002), 346-358.

K. ARSLAN, R. DESZCZ, R. EZENTAS, C. MURATHAN and C. OZGUR: On some
pseudosymmetry type hypersurfaces of semi-Euclidean spaces, Demonstr.
Math. 36 (2003), 971-984.

M. BELKHELFA, R. DESzCz, M. GLOGOWSKA, M. HOTLOS, D. KOWALCZYK and
L. VERSTRAELEN: On some type of curvature conditions, in: Banach Center
Publ. 57, Inst. Math., Polish Acad. Sci., 2002, 179-194.

T. E. CECIL and P. J. RYAN: Tight and Taut Immersions of Manifolds, Pitman
Publ. Inc., Boston, London, Melbourne, 1988.

B. Y. CHEN: A Riemannian invariant for submanifolds in space forms and its
applications, in: Geometry and Topology of Submanifolds, VI, World Sci.
Publishing, River Edge, NJ, 1996, 58-81.

S. S. CHERN, M. DO CARMO and S. KOBAYASHI: Minimal submanifolds of a
sphere with second fundamental form of constant length, in: Functional
Analysis and Related Fields, Springer, 1970, 59-75.

F. DEFEVER, R. DESzCZ, P. DHOOGHE, L. VERSTRAELEN and S. YAPRAK: On
Ricci-pseudosymmetric hypersurfaces in spaces of constant curvature, Re-
sults Math. 27 (1995), 227-236.

F. DEFEVER, R. DESzCZ, Z. SENTURK, L. VERSTRAELEN and S. YAPRAK: P. J.
Ryan’s problem in semi-Riemannian space forms, Glasgow Math. J. 41
(1999), 271-281.

R. DESzCz and M. GLOGOWSKA: Examples of nonsemisymmetric Ricci-semi-
symmetric hypersurfaces, Collog. Math. 94 (2002), 87-101.



98

R. DESZCZ, K. SAWICZ: ON SOME CLASS OF HYPERSURFACES IN EUCLIDEAN SPACES

(11]

[12]

[13]

[14]

[15]

R. DESzcz, M. GLOGOWSKA, M. HOTLOS and Z. SENTURK: On certain quasi-
Einstein semisymmetric hypersurfaces, Ann. Univ. Sci. Budap. Rolando
Eotvos, Sect. Math. 41 (1998), 151-164.

R. DESzCz, M. GL.OGOWSKA, M. HOTLOS and L. VERSTRAELEN: On some gen-
eralized Einstein metric conditions on hypersurfaces in semi-Riemannian
space forms, Collog. Math. 96 (2003), 149-166.

R. DESzCZ and M. HOTLOS: On hypersurfaces with type number two in spaces
of constant curvature, Ann. Univ. Sci. Budap. Rolando Eotvds, Sect. Math.
46 (2003), 19-34.

M. GLOGOWSKA: On a curvature characterization of Ricci-pseudosymmetric
hypersurfaces, Acta Math. Scientia 24B (2004), 361-375.

K. SAwicz: Hypersurfaces in spaces of constant curvature satisfying some
Ricci-type conditions, Collog. Math. 101 (2004), 183-201.

[16] K. SAwiCz: On some class of hypersurfaces with three distinct principal cur-
vatures, in: Banach Center Publ. 69, Inst. Math., Polish Acad. Sci., 2005,
145-156.

[171 K. SAWICZ: Examples of hypersurfaces in Euclidean spaces with three distinct
principal curvatures, Dept. Math. Agricultural Univ. Wroctaw, Ser. A,
Theory and Methods, Report No. 114, 2005.

Ryszard Deszcz Katarzyna Sawicz

Department of Mathematics Institute of Econometrics

Agricultural University of Wroctaw and Computer Science

Grunwaldzka 53 Technical University of Czgstochowa

50-357 Wroctaw Armii Krajowej 19B

POLAND 42-200 Czgstochowa

rysz@ozi.ar.wroc.pl POLAND

ksawicz@zim.pcz.czest.pl



ANNALES UNIV. SCI. BUDAPEST., 48 (2005), 99-108

MAXIMUM PRINCIPLE AND NON-NEGATIVITY PRESERVATION
IN LINEAR PARABOLIC PROBLEMS

By
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1. Introduction

The maximum principle is a widely used tool in the theory of partial
differential equations. Although the maximum principle is usually used in
the proof of the uniqueness and stability of the investigated problems, it is
closely related to the qualitative characterization of mathematical models on
the continuous level. Roughly speaking, this means that the value of the
solution on the whole domain can be estimated by the values of the solution
on the boundary and the values of the source function on the domain. In
typical formulation, as a consequence of the maximum principle, when the
source term is absent from the equation we get that the maximum (and the
minimum) of the solution is attained at the parabolic boundary. Another im-
portant qualitative property is the non-negativity preservation property which
says the following: in case of the non-negativity of the given initial, boundary
and source functions the solution is also non-negative.

The maximum principle for the heat equation with constant coefficients
(in any dimension) can be formulated as follows:

d .2
3 9
(1.1) a—”t‘— Tl =f, 0 eOTxQ
=l axk
(1.2) u=g on [0,T)x9Q, and u|—g=uy in Q,

where Q is a polygonal domain in R with boundary 9, T > 0 and f, g and
ug are given sufficiently smooth functions. For the homogeneous problem
(i.e., for f = 0) the solution of the problem (1.1)—(1.2) u(t,x) takes its
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minimum and maximum at the parabolic boundary, namely on ([0, T) x
x aQ)J ({0} x Q). (See, e.g. [3], [13].) The maximum principle for the
non-homogenous problem is investigated in [5].

Our aim is to extend the maximum principle for a more general form of
equation.

We note that the maximum principle is closely related to the non-nega-
tivity preservation property, too. This means that for the case g,f > 0 and
uy > 0 the non-negativity of the solution # > 0 is also guaranteed. Obviously,
these principles express some fundamental physical principle, too.

In our work we will consider the more general parabolic problem, namely
we will consider the equation

d
u 0 u
1.3 — = k(t,x)— t =
(13) 2 (G5 (ke 2 ) ) et =y
m=1
(1.4) u=g on [0,T)x9Q, and u|—g=uy in Q.

Throughout the paper we assume that the functions k, ¢ and f are sufficiently
smooth given functions and the following ellipticity conditions are satisfied:

ASSUMPTIONS (A1).
(1.5) O<ky<k(@,x)<ki<oo, O<cy<ct,x)<cy; <0

for all (r,x) € Qr. (Here k; and ¢; (i =0, 1) are given constants.)

We note that under the above assumptions the problem is well-posed.

For the case ¢ = 0 the maximum principle is investigated in [6], where the
definition of the maximum principle is a generalization of the homogeneous
case. Clearly, with the more special choice k =1, ¢ =0 and f = 0 we regain
the problem (1.1)—(1.2).

However, for this problem the question about the discrete analogue of
these results is not investigated. Intensive work is being done in this field.
For the elliptic problems we recall the papers [1], [2] and [11]. For the
discrete analogue of the maximum principle in the simplified time-dependent
(parabolic) problems (one-dimensional heat equation) we refer to the pa-
pers [4], [5], [7] and [8]. The maximum norm contractivity is investigated
in [10]. The discrete maximum principle has close relation to the discrete
non-negativity preservation property, too and the latter property is also inves-
tigated in several works (see e.g. [5], [6] and [9]).

The paper is organized as follows.
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In Section 2 we formulate the maximum principle and non-negativity
preservation for the problem (1.3)—(1.4). In Section 3 we prove the equiv-
alence of the maximum principle and the non-negativity preservation prop-
erties. In Section 4 we prove a two-sided estimate for the solution of equa-
tion (1.3). On the base of this result, in Section 5 we prove the basic theorem
of the paper, namely, the condition for both the maximum principle and the
non-negativity preservation in the above problem. We finish the paper with
some conclusions and further plans.

2. Maximum principle and non-negativity preservation for the general
problem

In the sequel we will use the following notations.
(2.6) Q =(0,1)xQ, T;=(0Qx(0,1)U{Q x {0}}.

(Clearly, I't means the parabolic boundary of the domain of the problem
(1.3)—(1.4).)
Let us consider the problem (1.3)—(1.4). First, we formulate the maxi-

mum principle and the non-negativity preservation for this problem. (C.f. [6]
and [12].)

DEFINITION 2.1. We say that (1.3)—(1.4) satisfies the maximum principle
if for its solution u(z, x) the relation

min{0; minu } + ; min{0; minf } < u(ty,x) <
< max{0; max u} +t; max{0; maxf }
3] (5]

holds for all x € Q and fixed #; € (0, T).

REMARK 2.2. The relation (2.7) does not imply that the boundary maxi-
mum principle is valid, i.e., in case f = 0 the solution of the problem (1.3)-
(1.4) takes its largest positive and smallest negative values on the parabolic
boundary I';, for any 7y € (0, T). (E.g., when ug = g = 1, then the maximum
principle (2.7) only states that the values of the solution are between zero
and one. Since for ¢ # 0 the function u = 1 is not the solution of this
problem, hence it follows that the maximum and the minimum are not taken
on the boundary.) This means that Definition 2.1 is not a generalization of
the maximum principle formulated in [3], p.51. However, we note that this
maximum principle can be applied to prove the uniqueness of the solution:
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when uy = g = 0, then the maximum principle implies that # = 0 on the
whole domain.

DEFINITION 2.3. We say that (1.3)-(1.4) satisfies the non-negativity
preservation principle when the relations f > 0, g > 0 and uy > 0 imply

(2.8) u(t,x) >0
for all (t,x) € Qr.

In the following, under condition A1 we examine the relation between
the maximum principle and the non-negativity preservation.

3. Equivalence of the maximum principle and non-negativity
preservation

The following theorem proves the equivalence between the maximum
principle and the non-negativity preservation.

THEOREM 3.1. Under condition A1 (see (1.5)) the solution of the problem
(1.3)—(1.4) satisfies the maximum principle if and only if the non-negativity
preservation property is valid.

PROOF. We show that the non-negativity preservation is a necessary and
sufficient condition of the maximum principle.

o First, using indirect proof, we show the necessity.

Assume that the solution of (1.3)—(1.4) does not satisfy the non-negativity
preservation condition, i.e., for some functions ug > 0,f >0and g >0
there exists a (fy, xg) € Qr such that u(ty,xg) < 0. Then, with the choice
t =ty the left-hand side of (2.7) implies the relation

(3.9 min{0; minu } + ¢y min{0; minf } < u(zy,x)

rlo QIO
for all x € Q. Due to our assumption, u# is non-negative on the parabolic
boundary I';, and f is also non-negative on Q. Hence, the left-hand side
of (3.9) is equal to zero. Therefore, with the choice x = xg (3.9) implies
the inequality u(fy,xg) > 0, which leads to contradiction and proves the
necessity.

¢ We show the sufficiency, i.e., that the non-negativity preservation prop-
erty implies the maximum principle.
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We construct a new function i as follows:
(3.10) i :=u—min{0,minu} — t min{0, minf } =u — A —tB,
rll Otl

where the notations

A := min{0, minu},
(3.11) Ty

B := min{0, minf }

Qtl

were used. Clearly, A <0, B <0.

(Here the function u is the solution of the problem (1.3)—(1.4)). Then, as
one can easily verify, the relations

(3.12) du _ou,
ar ot
9 du 9 3l
3.13 k(t =2 (k(t,x)—
(3.13) . < (’x)axm) . ( (’x)axm>

are valid for all m = 1,2,...d.
Substituting (3.12) and (3.13) into (1.3), we get

_ d _
(3.14) (Z—”; + B) —2_:1 (azm (k(t,x):T“) ) +e(t, x) i+ A+t B) = f.

m

Then equation (3.14) can be written as

i N0 di
(3.15) = - <axm <k(t,x)axm)> +c(t, x)i = F(t,x),

m=1
where we used the notation
(3.16) F(t,x)=f(t,x)— B —c(t,x)(A+1B).
Now, we consider the problem (3.15) with the Dirichlet boundary condi-
tion

(3.17) u|1~tl = ”|le —A—tB= u|1~tl — min{0, 1}1;;114} —tB
and with the initial condition

(3.18) I/_t|[=0=u|t=0—A=uo—A.
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Since u|r, — min{0,minu} > 0 and —¢B > 0, therefore
Ft] P
1

(3.19) ilr, > 0.

Due to the definition of A in (3.11), clearly
(3.20) il=g > 0.

On the other hand, for the right side of (3.15), according to (3.16), we
have the estimation

(3.21) F(t,x) =f(t,x) — min{O0, Iélinf} —c(t,x)(A+tB) > 0.
gl

Hence, on the base of the relations (3.19), (3.20) and (3.21), the non-
negative preservation assumption implies that

(3.22) u(t,x) >0

holds for all (z,x) € Qr. Using the definition of the function i in (3.10),
the relation (3.22) results in

(3.23) u(t,x) > min{0, minu } + ¢t min{0, minf }
rll Qll

which proves the left-hand side of (2.7). The right-hand side is proved in
the same manner. |

4. Auxiliary estimate for the solution of the problem

In this section we give an upper and lower estimation for the solution of
equation (1.3).

THEOREM 4.1. The relation

. . _ 1 . _
sup (ehl min {mlnue At minfe ’“}) <u(x,t)) <

>0 I Atcp @

. _ 1 _
< inf M1 max { max ue M;—maxfe At
l>0 rll A’ + CO Otl

holds for any solution of the equation (1.3).

(4.24)

PROOF. We introduce the new function

(4.25) a(t,x)= u(t,x)e_’“.
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Hence, due to the obvious relation

(4.26) u(t,x) = eMa(t, x),
we have

ou . o ou 5, 0d
4.27) ar < at>’ o = @

d d d
— (k(t,x)—u> =M 7 (k(t x) )
X 0xXm 0Xm dXm

for all m = 1,2,...d. Substituting (4.26) and (4.27) into equation (1.3), we
get:
A d
d d
(4.28) o k(t, x)— +(ct,x) + )i = fe M,
at 8 Xm

Since i is a continuous function on 6[1, it has a maximum (and minimum)
on 6[1. This means that there exists a point (xg, fy) € 6[1 such that fi(,x) <
< i (xg, 19) for all (£,x) € Qy,.
o First we assume that this point belongs to the parabolic boundary, i.e.,
(x0, 1) € Ty, Then, due to the obvious relation

f(t,x) < il(x0, 1p) = max
1

for all (¢,x) € 6[1, we get the estimation

max it < maxii.
Ql] Fl‘l
e Assume now that (xg, 1) € Qy,, i.e.,

(4.29) max it = ﬁ(xo, to).
Otl

Since the function i is the classical solution therefore it is differentiable
twice w.r.t. x and once w.r.t. . This implies that the relations

t0)=0

a0

(4.30) 22 (x,10) > 0
at

and, due to the maximum at the point (xg, fg),

920 (xo, 10)

<0
ax,,Z,
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holds. Hence, an easy computation shows the validity of the relation

(4.31) > 9 (k aﬁ)(xo,to)go.

9 Xm

For the equation (4.28) at the point (x, #y), we obtain

ol d d il

—(xq, to) — — |k — fg) =

o7 (x5 20) § . ( axm> (%0, 20)
(4.32) m=1

= e H0f (xo, 1g) — (c(xo, fo) +Ait (x0, 10),
which, on base of the inequalities (4.30) and (4.31), yields the estimate
e M0f (x0, 1) — (c(xo, to) +A)it (xo, 1g) > 0.
Hence, we get

e M0f (xo,10) _ e~*0f (xo, to)

I/Al()C(),t()) < >
(4.33) C()C(),to)+l /l (o)) +A
< max (e t,x)).
< Gorn (e )

Since the function i takes its maximum at the point (xg, 7y), therefore the
estimation (4.33) shows the validity of the following inequality:

(4.34) max it < max (e Af(t,x)).
Ql] CO+}' Qll ( )

Clearly, the estimates of the two different cases, namely (4.29) and (4.34)
together imply that

1 —At
(4.35) max # < max { max i, —— max(e " f(t,x)) p .
3] rll CO +A’ Qll ( )

Due to the definition of the function & in (4.25), from (4.35) we obtain that

Ftl ’ CO +A, Qtl

which holds for any A > 0. Therefore, taking the infimum by A, we get

1
uCx, 1) < inf | €1 max { maxue *, maxfe % |,
A>0 Ftl A+ €0 Qtl

which proves the right-hand side of (4.24).
The other part of the inequality in (4.24) is proved in the same manner. il

u(x,ty) < M1 max {max(ue_h) ;max(e_hf(t,x))} ,
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5. Maximum principle for the general problem

The results of the previous section imply the following:

THEOREM 5.1. Assume that the functions f, g and u( in the problem
(1.3)-(1.4) are are given, sufficiently smooth non-negative functions. Then
the solution u(t,x) of this problem is also non-negative.

PROOF. Since u(t,x) is the solution of the equation (1.3), we can ap-
ply Theorem 4.1, namely the estimation (4.24). Under our assumptions,
the left-hand side of the inequality (4.24) is non-negative, which proves the
statement. |

We can summarize our results in the following basic proposition, which
is an obvious consequence of Theorem 3.1 and Theorem 4.1.

THEOREM 5.2. Assume that the problem (1.3)-(1.4) is well-posed. Then
under the Assumptions (Al), for the solution u(t,x) both the non-negativity
preservation and the maximum principle properties are valid.

6. Conclusions

In this paper we showed that in the initial-boundary value problem for
the general class of linear parabolic equations two properties, namely, the
non-negativity preservation and the maximum principle, are equivalent. We
also gave those conditions under which these properties can be guaranteed for
this problem.

Our plan for the future is to formulate those conditions under which the
above basic qualitative properties are preserved for the different numerical
methods (finite difference and finite element methods).
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We start with recalling the Butterfly Theorem in the Euclidean plane, [4]:
Let the complete quadrangle ABCD be inscribed into a circle c. Let the line
p perpendicular to diameter s intersects the sides AB,CD,AC,BD, AD,BC
of the quadrangle at the points T, T', Q, Q', R, R', respectively. If the point
L =pNs is midpoint of the segment RR', then L is midpoint of the segments
TT and QQ'.

We will prove the theorem above in the hyperbolic plane. Our the most
important motivation is proving the analogue of the following theorem, [4]:
Butterfly points associated with the given quadrangle inscribed into a circle
are located on an equilateral hyperbola.

1. Introduction

Let a be the absolute conic for the Cayley-Klein model of the hyperbolic
plane (H-plane) represented by a circle of classical Euclidean plane. Interior
points of the absolute conic are called real points, exterior points are ideal
points and the points of the absolute conic are called absolute points.

Definition of the collineation in the H-plane is analogous to the definition
of the collineation in the Euclidean plane. If the collineation is determined
by the center O and the axis o, absolute polar of the point O, moreover
by the pair of corresponding points A and A’ as intersection points of the
absolute and a ray z € (O), we talk about harmonic homology. This harmonic
homology that maps the absolute conic onto itself, is analogous to the line

Mathematics Subject Classification (2000): 51M09, 51M10, 5S1M15
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reflection or the point reflection in Euclidean plane [2], [3]. If the center of a
harmonic homology is ideal point, its absolute polar is real line perpendicular
to every ray of collineation. Therefore, the intersection point of the axis and
ray of collineation is midpoint of the segment that has as end points pair of
mapped points. It follows that axis of collineation is perpendicular bisector
of every segment whose ending points are corresponding points, so described
mapping is analogous to line symmetry in the Euclidean plane. If the center
of collineation is real point, axis is ideal line, and this mapping is analogous
to point symmetry in the Euclidean plane.

2. Butterfly Theorems

There are many variants of Butterfly Theorem in the Euclidean plane, [1],
[4], [5]. Here some analogous theorems in the hyperbolic plane are proved.
There are three classes of circles in the H-plane, and the absolute conic is one
of them, so different variants of Butterfly Theorem are expected. However,
it is shown that proofs do not depend on the class of circle into which a
complete quadrangle is inscribed. The only difference is between the case
when a quadrangle is inscribed into the absolute conic and the case when it
is inscribed into a circle. First two theorems in case of the absolute will be
proved.

THEOREM 1. Let the complete quadrangle ABCD be inscribed into the
absolute conic a of the H-plane. By E, F and G the vertices of the diagonal
triangle are denoted. If the line p through G (or E or F) intersects the pairs
of opposite sides of the quadrangle at points T, T' and Q, Q', respectively,
then G is midpoint of the segments TT' and QQ’, (Fig. 1).

PROOF. It has to be shown that there exists harmonic homology which
maps T onto 77 and Q onto Q'. It is obvious that collineation (G, g) satisfies
the required conditions. A is mapped onto C and B is mapped onto D.
Therefore, the quadrangle is mapped onto itself. Side AB of the quadrangle is
mapped onto CD and side AD onto BC, hence, T, T' and Q, Q' are pairs of
corresponding points. The absolute conic is mapped onto itself. The theorem
can be proved analogously for every line p passing through E or F. |

This theorem is stronger then many theorems in the Euclidean plane
because p can be any line through the diagonal point of the quadrangle, while
in the Euclidean case p has to be perpendicular to the diameter of circle that
passes through a diagonal point, [1]. Therefore, the analogue of this theorem
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C
FIGURE 1. The Butterfly Theorem for a quadrangle inscribed into the
absolute conic and the line passing through a diagonal point

in the Euclidean plane does not exist. This is because the absolute conic is
considered as a circle concentric to every circle in the H-plane and every line
can be regarded as diameter of absolute, but also as its axis. The stronger
statement is formulated in the following theorem, analogues to [5]:

THEOREM 2. Let the complete quadrangle ABCD be inscribed into the
absolute conic a of the H-plane. Let the line p intersects the pairs of opposite
sides AD, BC, AC,BD and AB, CD of the quadrangle at the points R, R’
Q,Q and T, T', respectively. If L € p is the midpoint of any of the following
segments RR', QQ' and TT', then it is the midpoint of them all.

PROOF. Let P be absolute pole of the line p and let S be absolute pole of
the connecting line LP = s, (Fig. 2). It can be assumed that L is the midpoint
of the segment RR’. It follows that there exists line reflection that maps R
onto R and lives L fixed. Obviously line reflection (S, s) has that property.
Therefore, (RR’, SL) = —1 holds. Since equality (KK’, SL) = —1, where K
and K’ are absolute points of the line p, also holds, it can be concluded that
L and S are fixed points of involution determined on the line p by the pencil
of conics ABCD. Pairs of intersection points T, T’ and Q, Q' between line
p and degenerated conics of the pencil are pairs of points of that involution.
This leads to equalities (TT’,SL) = —1 and (QQ’, SL) = —1. Hence, line
reflection (S,s) maps T and Q onto T’ and Q’, respectively. The theorem is
proved. |
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FIGURE 2. The Butterfly Theorem for the quadrangle inscribed into the
absolute conic

The previous theorems deal with the quadrangle inscribed into absolute
conic. The following theorems assume that the quadrangle is inscribed into a
circle of the H-plane.

THEOREM 3. Let the complete quadrangle AB C D be inscribed into a real
or ideal hypercycle c of the H-plane, (Fig. 3). Let the line s connect the center
O of ¢ with one of the three diagonal points of the quadrangle, say G. Let
the line p through G perpendicular to s intersects the pairs of opposite sides
of the quadrangle at points T, T' and Q, Q', respectively. Point G is midpoint
of the segments TT' and QQ’.

PROOF. The pole of the line s is denoted by S. Let (O, 0) be collineation
with center O and axis o that maps the absolute conic a onto our hypercycle c.
The quadrangle ABCD is mapped onto the quadrangle A, B, C; D, inscribed
into the absolute conic a and diagonal points E, F, G are mapped onto diago-
nal points E,, F;, G, of new quadrangle. Since, the absolute polar lines of S,
E,; and F;, pass through the point G, those points are collinear. So, points
S, E and F are collinear, too. On the other hand, lines AB, CD, FG and FE
passing through F make harmonic quadruple of lines. After intersecting this
lines with the line p, harmonic quadruple of points T, T', G, S is obtained.
Therefore, T is mapped onto T’ under the line reflection (S,s). That the
collineation (S, s) maps Q onto Q' can be shown analogously. |

In the statement of the theorem it was assumed that the quadrangle is
inscribed into a hypercycle. That case is shown on Fig. 3. It is obvious that
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FIGURE 3. The Butterfly Theorem for the quadrangle inscribed into a circle
(ideal hypercycle) and the line passing through a diagonal point G

assumption that circle touches the absolute at a pair of different real points
wasn’t used. The same statement holds for quadrangle inscribed into cycle or
horocycle.

THEOREM 4. Let the complete quadrangle ABCD be inscribed into a
circle ¢ of the H-plane, (Fig. 4). Let the line p perpendicular to diameter
s intersects the sides AB,CD,AC,BD,AD,BC of the quadrangle at the
points T, T', Q, Q', R, R', respectively. If the point L = p N's is midpoint of
the segment RR', then L is midpoint of the segments TT' and QQ'.

PROOF. Let .S be the pole of the given diameter s of the circle ¢ and let
L be intersection point of two perpendicular lines s and p. If L bisects the
segment RR’, then there exists line reflection that maps R onto R’ and leaves
L fixed. Line reflection (S, s) has this property. Since the line p is conjugate
to the line s, pole P of line p lies on s and connecting line PS is polar of the
point L.

Furthermore, there exists collineation (O, 0) that maps absolute conic a
onto the circle c. Let the points A, B, C, D of the circle be mapped onto the
points A, B,, C,, D, of the absolute conic a, let the points T, T, Q, Q', R, R’
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FIGURE 4. The Butterfly Theorem for the quadrangle inscribed into a circle
(real hypercycle)

be mapped onto Ty, T"l, Qy, Q"l, R,, Ré and let the line p be mapped onto p,.
This collineation and equality (RR’, SL) = —1 imply (RaR'a, SLa) = —1. By
Theorem 2 equalities (T, T}, SLy) = —1 and (Q; Q,, SLy) = —1 are obtained.
Therefore, (TT',SL) = —1 and (QQ’, SL) = —1 hold. Then T, T’ and Q, Q'
are pairs of mapped points of line reflection (S, s), as it had to be proved. 1

Point L, that on some line p bisects the segments formed by intersections
of the pairs of opposite sides of the quadrangle ABCD with the line p, is
called butterfly point of the quadrangle ABCD and line p is called butterfly
line.

3. Butterfly Curve Theorem

Till now it is shown that every quadrangle ABCD inscribed into a circle
(hypercycle, cycle or horocycle) of the hyperbolic plane has at least three
butterfly points. These are the diagonal points of the quadrangle that have
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the butterfly property on the lines perpendicular to diameters passing through
them. Someone can asks himself is there more butterfly points, how many of
them are there and how they can be constructively determined. The following
theorem gives the answers for these questions.

THEOREM 5. Let the complete quadrangle ABCD be inscribed into a
circle ¢ with center O (Fig. 5) and let s be any line through O. There is
butterfly point L of the quadrangle ABCD on the line s.

FIGURE 5. The construction of the butterfly point

PROOF. Let S be pole of the diameter s of the circle c. Let T be
intersection point of any side of the quadrangle, say AB, and mirror image
of the opposite side CD with respect to the line s. Let p be line through
T perpendicular to s. The intersection point L of s and p has obviously the
property of a butterfly point on the line p because L bisects the segment TT",
where T is intersection point between the line s and the side CD. |

As there is a butterfly point L on each diameter of the circle ¢, an infinite
number of butterfly points is associated with the given quadrangle.
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FIGURE 6. The butterfly curve

THEOREM 6. For a given complete quadrangle ABCD inscribed into a
circle c of the H-plane, all butterfly points are located on a second order curve.

PROOF. Let L be butterfly point lying on its butterfly line p and on the
diameter s (Figure 6). Pole S of the line s is the harmonic conjugate of L
with respect to the points of intersection with any pair of opposite sides, say
T = ABNp and T' = CDNp. After connecting these points with the diagonal
point F = ABN CD a harmonic quadruple of lines is obtained. For any given
line s the line FL is the harmonic conjugate of F.S, perpendicular to s, with
respect to AB and CD. Hence, all butterfly points are located on the second
order curve h that can be produced by a projective mapping between the
pencils (O) and (F) of the lines.

The butterfly curve h passes through the tree diagonal points of the
quadrangle and through the center O. Point O has the property of the butterfly
point on the line perpendicular to the line that is fourth harmonic conjugate
of the line FO with respect to AB and CD. One of two midpoints of each
of the six sides of the quadrangle is also located on the butterfly curve. The
construction of the butterfly point on the side AB, midpoint of that side, is
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shown on Figure 6, too. It can be obtained as intersection point of side AB
and diameter perpendicular to AB. |

The above theorem is analogous to the theorem in the Euclidean plane
that says that butterfly points associated with the given quadrangle inscribed
into a circle are located on an equilateral hyperbola, [4].

REMARK. It should be noticed that beside the butterfly point L the point
S bisects all of the segments that are determined on the line p by the pairs of
the opposite sides of the quadrangle ABCD. All these points S are located
on the axis o of the circle ¢ into which complete quadrangle is inscribed, and
that is why they were not studied in more detail in this paper.
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SOME INTEGRAL VERSIONS OF ALMOST SURE LIMIT
THEOREMS
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JOZSEF TURI
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1. Introduction

The aim of our paper is to present some integral versions of almost sure
limit theorems.

We will denote by 4, the convergence in distribution by — the weak
convergence of measures, by us the distribution of the random variable C.

Let B(R) denote the o-algebra of the Borel subsets of R.

Let&,, n € N, be a sequence of random variables defined on the probabil-

ity space (Q, 4, P). Usual limit theorems deal with the convergence &, LC,
as n — oo. Consider the sequence of measures

1 n
Q;;[Cn](w) = D_n Zk:l dkégk(w), w € Q, neN.

Here O, is the unit mass at the point x. In several cases we have

Q]T[Cl’l](a))Lluéa as n — OO:
for almost all @ € €. This is the general shape of the almost sure limit
theorems.

Classical papers in the almost sure limit theory are Brosamler [2], Schatte
[10] and Lacey and Philipp [7]. For the methods and results of this theory see
e.g. Berkes and Cséki [1], Major [8], Fazekas and Rychlik [5], and Méri [9].

Mathematics Subject Classification (2000): 60F05, 60F15
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In our paper, instead of the random sequence £,;, n € N, we shall consider
the random process X (1) = X(t,w), t € [1,0), and instead of Q;[](w) we
shall consider the integral

Qro(A) = / 8 xumy( A1) d1, A€ B®.

D(T)

Our first result (Theorem 2.1) is an a.s. limit theorem with Poisson limit
law. Theorem 3.1 contains a result where the limit law is Gaussian. This the-
orem can be applied for Poisson, Wiener and Ornstein—Uhlenbeck processes
(see Corollary 3.1). The proofs are based on a general theorem of Chuprunov
and Fazekas [3]. We remark that in [2] Lévy’s formula was applied to obtain
results for processes with independent stationary increments. However, in our
case Kolmogorov’s formula offers a simpler proof.

We will denote by N(m,o0?) a centered Gaussian law with expectation m

and variance o2 . By ® we will denote a standard Poisson random variable
(ie. Ex =1). We will use the convention that Zzew a; = 0. Let I 4 denote
the indicator function of the set A.

2. Convergence to Poisson distribution

Let&;, i € N, be independent random variables uniformly distributed on
[0, 1]. Set

(]

X'(t) = Z]I[O
i=1 ’

Here [t] denotes the integer part of 7.

](Si), 1<t.

1
7

Let f(¢), t > 1, be a positive function such that the function

f@

2.1 —~= is increasing for some £ > 0.

B

THEOREM 2.1. Let X(t) = X'(f(t)), 1 < t. Then

1 / 6 L w as T
— U, — 00,
log( ) | X(t,w) / T

for almost all v € Q.
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3. Convergence to Gaussian law

Let V(¢), t > 0, be a centered homogeneous (infinitely divisible) ran-
dom process with independent increments and with finite variance. Using
the Kolmogorov representation (see [6], sect. 18), we can assume that its
characteristic function is

Pvix)=E (eix VO))

= exp (; {/_:O <eix>’ - ixy) y%dK(y)}),

x € R. Here K(y) is an increasing bounded function such that K(—o0) = 0.

3.1

Let f(¢) be a function with property (2.1). Consider the processes
V{f
(3.2) X()= L);, 0<t.
Fan"/

THEOREM 3.1. Let the X (t) be defined by (3.2), where V (t) is a process
with characteristic function (3.1) and f (t) is a function with property (2.1).
Then

v«mw) l>N(0 K(o0)), as T— oo,
VI@®)

IOg( T)
for almost all v € Q.

COROLLARY 3.1. (a) Let n(t),0 < t, be the standard Poisson process
(ie. En(t) =t). We have

dt
Jr(f(t)w) —f@) 7—>N(0 D, as T— oo,

log( T) Vo)

for almost all v € Q.

(b) Let W(t) be the standard Wiener process. We have

W(f(t)w) LN(O 1), as T—>OO,
N0}

IOg(T)

for almost all w € Q.
(c) Let U(t) be the Ornstein-Uhlenbeck process. Then U(t) has the
representation U(t) = Ce™™M/2W (™), t > 0, where C,m > 0 and W(t)
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f(t)

is the standard Wiener process. Put f(t) = e™!. Since , 1 <t,isan
increasing function, by (b) we have
r dt w )
Toa(T) /1 OUGw) T—>N(0, Cc?), as T — oo,
for almost all v € Q. |

4. The proofs of the theorems

We will use the next result (see Chuprunov and Fazekas [3], Theo-
rem 2.1).

THEOREM A. Let (B, p) be a complete separable metric space, denote by
B(B) the o-algebra of the Borel sets of B. Let X(t), t > 0, be a random
process defined on (Q,d,P) with values in B such that the function X (t) =
= X(t,w), (t,w) € [1,00) x Q is (Borel) measurable. Let log, x =logx, if
1 <x,andlog,x =0, ifx < 1.

Assume that there exist C < oo, € > 0, an increasing sequence of
positive numbers c, with limy,_..c ¢y = 00, ¢,41/cn = O(1), moreover, there
exists a strictly increasing unbounded sequence of nonnegative numbers vy,
such that for each pair (1,k), withl < k, l,k € N, there exists a B-valued
random process Xy (t), vy <t < viy1, with the following properties. For
I <k {X(@) :v;<t<vy}and {Xp(t) : vp <t <vgy} are independent
families of random variables, moreover, for all t with vy <t < vy

B
c
1) o (X0 xu0) < ()
Suppose that there exists a decreasing positive function d(t), vi < t,
with fv‘Z‘” d(t)dt < log(cyy1/ck) for each k, and fvolod(t)dt = o0o. Set
T
D(T) = fVl d(t)dt and
Q1o )= 5 / Oxtan( M) dr, A€ BB).

Then for any probability distribution u on the Borel o -algebra B(B) the fol-
lowing two statements are equivalent

4.2) Qrw L,u, as T — oo, for almost all w € Q;
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1 T w
4.3) —/ dit)ydt—u, as T — oo.
D) J,, I50) U

Above v = ﬁ fvf uxd(t)dt is a short notation of the measure v

. T
with v7(A) = ﬁ Sy, ux 0 (Ad(0) dt.
The following corollaries are also included in [3].

COROLLARY 4.1. Letcy, vy, d(t), and D(t) be the same as in Theorem A.
Let X(t) be a random process satistying conditions of Theorem A. Assume
that there exists a random element § in (B, p) such that

(4.4) xX0)-L¢, as 1 — oo
Then we have
Qrp——mg, as T — o,
for almost all v € Q.
COROLLARY 4.2. Consider the real valued case. Let ¢ x(;(x) and ¢y (x)

be the characteristic functions of X(t) and u, respectively. Then, in Theo-
rem A, condition (4.3) can be substituted with the following

4.5) h_)mOO D(T)/ PxX)d@)dt =g, (x), xR
REMARK 4.1. The conditions of Theorem A are valid if vy = k%, ¢, =

= kP, k = 1,2,..., where 0 < @, 0 < B are fixed. d(r) = 1,7 > 1, and
D(T) =log(T), T > 1.

PROOF OF THEOREM 2.1. The distribution of X (¢) is binomial with pa-

rameters n = [f(¢)] and p = 1/f(¢). Therefore X(t)im, ast — oo.
Let
[t]
X/, (1) = Z H[ol}@i)’ l<k<t<k+l.
i=l+1 L1
Let Xj(t) = Xl’k(f(t)). If ] < k,then {X() : | <t < l+1} and
{Xjx () : k <t < k + 1} are independent families. Moreover, for all

k<t<k+1,
0 P
EX@®) — X 2— .
| X (1) — X (1)] = o) _( )
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The result follow from Theorem A. |

PROOF OF THEOREM 3.1. Let us define the process
VF®) - VFl+)
(Fay'?

Then, for I < k, {X () : | <t <l+1}and {X};(¢) : k <t < k+1} are
independent families. Applying the well-known formula for the variance of
the infinitely divisible law (see [6], sect. 18), we get for all k <7 <k +1

BV L+ )P
E| X (@) — X <A/ EX(@) — X 2oy |
X(0) = Xp)] < \/EX@) ~ Xy (1) ¢ o

_ffa+n 20 \P/2
=/ 0 K(oo)ﬁdK(oo)(I) .

By the convergence criterion of [6] sect 19, X (t)i>N(0, K(x)), as t —
— 00. Therefore the proof is complete. |

X (1) = l <k <t.

2
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1. Introduction

Working with discrete dynamic systems, which is driven by some recur-
rent relation, plays a central and important role in various branches of applied
mathematics, especially in economics and physics. From both theoretical and
practical point of view the characterization, and hence our comprehension
about some economic or physical processes are fundamentally based on the
modelling dynamic systems we develop. However, many dynamic systems
that are defined by appropriate recurrence relations are chaotic by nature,
which essentially limits their straightforward applicability. In order to utilize
systems that have chaotic, i.e. unpredictable behavior and comprehensively
employ them in economic and physical modelling, we have to introduce some
control on them keeping their trajectories in predetermined unstable fixed
points.

The OGY method, originally proposed by Ott, Grebogi and Yorke in [4],
formulates a powerful methodology for controlling dynamic systems of
chaotic behavior. In the literature the framework of the OGY method has
extensively been analyzed in several applications and different environment,
and in a large number of cases the method was shown to be a completely
adaptable and excellently working instrument [2, 3,4].

In this paper we shall generalize and give a mathematically firm footing
to the OGY method to arbitrary dimensions, and deduce the exact necessary
conditions for its applicability. The control of the OGY method, i.e. the
choice of its controlling parameters, can be desired in such a way that the
linear approximation of the system is embedded in a higher dimensional
space. The sets of the eigenvalues and eigenvectors of this higher dimensional
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system are completely explored, and we will prove that they are actually
independent from the particular form of the control.

Many chaotic dynamic systems have infinite number of unstable periodic
orbits. The OGY method can be used to stabilize one of them, if some natural
conditions are satisfied. In particular, the OGY method can also be used to
stabilize a periodic system about any of its unstable fixed point [3].

As usual, the method is discussed in the case when an unstable fixed
point is stabilized. Let us consider the following recurrence relation

Uil = f(Cp, Pm),
where r,, is the state vector of the system, and p,, is the vector of the
controlling parameters (m = 1,2,...).

Starting from an initial vector r;, at each iteration m we try to shift
the orbit towards the so-called stable manifold by determining an appropriate
value of the vector py;.

In the following sections we shall analyze the OGY method for system
control in every detail from a mathematical aspect and present its fundamental
properties. We will proceed as follows. In Section 2 we shall formulate the
OGY method in arbitrary finite dimensional space, and give the necessary
conditions for its applicability. In Section 3 we shall compute the eigenvalues
of the local linearization of the controlled system, and show that they are
independent from the particular form of the control. Finally, in Section 4,
as an illustration of our framework, we will analyze and control the famous
logistic map. In particular, we will show that the OGY method can always
stabilize the unsteady nonzero fixed point, although no stable eigenvalue of
the system exists; furthermore, we shall also investigate the case when the
system is in a periodic state of length 2, and point out that the traditional
OGY method, when bounded, does not work if the bound is too small.

2. The generalized OGY method

The idea of the OGY method can be used in arbitrary high dimensions
as follows.

Let us consider the following recurrence relation
Q) Cpsl = E@Cm, pm), m=12,...,
where 1, = (r fm):---,"zgm)) € R" is the vector of state variables, p,, =

= (pgm), . ,pg’")) € RY is the parameter vector, and f = (f],...,f): R"*7 —

— R]’l.
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The generalized OGY method is based on the following assumptions
(ap)—(ae).

(a1) The chaotic solution of the nonlinear dynamic system (1) may have
even infinite number of unstable periodic orbits.

(ap) In a neighbourhood of a periodic orbit the evolution of the system
can be approximated by an appropriate local linearization of the system equa-
tion.

(a3) Small perturbations of the parameter vector p of the system can shift
the chaotic orbit towards the so-called stable manifold of the chosen periodic
orbit.

(a4) Suppose that we have a fixed point ry = (r{o) ey r,SO)) with a fixed
parameter vector pgy = Q)(O) yees pﬁl‘)) ) such that
2) ro = f(ro, po),
and this fixed point is unstable.

Assumptions (as) and (ag) require some more mathematical explanation,
and they will be presented later after the necessary analysis has been finished.

Let r,, and p,, be close enough to ry and pg as required in (ay), so that
we can write the Taylor series of f about the point (rg, pg) as

f(rm, pm) = f(rp, po) + fl(rOa Po) [;:Z : ;;%} +O(|[ry — rOHZa Pm — pOHZ)-
Hence, neglecting all the higher order terms, we have
I'm — I } .
Pm — Po
The next point of the orbit is determined by (1), that is,
4) Cns1 = ECm, Pm)-

It follows from (a3) that we can shift the chaotic orbit towards a stable
manifold by determining p,;, i.e. we can try to control system (1) such that
its orbit approaches the unstable fixed point ry. The method of determining
P is based on the theory of covariant and contravariant vectors.

3) £, B) = 1o +(¥0, Po) |

Denote
9f1(rp, Po) 9f1(ro, Po)
Jo af(go’ Po) _ a:rl - a:r”
r (X, P0)  3fa(r0,P)

arl o arn
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and
T
w: = o, po) _ | 91(ro. Po) 3fn (o, Po)
1 apl apl s ’ apl

Let W be the matrix, in which the i-th column is vector w;, (i = 1,...,q),
that is,

, i=1,...,q.

_ 9f(ro, po) _ -

w I
ap

. Wl
(as) Assume that matrix J has n real eigenvalues, which determine n
linearly independent eigenvectors of R”.

We note that if the eigenvalues of J are different, then this assumption
will be satisfied.

Denote Aq,...,4; the stable and uy,...,u; the unstable eigenvalues of
matrix J with multiplicities, i.e. |4;] < 1, (i = 1,...,k) and |u;| > 1,
(G =1,...,1), where k +1 = n. We note that it may happen that k =0 or [ = 0.
From (as) we have that there exist n linearly independent eigenvectors of J,
which, without loss of generality, can be taken normalized. Let us denote
them by uy,...,u,vy,...,v;, where

Jlll'=il'lll', Hlll'||2=lllTlli =1, i=1,...,k,
3) . _
I =w;v, lvill==viv; =1, j=1...,1
It follows immediately that the subspace generated by vectors uj,...,u;
approximates the stable manifold, while the subspace generated by vy,...,V;
approximates the direct sum of the unstable and centre manifolds of the fixed

point r( in the domain of linearity.
Let
U=[u,...,u],
(6)
V=[vi,...,v]
be the matrices, in which the i-th (i = 1,...,k) and j-th (j = 1,...,[) column
is vector u; and v;, respectively, and let

(7) P=[U V]=[uy,...,u,Vvy,...,v].
It is obvious, that matrix P is invertible, i.e.

det(P) = 0.
Hence, let

(8) R=rP HT;
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furthermore, let g, (r = 1,...,k) denote the r-th column of R, and let hy
(s =1,...,1) denote the (k + s)-th column of R, i.c.

9 R=[gy,...,8.hy,...., ]
From
R'P=1,,

where I, denotes the n x n unit matrix, and from (7) and (9) we obtain

T T
gy =6ir7 grvj =0,

(10)
hsTlll' =0, thJ :6jsa
where i,r = 1,...,k and j,s = 1,...,1, and where J,; stands for the
Kronecker delta, i.e. 3, = 1 if a = b, and 8, =0 if a # b.
Since the vectors uy,...,u;, vy,...,v; form a basis of R", all vectors in

R can uniquely be written as their linear combination, that is,

k l
vx e R" 3l(ay,...,ak,P1,..-,01) ER" :x= Zai“i +Z,8jvj.
i=1 j=1

However, from (10) we find that
g,Tx:ar, r=1,...,k,
hSTx:ﬂs, s=1,...,1,

thus we can conclude that any vector x € R” can be written in the form

k l
T T
(11) X = Z(gi X)u; + Z(hj X)Vj.
i=1 j=1
Notice that if we consider uy,...,u,Vvy,...,V; as covariant vectors, then
g1,...,8,h,...,h; will be their corresponding contravariant vectors.

Hence, from (3) and (4) we have the following recurrence relation
Tyl =T +J(@m — 1) + W(pm — Po)-
Introducing the notations dry, =1, — rg and 0 py, = pm — Po We have
(12) Or,41 =JOor, + Wop,.
Now, using (12), (11) and (5) we can write

k l
Orpi1 =Jory + Wopm =1J ( Z(ngé Im)u; + Z(thé 'm )Vj> +Wopp
i=1 =1
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k
Z( 51’,71)Jll, + Z(hT(S rm)Jv; + Woppm
i=1 =1

k
(13) = i@l ormu +Zuj(h Orm)V; + WO pp.
i=1 j=1

We want to shift the chaotic orbit towards the stable manifold, so we choose
the parameter vector p;; such that

h/or,,.; =0, s=1,...,L
Then, from (13) and (10) we obtain

k l
0= hsTa Fm+l = Z}vl(nga rm)(hsTui) + Z,uj (thé rm)(hsTVj) + hsTW6 Pm

i=1 j=1
(14) = us(hOr) + h{ Wo pp
forany s = 1,...,[. Let
(15) H=[h,....h]
be the matrix composed of the vectors hy,...,h;, and let

D= diag(:ul:---uul)
be a diagonal matrix of size [ x I, where the j-th diagonal element is u;
G=1,...,D.

Using (14) we have the following matrix equation
(16) DH 6r,, + H Wop,, = 0.

We note that since H € R"*! and W € R"*4 | therefore HT W € R/ >4

In any case of control it is important that the controlled system has
freedom to some “sufficient degree”. In traditional control theory this property
is described by the theorems of controllability. In engineering applications the
system must be designed in such a way that the appropriate conditions are
satisfied. In the case of economics we have to assume that sufficient number
of factors are under control. For the OGY method the appropriate necessary
condition is summarized in the next assumption.

(ag) Assume that [ = g and HTW is an invertible matrix.

We note that in the case ¢ = 1, i.e. when the dimension of the control
in dynamic system (1) is 1, assumption (ag) requires that [ = 1, i.e. the
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dimension of the subspace approximating the non-stable manifolds about the
fixed point ry is also 1; furthermore, now H=H € R and W= W € R, and

applying (ag) we have that HTW = HW 0.
In general, if | = ¢, then H'W is an invertible matrix only if both

matrices H and W have full column rank. However, from the definition of
matrix H it follows that the columns of H are linearly independent, that is, H

has full column rank. Hence, we can conclude that if [ = g then HT W is an
invertible matrix only if W has full column rank.

From (16) we have
(17) Opm = —HW)"'DH 61,

Formula (17) describes the way how the parameter vector at iteration m
should be chosen. Essentially, this formula is applied in the generalized OGY
method.

From the results presented above we obtain the following theorem.

THEOREM 1. Under the assumptions (a|)—(a¢) there is a parameter vector
Pm such that the trajectory of the recurrence relation (1) is shifted towards the
stable manifold; namely, equations (14) are satisfied.

We note that the difference dr,,,1 = r,,,1 —r( is shifted into the subspace
generated by the vectors uyp,...,u;, which approximates the stable manifold
of the fixed point r( in the domain of linearity. Indeed, from the equations

(18) hWw =0, i=1,...k s=1,...,1,
it follows that
(19) hlor,, =0, s=1,...,1.

Furthermore, since k + [ = n, we have that the following relationship also
holds

(20) (up,...,w) = (hy,....hy)L,
where (uy,...,u) denotes the subspace generated by vectors uy,...,u;, and
(hy,...,hy )J- stands for the orthogonal complement of the subspace generated

by vectors hy,...,h;. Now, using (19) and (20) we get
Ormes € (hy,... b))t = (ug,... ).

REMARK 1. Let us take a closer look at two special cases of the general-
ized OGY method.
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(i) If I =0 then there is no need to shift the chaotic orbit towards the stable
manifold in a neighborhood of the fixed point r(, because the stable
manifold is R" itself, and any trajectory starting from an appropriate
neighborhood of r; converges to r irrespectively of the choice of py,.
Thus, we do not need to iteratively readjust p,,, but can constantly keep
it po-

(i) If I = n then in addition to [ = g assumption (ag) requires that W is
an invertible matrix. In this case the vector dr,,,; has to be shifted to

zero, because only the origin as a linear space approximates the stable
manifold of the fixed point ry in the domain of linearity.

SUMMARY 1. Assume that we have a dynamic system described by a
recurrence relation (1), and we are in possession of a certain degree of free-
dom to control its trajectories at each iteration m by appropriately choosing
a free parameter vector p,, (m = 1,2,...). Furthermore, let us assume that
there is a fixed point ry of system (1) such that (2) holds for some py, and
let r; be an initial point wherefrom we start iterating an orbit of (1). In
these circumstances we would like to control the orbit ry, of the system by
recurrently selecting the parameters p;, to force it into the fixed point rg.
It should be noted that by the time the system determines r,,,; we need
to provide the control p, to modify the original orbit of r, and shift it
towards r.

In this kind of settings, let they arise from theoretical or practical applica-
tions, the framework of the OGY method presents a useful and powerful tool
for controlling the original behavior of (chaotic) systems. We shall distinguish
between two kinds of OGY control.

THE TRADITIONAL OGY METHOD. Lete > 0 be a fixed positive number. The
control is applied only if || Opm || = [|Pm — Pol| < € holds. If ||[Opn]| > ¢
then the system freely follows a trajectory, and we wait for the moment
when it approaches r( “close enough”, so that the control can be switched
on.

Hence, from (1) applying (17) we can mathematically formulate the tra-
ditional OGY method as follows.

o= {f(rm,po—(HTW>—1DHT(rm — 1) if [pm — pol| <.
" f(rm, po) if [|[pm — poll > €.,
m=1,2,....

Here we assume and actually utilize the fact that the system is chaotic;
therefore any trajectory will sooner or later be arbitrarily close to the
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fixed point. That is, at some iteration m € N there will be a controlling
parameter vector p,, such that dp,, < &, thus the control will be under
an a priori defined level. This assumption is satisfied if chaotic equip-
ments are stabilized, but might be violated if a periodic system must be
stabilized about a fixed point.

However, we should be aware of the fact, that in many applications the
bound ¢ is an exogenous variable, which is not in direct connection with
the controlled system. For instance, if the system is a market of a certain
commodity (e.g. currency, oil or wheat) or financial instrument (e.g.
security or bond) which the central bank in power wants to keep at a
steady price, then the value ¢ will represent the budget constraint, i.e.
the amount of money that can be used at each period for stabilization.

Furthermore, concerning economic systems it might happen that simply
there is no time to wait for the actual event, when the trajectory is close
enough to the fixed point. To be able to refer to this case, which we
have to encounter very often when applying the OGY framework, we
introduce another notion of the OGY method.

THE PURE OGY METHOD. The adaptation of this kind of OGY control is
based on the idea of stabilizing the system with “brute force”. That is,
in this consideration we compute the controlling parameters p,, at each
iteration m = 1,2,..., and apply them to the system regardless of their
amplitude |0 p;m || = ||Pm —Po||- Hence, when stabilizing a system with the
pure OGY method, we do not consider any threshold value ¢ > 0, which
plays a central role in using the traditional OGY method with respect to
switching on and off the control, but always keep the control switched
on.

Mathematically, by using (1) and (17), the pure OGY method can simply
be formulated as the following recurrence relation.

i1 = £(tm, o — HTW)TIDH (), — 1)), m=1,2,....

Since in real-world applications the size of ||dp;,|| is usually related to
the consumption of some resources, which is required to be covered, in
practice the straightforward adaptation of the pure OGY control may not
fully succeed in the object of system stabilization. However, even though
the outcome of the pure OGY method can be ideal or speculative and
might be viewed as some hypothetical orbit of the system equipped with a
full controlling capability, it can represent an important benchmark of the
total controllability of the system, which makes its introduction adjusted.
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In the next section we shall formulate the exact equations of the so-called
controlled system of (1), and compute the eigenvalues of its local lineariza-
tion. In particular, we shall prove that these eigenvalues are independent from
matrix W.

3. On the eigenvalues of the linearized controlled system

In the following we shall assume that the control is switched on, and
formula (17) is applied at each iteration. We note that this is the case after
finite many iterations if the traditional method successfully stabilizes a chaotic
system. However, it may not always be the case. If the distance of the
trajectory from the desired target point is at least ¢ > 0 after any finite number
of iteration, then the controlling method will actually never be switched on,
and thus the system will not be stabilized about its fixed point.

Hence, in case of efficient control the system and its control, i.e. the
choice of the parameter vector, can be unified in a higher dimensional dy-
namic system. Furthermore, this higher dimensional system represents the
application of the OGY method on the particular system (1).

Let us consider the following dynamic system of n +/ dynamic variables

T+l = ETm, Pm)
(21) T 1 T
Pm —Ppo=—H W) 'DH" (r;;, —rp),

where 1 = f(rg, pg) is the unstable fixed point of system (1) with parameter
vector pg. We call this system the controlled system of (1), and refer to the
columns of matrix W = [wy,...,w4] as the control vectors. It is obvious,
that as we change the control vectors of system (21), its behavior of motion
changes as well. As the main result of this section we shall prove that in a
neighbourhood of the fixed point r( the eigenvalues of the local linearization
of the controlled system (21) are independent from the choice of wy,..., w;.
In particular, we will show that all of the eigenvalues of (21) are stable;
namely, their absolute values are less than 1. What is more, we will also
obtain that not all of the eigenvectors of the linearized system actually depend
on the control vectors.

First, let us formulate system (21) in the form

Ypi1 = f(Tm, Pm)

(22) T 1 T
Pm+1 — Po = —(H"W)""DH" (f(r),, pi) — rp).
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The matrix of the local linearization of this controlled system in a neighbour-
hood of the fixed point ry with parameter vector pg is

_ J A (n+1)x (n+1)
23) M= [—T_IDHTJ —T—IDT} €k :
where
(24) T=H’W.

Note that assumption (ag) requires that matrix T is invertible.
Let

5_[P O (n+l)x (n+l)
P= [0 Iz} € R

be a matrix, of which upper left n X n submatrix is P, defined in (7), lower
right [ x [ submatrix is the unit matrix I;, and every other elements are zero.

From (7) it is obvious that P is an invertible matrix, and

5-1_ P71 0

o ]r, o).
Using the rule of multiplying hypermatrices, we find

S lngs _ P-lJp P-'w

(25) PMP = [—T_IDHTJP —T—IDT} ‘
Let

C = diag(Ay,...,4%)

be the diagonal matrix having its i-th diagonal element equall to 4; (i =
=1,...,k). Then, from (5) we have

(26) JP:P[% g],
that is,
@7 Plyp = [g 1(” .
Let
G=[g..., 8]
be the matrix of vectors gy,...,g;. Then, from (7) and (8) we have

Pl=RT=[G H]"=

GT
HT:| s
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and we obtain

“lw_ |GTW
(28) P w_[ T }

Furthermore, from (6) and (15) using (10) we have
H'u=0, HTv=1,
thus from (7) and (26) we obtain

Tyo _uTo[C 01 _ 4T C 0
HTJP-H P[o D}_H [U V][0 D]
(29) = [HTU HTV][g l‘”=[0 I,][g 1(”:[0 D].
Hence, substituting (27), (28) and (29) into (25) we can write
C 0 GTW
300 P MP=|0 D T c RkHADX (k+H+)
0 -T7'D2 —T DT

Let us denote

~ I; 0 0
P=|o —D_IT D_IT e R(k+l+l)><(k+l+l)‘
0 I 0
Then, as can easily be checked, matrix P is invertible, and for its inverse
_ I 0 0
P_l = 0 0 Il .
0 T-'D 1
Finally, let us introduce the notation
Q =PP.
Then, using (30) we obtain
Q 'MQ =P 'P~'MPP
__,[c 0 GT™W 1_ [C G™W 0
=P !0 D T P=(0 0 -1T'DT
0 -T°'p2 —T-DT 0 0 0

Now, let us compute the characteristic polynomial of matrix M
am = detM — xI,4y),

where I,,,; denotes the (n + 1) X (n + [) unit matrix.
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Then, since the characteristic polynomial remains unchanged under sim-
ilarity transformations (conjugations), we have

k

AM =X -1y = 4e(Q™'MQ — xT,) =x* T](hi — x).
i=l

Hence, from the results above we can state the following theorem.
THEOREM 2. The eigenvalues of the matrix of the local linearization of

the controlled system (22) in a neighbourhood of its fixed point ry with
parameter vector pg are computed by

x,-=/li, i=1,...,k,

X =0, j=1,...,20

In particular, the eigenvalues of the local linearization M of the controlled
system only depend on the stable eigenvalues of the local linearization J
of the uncontrolled system; that is, they are independent from its non-stable
eigenvalues and the local linearization W of the control itself.

In the following we shall calculate the eigenvectors corresponding to
eigenvalues xq,...,x;. Let

i = [‘(ﬂ eR™, i=1,... k.

Then, from (10) and (15) we have
HTuw; =0, i=1,...,k,

and hence, from (5) and (23) we obtain

. Ju; _[Aw] _ s .
Mo, = {—T_lDHTJui] B [ l0l} =xillp, =1k

Especially, if k > 1, i.e. there exist stable eigenvalues of matrix J, then there
exist k eigenvectors of M which are independent from the choice of W.



140 PETER MAJLENDER, BELA VIZVARI

4. IMlustration

In this section we shall apply the OGY method to control and stabilize
the logistic map. Furthermore, we will demonstrate the adaptability of the
method by choosing a fixed point which is not unstable but part of a cycle.

Let us consider the following one-dimensional dynamic system
(31) Fmet =arm(l —rp), m=12,..,

where a € R, a > 3 is an arbitrary constant.

This is the famous logistic map. We shall control this system through
controlling parameters py, in the following way

(32) rm+1 :arm(l_rm)"'wpma m=1727"'7

where w # 0. Let

a—1

ro=— , po=0.

Then, it can easily be checked that
aro(l = rp) = ro,

that is, rg is a fixed point of the system (31), and (ry, pg) is a fixed point of
the controlled system (32). Let

fr,p)=ar(l —r)+wp,
then, using the notations of Section 2, we have
_ 9f(ro,po) _ _ 9f(ro,po) _ w
ar ap

From our results we know that the eigenvalue of the controlled system (32)
is independent from value w. Furthermore, from a > 3 it follows that J =
=A1=2—a < —1,|A1] > 1, that is, r is an unstable fixed point.

J 2—a, W

It can easily be verified that in this case the OGY-controlled dynamic
system (21) can be formulated as

Fm+1 = arm(1 — ry) + wpp

a—2( a—l)
Pm = 'm — 5
w a

where the computation of the controlling values p,, represents the specific
application of the OGY method in the case of system (32).

(33)
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Calculating the Taylor series of the function f(r,p) about (rg,py) we
obtain

ar(1 —r)y+wp=rg+a(l —2rg)(r —rg) +w(p — pg) —a(r — ro)2

2
-1 -1 -1
=4 +(2—a)(r—a—>+wp—a(r—a ),
a a a

hence, the controlled system (33) can be written as

2
a—1 a—1
(34) I'm+l = —al\rm— p .

a

In the following we shall show that the logistic map under the OGY control,
represented by the 2-dimensional dynamic system (33), has a stable fixed
point at ry. Indeed, rq is a stable fixed point of (33) if and only if there exists
Ny € N such that

|rm+1 - r0| < |rm - r0|: Vm > N,

which, since system (33) can simply be expressed by the recurrence rela-
tion (34), is actually equivalent to

2
a(rm — ’"0) < |rm - r0|: VYm > N()a

that is,
—1 1
rm—a ‘<—, VmZN().
a a
Now let us assume that
a—1 ‘ 1
ry — —
a a
Then, there exists y < 1 such that
a—1 1
ry — ==Y,
a a
hence, using (34), we have that
a—1 1 »m—1
(35) Tm — ‘ - _72 —m—o0 0,
a a

which implies that the fixed point r is stable.

In what follows, we will explore the cycles of system (31) of length 2.
In order to find them, we need to solve the following equation

(36) a(ar(l — r)) (1 —ar(l — r)) =r.
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It can easily be verified that
a(ar(l - r)) (1 —ar(l — r)) —r=

= —r(ar —(a — 1)) (azr2 —a(a+Dr+(a+ 1)),

thus we find that system (31) has a single cycle of length 2, and it consists of
the following points

r(l):a+1+\/(a+1)(a—3) r(2)=a+1—v(a+1)(a—3)
2a ’ 2a

(since a > 3, they indeed define a cycle of (31)). Furthermore, we can easily
check that

a a

—1| 1
P “_‘ <

also holds. Let us assume that for the initial point r; = r(1). Then, without
any control the system (31) will not make the orbit of r; converge to the fixed
point ry but keep it in a cycle such that

1 2
Tom—1 - ), o = ), m=12,....

However, as we have pointed out in (35), adapting the OGY control to this
system, we will have a 2-dimensional dynamic system defined by (33), which
will stabilize the orbit of r; and force it into the unstable fixed point ry.

We recall that in the traditional OGY method there is a fixed positive
constant ¢ > 0, and we apply the control if [0py,| = |pm| < €. If |pm| > &,
then we let the system freely follow a trajectory waiting for the moment it
approaches r( “close enough”, when we switch the OGY control on. On the
other hand, in the pure OGY method we do not consider any value ¢ > 0, but
always hold the control switched on.

In the following we shall show that applying the traditional OGY method
we cannot always stabilize the fixed point. Indeed, let the initial point r; be
an arbitrary point of R for which

i = ro| = max {|r" = rol, [r® — ro[}

(for instance, either r| = r( or r| = r@ is a feasible choice), and let

-2
e=" min {|r™Y — ro|, [r® — rol} > 0.
W
Then, we can see that employing the traditional OGY method we cannot
stabilize the fixed point r(, because

m—1 =711, I"zm:al"l(l—l"l), m=1,2,...,
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hence
a—2 a—2 .
Pm| = |—— (rm - rO) > Wmln“r(]) — 1ol |r(2) —rol} =¢
for any m = 1,2,..., which actually means that we will never switch the
control on.

However, as we obtained in (35), using the pure OGY method we are
always able to force any orbit of (32) into the fixed point ry).

5. Conclusions

In this paper we presented the framework of the OGY method from
mathematical point of view and reintroduced its notions in connection with
dynamic systems of arbitrary finite dimensions. We generally formulated the
exact necessary conditions for the applicability of the method, and provided
a complete analysis of OGY-controlled systems. Especially, to put our re-
sults into practise we demonstrated the capabilities of the OGY method by
controlling the classical logistic map.
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0. Introduction

Let X # () be a set and 7 a topology on X, m a minimal structure on
X in the sense of [3], [4], [5] or [6], i.e. m C exp X (where exp X denotes
the power set of X) and (), X € m. In the paper [4], a set A C X is said
to be mg*-closed iff A C U € m implies cA C U (where cA denotes the
T-closure of A).

According to [1], the concept of a topology on X has a generalization
called generalized topology (briefly GT): this is a subset u of exp X such
that ) € u and every union of elements of u belongs to u. Also the concept
of a minimal structure admits a slight generalization: let us say that m is a
minimality on X iff m C exp X and () € m.

Now the purpose of the present paper is to show that almost all results on
mg*-closed sets contained in [4] remain valid if the concept of mg™*-closed set
is replaced by the more general concept of umg-closed set, where a subset
A of X is said to be umg-closed for a GT y and a minimality m on X
iff AC U € mimplies ¢, A C U; here ¢, A is the u-closure of A, i.e.
the intersection of all u#-closed sets containing A, a set F being u-closed ift
X—-Feu.

AMS Mathematics Subject Classification: 54A05
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1. Preliminaries

Let u be a GT on X and A C X. The elements of u are called u-open,
their complements u-closed. According to [2], the union of all u-open sets
contained in A C X is denoted by iy, A and the intersection of all u-closed
sets containing A by ¢, A. Clearly iy A C A C ¢4 A and, by [2], both i, and
¢y are monotone and idempotent. Moreover, ¢, (X — A) = X — i, A.

2. Minimalities

Similarly, if m is a minimality on X in the above sense, let us say that
a set M € m is m-open and the complement X — M m-closed. For A C X,
let imA denote the union of all m-open sets contained in A and ¢ A the
intersection of all m-closed sets containing A. Observe that () is m-open and
X is m-closed. Clearly inA C A C cnA and both iy, and ¢y, are monotone,
i.e.
2.1 A CB implies inwACinB and cnwA CcmB,
further, for each A C X,
(2.2) cm(X —A) =X —inA.

Moreover, if M is m-open then imyM = M and cpn(X — M)=X — M.

Obviously, a GT is a minimality m such that every union of m-open sets
is m-open.

3. u-m-generalized closed sets

Let 4 be a GT and m a minimality on X. We shall say that a set A C X
is u-m-generalized closed (briefly umg-closed) ifft A C U € m implies
cuA C U. The complement of a umg-closed set is called umg-open.

PROPOSITION 3.1 If A is u-closed then A is umg-closed. |
PROPOSITION 3.2 If A € m is umg-closed then A is u -closed.

PROOF. U = A can be chosen in the definition of a umg-closed set, so
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PROPOSITION 3.3 If A is pymg-closed and A C B C cyA then B is
umg -closed.

PROOF. If B C U € mthen A C UEmsothathAC U and
cuB CcuACU. |

If m is a minimality on X and A C X, let us call m-frontier of A the set
cmANcm(X — A).

PROPOSITION 3.4 If A isumg-closed and A C U € m then the m-frontier
F of U is contained in iy, (X — A).

PROOF. By hypothesis, ¢, A C U. Then F = cyU — U since cq(X —
—U)=X—U. Therefore FC X — U C X —cyA=iy(X — A). ]

The following statements arise by taking the complements of the sets
considered. Let again 4 be a GT and m a minimality on X.

PROPOSITION 3.5 A set A C X is umg-open iff F C iy A whenever
F C A and F is m-closed. Every u-open set is umg-open. If A is uymg -open
and m-closed then A is u-open. If A is umg-open and iy A C B C A then B
is pmg -open.

PRrROOF. 3.1, 3.2, 3.3, 3.4. 1

For the statements in this section, see [4], Proposition 4.1, Proposi-
tion 4.3, Proposition 4.4, Proposition 4.6, Corollary 4.1.

4. Characterizations of umg-closed sets

Let again u be a GT and m a minimality on X.

THEOREM 4.1 A set A C X is uymg-closed iff ¢, AN F = () whenever
ANF =10 and F is m-closed.

PROOF. Put U = X — F. |

THEOREM 4.2 Let m be a GT and u C m. Then A is umg-closed iff
cuA — A does not contain any m-closed set F # ().

PROOF. Let A be umg-closed. If A=( then U =0 € m, A C U implies
cuA=0.If A#0, then X —Fcmand FC ¢y A— Aimply A C X — F,
hence ¢y A C X — F so that F C ¢y A C X — F which is impossible if F # 0.
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Now suppose that A is not umg-closed. Then ¢y A— U # () for a suitable
U € msuch that A C U. Thus X — U is m-closed and, by hypothesis, the
u-closed set ¢, A is m-closed as well. m being a GT, ¢y A — U is m-closed
and ) #cyA— U CcyA— A, I

THEOREM 4.3 Whenu C m and m is a GT then A C X is umg -closed
iff ¢y A — A is uymg -open.

PROOF. Suppose that A is umg-closed. If F C ¢, A — A is m-closed then
by 42 F=0and F C iy(cyA— A). By 3.5 ¢, A — A is umg-open.

Conversely let A C U € m. Then ¢, AN (X — U) C ¢y A — A; suppose
that ¢, A — A is umg-open. By hypothesis, ¢, A N (X — U) is m-closed so
that ¢, AN(X —U) Ciy(cyA—A) by 3.5. As iy (cyA—A) C cu AN iy (X —
—A)=cyANX —cuA) =0, wehave ;, AN(X —U)=0and c,AC U
shows that A is umg-closed. |

THEOREM 4.4 Suppose that m is a GT. Then A C X is umg -closed iff
cm{x} N A#0 whenever x € ¢y A.

PROOF. Let A be umg-closed and x € ¢y A. Assume cy{x} N A = (. By
hypothesis, cy{x} is m-closed and A C X —cm{x} € msothatcy, A C X —
—cm{x} C X — {x}. This is impossible, hence necessarily cm{x} N A #0.

Now suppose that A is not umg-closed. Then, for a suitable U € m,
AC Uandcy,A—U #0. Choose x € cyA— U. Clearly X — U is m-closed
so that cm{x} C X — U and ep{x} N A C em{x} N U = (. Thus there is
x € ¢y A such that e {x} N A =0. |

The following corollary is proved by using complementary sets:

COROLLARY 4.5 Letu C m and m be a GT. Then the following state-
ments are equivalent:

a) AC X isumg-open;

b) A — iy A does not contain any non-empty m-closed set;
¢) A—iyA isumg-open;

d) cm{x} N (X —A)#0 whenx € A—i,A.

PROCF. 4.2, 4.3, 4.4. |

The statements in this section correspond to [4], Theorem 5.1, Theo-
rem 5.2, Theorem 5.3, Theorem 5.4, Corollary 5.1.
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5. Properties of mappings

Consider again a GT ¢ and a minimality m on X, further a GT v and a
minimality n on Y. It is quite natural to say that a functionf : X — Y is

(m, n)-continuous iff f _I(N ) € m whenever N € n. However, this definition
is more restricted than the corresponding one in [4]. Clearly f is (m,n)-

continuous iff f —1(N") is m-closed whenever N’ is n-closed.

On the other side, f is said to be (m,n)-closed iff f(M) is n-closed
whenever M is m-closed. As each GT is a minimality, we have also a
definition for (u,v)-continuous and (u,v)-closed functions. The concept of
(u,v)-continuity can be found also in [1].

LEMMA 5.1 A functionf : X — Y is (m,n)-closed iff, for B C Y and
Ff~Y(B) C U € m, there exists V € n such that B C V andf~Y(V) c U.

PROOF. Suppose that f is (m,n)-closed, B C Y and f_l(B) CcCUem.
Consider V=Y —f(X —U). Then V e€én, BC V andf_l(V) CU.In
fact, y € B — V would imply y = f(x),x € X — U andx € f~1(B) c U
which is impossible, further z € X, f(z) € V impliesz ¢ X — U, z € U.

Conversely, let F C X be m-closed, f(F) = B. Then F C f _I(B),
f~Y = B) € X — F € m. Assume that there exists V € n satisfying
Y-BCVandf"N(V)CX—-F. ThenY -V CB=f(F)CY—-V,ie.
f(F)=Y — V is n-closed. ]

THEOREM 5.2 Iff : X — Y is (u,v)-closed and (m,n)-continuous then
f(A) isvng-closed whenever A is umg -closed.

PROOF. Let A be umg-closed and f(A) C V € n. Then A C f~1(V) €

€ m by hypothesis. Therefore ¢, A C f ~L(V), hence f (cuA) C V. ¢uA
being u-closed and f being (u,v)-closed, f(cy A) is v-closed. Clearly f(A) C
C f(cuA) so that ¢y (f(A)) C f(cu A) C V. Therefore f(A) is vng-closed. 1

THEOREM 5.3 Iff : X — Y is (u,v)-continuous and (m, n)-closed then
f~YB) is umg-closed whenever B C Y isvng-closed.

PROOF. Let B be vng-closed and f ~1(B) ¢ U € m. By 5.1, there is
V € n satisfying B C V and f~!(V) C U. By hypothesis, ¢, B C V. Now
¢y B is v-closed so thatf_l(cVB) is u-closed. Thereforef_l(B) C f_l(ch)
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implies ¢, (f ~'(B)) ¢ f~YewB) C f~Y(V) C U. By this, f71(B) is
umg-closed. |

The statements in this section correspond to [4], Lemma 6.2, Theorem 6.1
and Theorem 6.2.
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1. Introduction

The Schur complement operator of the Stokes problem on a plane domain
Q is
(1) S =divAy ' grad : Ly(Q) — Ly(Q),

where div and grad denote the usual divergence and gradient, Ay denotes the
vector Laplace operator corresponding to homogeneous Dirichlet boundary
values and L,(€2) is the usual Hilbert space of square integrable functions
on Q. Properties of (1) has been given in [10], [11]. Its eigenvalues are
important for stability and error estimates connected with the Stokes problem.
Particularly important is the least positive eigenvalue, which is the so-called
inf-sup constant of the domain. Preliminary work on different properties this
constant and related eigenvalue problems has been done in [3], [4], [6]-[8],
[16] and [30]-[32]. However, explicit values of the inf-sup constant for
special domains are known only in a few cases: for the circle, the annulus [6],
and the ellipse, see [16], and for an infinite strip — assuming periodicity along
the strip [20], and, in the three-dimensional case, for the sphere [30]. Some
lower and upper bounds for inf-sup constants of several domains are derived
in [28], the use of this knowledge for the solution of corresponding discretized
boundary value problems is shown in [29].

The Schur complement operator turns out to be closely related (see [9])
to the Friedrichs operator

2) F=Po€: ALy(Q) — ALy (Q)

Mathematics Subject Classification (2000): 30C35, 30C40, 35Q30, 35P15
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where AL, (L) is that subspace of L,(€2) which consists of square integrable
analytic functions on Q and is called the Bergman space of the domain. 2 is
the orthogonal projection of L,(€2) onto AL,(L2) and € denotes the conjugacy
operator. & is the underlying operator of the Friedrichs inequality, see [14].
It was extensively studied in [23], [24].

In Section 2 we formulate some definitions and preliminary results and
investigate the connection between the Schur complement and the Friedrichs
operator of the domain. In Section 3 the dependence of the operators on the
domain is given in terms of the conformal mapping of the unit disc onto the
domain. In Section 4 we examine some spectral properties of the operators
using their correspondence and derive bounds for the inf-sup constants of
special domains and calculate explicitly a few examples, too. In the last
section we calculate some examples for domains with corners. This case is
practically important and theoretically interesting since such results have been
unknown until now.

2. The Friedrichs operator and the Schur complement

Let Q be a simply connected Jordan domain with rectifiable bound-
ary dQ2. L,(€2) denotes the space of square integrable functions on Q with
respect to the usual planar Lebesque measure d A = dxdy. The inner product
of f,g € [,(Q) is defined by (f,g) := fgfgdA, and the norm of a function

f e Ly is |If]l = (o lfPdAY2 Lyp(Q) C Ly(€) is the subspace of
functions with zero integral on €. Denote by W L2(Q) the Sobolev space of
functions defined on € with generalized derivative in L,(€2) and let WO1 ’Z(Q)

be the subspace of W 1-2(Q) with zero boundary values in the sense of traces

on dQ (see e.g. [1]). The Hardy space of Q will be denoted by H%(Q)
(see [13]). The Bergman space AL,(£2) of complex analytic functions in €2
which belong to 1,(Q) is a Hilbert space with a reproducing kernel K(z,§)
called Bergman kernel of the domain €2, that is we have for all f € AL,(Q)

3 f(Z)=/QK(Z,§)f(§)dA(C)-

The Bergman kernel is analytic in its first variable, conjugate analytic in the
second variable and has the property K(z,{) = K(&,z). The Bergman kernel
of the unit disc D is

1

Kp(z,0) = m,
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and we have the transformation formula

) Kp(z,8) = g'(2)K(g(2),8(£))g’(©)

under the conformal mapping g : D — Q (for further details we refer to [5]).

The (conjugate-linear) Friedrichs operator (5) of the domain €2 can be
expressed as an integral transformation using the Bergman kernel:

5)  F:ALQ) — ALQ), F()z) = /Q K, OF©dAC).

F is the underlying operator of an eigenvalue problem studied in [14] because
(.99)= @.9)= [ fedA forf.g € ALY,

We also have ||%(f)|| < |If||. The square of the Friedrichs operator #2 is a
complex linear, self-adjoint and contractive operator on the Bergman space:
0<F*< 9.

Its square root is referred to as the modulus of #, see [23].

In the present paper — as also in [23] — the boundary of the domain
is assumed to be sufficiently regular in the sense that the space W12(Q) has

traces in L,(9Q). This is certainly fulfilled for domains with piecewise C2
regular boundary. To establish a connection between the Friedrichs and the
Schur complement operators we need:

PROPOSITION 1 (COROLLARY 2.5 IN [24]). Let the boundary of the plane

domain Q be sufficiently regular in the sense that the space W12(Q) has
traces in L,(3€2). The solution to the Dirichlet problem:

Au=0inQ; u@)=Ef(E), fort € 0Q,

isu(z) = G@) + h(z), where G € H*(Q) is the primitive function of ¥(f)
and the function h € H 2(Q) is defined by

heoy =L [ O =GO,
2mi Jaq € -z

g. 1

Using this representation we reestablish the following theorem already
announced in [9] where, however, the smoothness of the boundary has not
been specified. In the following f denotes the identity and 6 the conjugacy
operator.
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THEOREM 2. Let Q be a domain with a boundary as in Proposition 1.
Then we have

(6) 2=F-60F

for the Friedrichs operator & and the Schur complement operator & of the
domain.

PROOF. In the proof we use the notation d; = %(% — iaiy) and 9; =

= %(% + i%), and then for a complex valued function u = uy + iuy the
divergence is given by

. d a
divu = 2, 212 =2Red;u,
ax ay

and for a real valued function p the (complex valued) gradient is expressed
as

dp .dp
dp=—+i— =20:p.
gradp = == ‘ay zD

Assume f € AL,(€) and set up(z) = %z}@, pr(z) =2Ref(z). There follows
Aug = Vpg in Q (see [32]) and

Spr(z) =divug(z) =2Re d,up(z) = Ref(z) = %pR,

but, in general, uy does not fulfil the homogeneous boundary condition. Let
us solve the Dirichlet problem

AH =01in Q, H(z) =7f(z) for z € 0Q.

By Proposition 1 we have H = G + h, where

G'(2) = F(F)z) = /Q K. EFOdAQ).

Now u = ug — %H satisfies Au = Vppg in Q with homogeneous boundary
values. Further we have for the divergence

. . —_ 1
divu(z) =divug(z) —Red; H(z) = EpR(Z) —Re G'(2),
which gives

1
) PR = 5PR() — Re F(f)(2).
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Analogously, with —if instead of f, we obtain for p; = 2Imf

1
®) Iprz) = 5p1(z)+1m9(f)(z).
Combining the equalities (7) and (8) gives for 2f = pr +ipy
29 @) =f (@) — F()),

which proves the theorem. |

REMARK 3. Equations (7) and (8) show that the deviation of the operator
& from %f is due to the boundary of the domain.

REMARK 4. Equation (6) can be rearranged to
) F—-2=6%

Properties (compactness, spectrum, etc.) of the operator  — 2 are investi-
gated in [11], and of # defined by (5) in [23] and [24]. Due to Theorem 2,
several known properties of the Friedrichs operator carry over to the Schur
complement operator and vice versa.

REMARK 5. Using the conformal map of the unit disc onto the domain €2,
the operator & (and then also ) can be represented by an infinite matrix,
see [32], [33]. This facilitates the investigation of the relationship between
the operators and the domain Q via its conformal map. If the conformal
mapping g of the unit disc D onto € is of the form

(10) g@)=> amz™,

m=0

then, computing the quantities

1 '(z
(11) Sn = —/ 789540,
7 Jp  g'()
the matrix representant of # is —2Al g, where
(12) s = (s5,0) 20>
and sy ¢ = —I%ls,ﬁg. This matrix is a Hankel-type matrix of the entries (11)

multiplied by a diagonal matrix, see [33].
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3. Domain dependence of the operators

Letg: D — Qand § : D — Q be conformal mappings of the unit disc

D onto the domains Q and Q and set § =7 o g. Define the entries s; and 5
by (11).

LEMMA 6. Let g and § be the conformal maps of D onto Q and Q,
respectively. Then we have fork =0,1,2,...

sup |sin(arg g’ (z) — argg'(2))|-

13 —
(13) |5k Skl_k w25

PROOF. Introduce the set D, = {z : |z| < p}, and put

L[ ag@ . =1/ 1 8@
sk(P) ﬂ/Dp 0 Sk(p) = — 0’ 70

Compute the difference using §'(z) =7'(g(z)) - g’ (z)

e L [ ag@ (ﬂ’(g(z)) 1>dA
)= ) n/Dp '@ \7'g@) ©

Estimate this by taking the absolute value and using 2% — 1 = 2j¢!% sina:

k+2

4 . ~
51(0) = sk(p)| < P sup |sintarg §'(2) - arg g/ @),
+ ZEDp

since argn’(g(z)) = arg §'(z) —arg g’(z). Now we get (13) by taking the limit
forp — 1. 1

REMARK 7. If we define a norm for the matrix 4L g by

j+€+2 k+2
M slls = SUP m[ slj,e Il?_a(’)‘ Sk | s
then by Lemma 6 we have in this norm
(14) s — M|« < sup | sin(arg g'(z) —argg' @),
Z€

which shows the continuous dependence of the entries of the matrix Al g
(and also of the Friedrichs operator of the domain) on the argument of the
derivative of the conformal mapping. (Using Theorem 2 we have also the
continuous dependence of the Schur complement.) We can further improve
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this result by using another norm for the operator, for example induced by
the L, norm.

To achieve this we start by transforming to polar coordinates in (5). Let
bep =(fog) g € ALyD) for f € ALy(Q). This is a unitary mapping:
Iflle = lpliD-

Now we have instead of (5):

(15) Fp: ALy(D) — ALy(D), gDP(Z)—/ Kp(z, C)ig)p@)dfl(@),

where we also have used the transformation formula (4) for the Bergman

kernel. Similarly to this we can define G p for the domain Q = (D). Subtract
these two definitions:

Fp - 9D)P(Z)—/ Kp(z,8)

g'©) (ﬂ'(g@))

'@ \n'(g@))

Multiply this by the conjugate of an arbitrary ¢ € AL,(D) and integrate
over D, change the integrations with respect to the variables z and ¢ and use
the reproducing property (3) of the Bergman kernel along with Kp(z,&) =

= Kp(,z2):
/ (Fp —Fp)pgdA =
D

—_g'© (n'5©)
_ @)g_( —1) (/ Kp(E,2)q(2)dAC )) dAQ)
/Dp $© \ng@) p D EMeask

— 1) p(©)dAE)

There follows

5 _ [ =8 ©) ( viangy’ )
(Gp-Fow.q) = | POGOES (276 1) aa)

We estimate the right-hand side by the Cauchy-Schwarz inequality and obtain

(Fp—Fpp.a) | <2 sup [sincaren' @) pllp - lallo:
zZ€

Set ¢ = (¥ p — Fp)p, change the coordinates again and simplify:
I(F = Fflla < 2sup)| sinargn)| - [[f | o-

Therefore we have in the operator norm

(16) |F — F|| < 2sup|sin(argn”)|.
Q

In this way, we have obtained the following:
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THEOREM 8. Letn be the conformal map of the domain Q onto Q. For
the Friedrichs operators of these domains there follows (16).

REMARK 9. Equations (14) and (16) have the same structure (but with dif-
ferent operator norm) because of argn’ = arg ' —arg g’. The angle of the unit
tangent vector 7 to the conformal image of the circle G, = {z € D : |z| =p}

at the point g(z) is arg(izg'(z)).

g'@)  izg')
g Pizgl(z)

argg'(z) —argg'(z) = arg =arg? — argt

So there follows

|% — F|| < 2sup|sin(arg? — argT)|.
Q

If, further, the derivative of # is continuous up to the boundary (that is if
9 has a continuous tangent at every point) and 5’ 0 for the mapping in the
closure of Q, then we can restrict the supremum in Theorem 8 to the boundary
of Q and we obtain

(17) |1 - F| < 2151'212)( | sin(argn”)|,

and

(18) 1% — 7| < 2mgx | sin(arg? — arg7)|.
a

So among domains with continuous tangent to the boundary the operator norm
of the Friedrichs operator depends continuously on the shape of the domain.

The use of the conformal mapping reveals also a connection between the
matrix representant 4L g of the Friedrichs operator (and so the operator itself)
and the domain.

LEMMA 10. Let be M > 1 integer. For the quantities (11) we have s, =0
fork > M iffg is a polynomial of order M. In this case Mg € CM*M

rank M and sp;_1 = 2—1‘1’17&0.

is of

PROOF. By (11) the assumption s = 0 for k > M implies

/ z‘M“@dA(z) =0
D 8'(2)
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for €=0,1,2,.... Combining these equalities with arbitrary complex numbers
{BK}ZQ’ >0 |h[|2 < oo, we have

/
/ M8 D yacy =0
D g'(@)

where h(z) = Y520 hez?. Now we set h(z) = z¢g'(z) for € = 0,1,2,.
There follows

/ M+l ()dARZ) = 0.
D

From (10) this is equivalent to aps, »,1 = 0. The coefficients of (10) vanish
for m > M, g is a polynomial of order M. The converse statement follows

from the definition (11). Further let be g(z) = ag+ajz +...+ aMzM. From

(11) follows also sp;_1 = %—1‘147&0. Because of its structure, Al g is therefore

of rank M. 1

REMARK 11. If the conformal mapping function g is a polynomial of
degree M then the image of the unit circle is a lemniscate of degree M, that
is the locus of those points whose distances from M given points (the foci of
the lemniscate) form a constant product.

We can generalize the statement of the previous lemma and characterize
those mappings for which the matrix AL g is infinite but of finite rank.

LEMMA 12. Let g be given by (10). The matrix Mg is of finite rank iff
g is a fractional rational transformation.

PROOF. Suppose first that rank(#lg) = p + 1 for some integer p > 0.
From the structure of L g there follows that the quantities (11) fulfil a certain
recursion in the form

p
19) Sp+l+1 = Z&nsmn
n=0
forall £=0,1,2,..., where {a, }ﬁzo are fixed complex constants. Substitute

the integrals (11) into (19). There follows

—p+€+lg(Z)dA / &dA
/D 2'(@) @)= D “@ g'(2) ©
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forall ¢=0,1,2,...,where a(z) =ag+aiz +... +apzp. We combine these
equalities again like in Lemma 10 and get

/
20) / PR aA) = / a2 aac),
b ) b e

where h(z) = hy + hyz + ... is an arbitrary function. Setting h(z) = 248'(2)
for £=0,1,2,... implies

/ Z—p+f+1g/(z)dA(Z)=/ Z_[Mgl(Z)dA(Z)a
D D

or, equivalently to this,

p
21 Ao+ (42 = ZU_‘nan+€+1-
n=0
This is a recursion similar to (19). Now we multiply (21) by z°*¢*2 and sum

up over £ =0,1,2,.... Using (10) results into

p+l p n
(= e =3 et [g@ oy m] |

n=0 n=0 m=0
Solving this equation for g(z) gives a fractional rational function of the form
o+1 n—1 _
E:n 1[ __§:m=0am0%+l—nﬂn]zn
o+l - :
1 - Zn:l ap+1—l'lzn

The proof of the converse statement is merely the same calculation into the
opposite direction. |

(22) g@)=ap+

REMARK 13. The matrix A g and so the examined operators & and &
are of finite rank for a special class of domains described in Lemma 10 and
Lemma 12. Such domains are called (classical) quadrature domains and there
is extensive research on such domains, see [2], [23] [24] and [27] and the
references given there. A bounded domain in the complex plane is called
a (classical) quadrature domain if there exist finitely many points zy,z2,...

-+»Zm € € and coefficients ¢;; € C so that

m Ngp— 1

(23) [raa=3 % ayr¥o

k=1 j=0
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for all integrable analytic functions f in €. The identity (23) is then called a
quadrature identity and the integer n = Yy, n is the order of the quadrature
identity (assuming ¢y , —1#0). In a generalized concept the ellipse, the

annulus, the infinite strip and the wedge are also quadrature domains, see [26].
The connection of the Friedrichs operator and the domain is also investigated
in [23] and [24].

REMARK 14. A reformulation of (20) implies
/ P —a@)- s ')
g'@)

for an arbitrary h € AL,(D). This reveals in connection with (15) that

(24) (@ —ax) e kerFp
for £=0,1,2,..., that is the kernel of #p has codimension p + 1. This gives
codim(ker #) = codim(ker(¥ — 24))=p + 1

using the unitary correspondence between # and & p and Theorem 2. In case
the mapping g is of the form (22) then there exists a unique function .S, called
Schwarz function, holomorphic in a neighbourhood of the boundary 9 with
S(w)=w for w € dQ, see [27]. Especially we have by setting w = g(z)

1
(Sog)z)=¢g (—)
Z

Substituting = instead of z into (22) implies

2| —

o |- p—k
Zkzo [ap+1—k - Zmzo AmOk+m | 2
P —a(z)
The Schwarz function of the domain transformed into polar coordinates is
again a rational function and its denominator spans the kernel of the in-

vestigated operators in the sense of (24). So we have achieved also a full
description of ker # and ker(¥ —2¥) for quadrature domains of arbitrary order.

(Sog)z)=ap+

THEOREM 15. Let Q be a quadrature domain of orderp + 1, p > 0. Then
the kernel of the associated operators ¥ and & — 2¥ has codimension p + 1
and is spanned by the denominator of the Schwarz function of the domain in
the sense of (24).

LEMMA 16. Let g map the unit disc onto a domain of finite area. Then
at least one of the quantities (11) is not zero fork =0,1,....
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PROOF. Suppose conversely that

_ 1 / 8@
S = —
7 )b ')
for all k =0,1,.... Similarly to the proof of Lemma 10 we have

/ e )ﬁdA( ) =0
D g’ (@)

for an arbitrary function h(z) € AL,(D). Because g(D) has finite area, we

have g’ € AL,(D) and we can substitute h(z) = ng'(z) for an arbitrary
integer € > 0. There follows

/ 7%8'(2)dAz) = 0
D
and this implies az,; = 0. That is g’(z) = 0 which is not possible. |

REMARK 17. If the domain is not of finite area then Lemma 16 is not
true, see for example the mapping of the unit disc onto the halfplane or onto
the exterior of a parabola (see [33]), where all the quantities (11) are zero.
More generally, the matrix 4L g and also the Friedrichs operator and the Schur
complement is zero (so even simpler as in case of a disc) for the so called null
quadrature domains. This class consists of half-planes, exteriors of ellipses,
exteriors of parabolas and some degenerate cases, see [25]. (In general the
Friedrichs operator preserves constant functions on domains with finite area
but for an infinite € the constant functions are not in L,(£2).)

4. Spectral properties of the operators

We use again Theorem 2 to obtain information about the eigenvalues of
the Schur complement and so about the inf-sup constant of the domain, which
is defined by

) (div u, p)2
() := inf su —_
Ao 0=p ELQ00¢ 6(571 2)2 (u,w)1(,p)’

du; dv;

where (u,v)) = fQ u =1 ax ax

dA(x) is the scalar product of the Sobolev

space (WO’ )2 of vector functions, see [15].
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Combining (7) and (8) gives 2¥(f) = f — F(f) and 2¥(f) = f — F(f) for
f analytic in the domain. These equations imply

42 =27 (f —F D) =29¢) - 25 (F()) =f — 25G) + F*(),
and therefore we have
4 — 45> =f = F2 ().
Hence there follows
4F - =5 -,
which implies further
F? = (F - 29)%

This identity establishes also a connection between the eigenvalues of the
Schur complement operator and the modulus of the Friedrichs operator. If v
is an eigenvalue of # (and hence —%v an eigenvalue of Ul g, see Remark 5),

then there follows that |[v| < 1 and that both 1201 are eigenvalues of the

Schur complement operator, see also [33]. The value 1 is an eigenvalue of
Z because the Friedrichs operator of a domain with finite area preserves the
constant functions, i.e.

%m:AKmowmmﬂ.

According to [14], in case the boundary does not have any corners, the
spectrum of & is discrete and the modulus of all other eigenvalues is less
than 1. Similarly the spectrum of ¢ is

o) C {0} U [B3@),1 - BR@)] L {1},

where B(Q) > 0 is the inf-sup constant of the domain.
Especially important is the eigenvalue
vy i=max{lv|:v €a(¥)\ {1}}
of the Friedrichs operator. This is the constant in the Friedrichs inequality

/ w2dA
Q

that is y =v,, and v, determines the inf-sup constant, too:

(25)

<y / |w|2dA forallw € ALZ(Q),/ wdA =0,
Q Q

1 —
(26) Bl =—=.

The lemmas in the previous section and Remark 17 imply the following.
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COROLLARY 18. The Schur complement operator & has the spectrum

{0, %, 1} Iff the domain is a quadrature domain of order less than 2.
REMARK 19. Theorem 15 implies further that ker # is 1 co-dimensional
for domains concerned in Corollary 18.

The question whether the spectrum of the examined operators character-
ize the domain in the general case is answered in [23]. Although this is true
for quadrature domains of order one (i.e. discs) and two but it is not true in
case of order three.

PROPOSITION 20 (PROPOSITION 4.9 IN [23]). There exists a continuous
family of quadrature domains of order three with the same Friedrichs operator
(up to unitary equivalence) and such that no two domains in the family are
related by an affine transformation of C.

“Affine transformation” means here a function w — aw + b for some
a,b eC.

REMARK 21. So the inf-sup constant also does not characterize the do-
main, even not up to affine transformations of the plane.

To estimate the inf-sup constant we can also use the concept of conformal
mapping. We start with an alternative to (25):

(27) / u’dA < Tgq / v2d A for all / udA =0,
Q Q Q
where u and v are conjugate harmonic functions in L,(€2). We have
I'g—1
28 = ,
(28) L P

see [14]. If Q = g(D) and u, v are conjugate harmonic functions in D, then
uo (g_l) and v o (g_l) are conjugate harmonic functions in €. So we have
as in [17]:

(29)

2

o Ipulle'PdA _ suppls' [pu?dA _suppls' _ (supsple’]

Q= 2|0/12dA ~ inf 112 sz_'f N2 =\ inf |/|
Ipvile'l infp |g']* [pv infp |g’| aD g

because Tp = 1 (and so [pu’dA = [;,v2dA if u(0) = [pudA = 0) and
using the maximum principle. However this estimation is useable only if

Q does not have any corners (in the presence of corners sup,p |g’ |2 = o0)
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and if Q does not have any internal cusps (in case of internal cusps on 9€2,
infyp |g'|* = 0)
The inequality (29) can be continued if the domain is further specified.
Let Q = g(D) be a star-shaped domain with respect to the origin, that is
g(0) = 0. Let the boundary 9€2, which is described in polar coordinates (r,¢)
by
r=f(),0< ¢ <2m,

have a continuous tangent. Set ¢ € 9D and

g =f(p©)e?®),

where ¢ = ¢ (0) is the boundary correspondence function: ¢ (0) = arg g(e?).
By differentiation with respect to 6 we obtain

ieig'(e'?) =f(p)e'? ') +if (p)e'? 9! (O),

wheref(<p) = % Now we have for z = e'?

f(</>) /
30 '(z) = 0
(30) 28 '(2) g(Z)( Y )><P( )-

Take the absolute value and substitute this into (29):

L) 2
SUP050<2n< (f(w)) )‘p( ) supzeaD|g(Z)|2

i inf, b 2’
1nf0§9<2n ( (%g;) >(p/(9)2 z€dD g (2)]

which can be simplified to

FQ<

2
I'o< sup (1 + Q2(<p)) SUP0<f <2x ') SUPz €5 D |8(Z)|2’
O<p<2n infocp<2r9'(0)*  infrcyp|8()I?

where the notation Q(p) := ﬁg; is also used. If the domain Q has a continu-

ous tangent, then

192

Supg<p <2z P (0)

G 1<ao= s (1+Qp)) =T
0<p <27 info<p <27 ¢’(0)

and cyq depends only on the shape of Q2. We further have

sup.esp |8 @° _ R?
inf,eoplg@)|>  r?’
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where 0 < r < |g(z)] < R, i.e. 9Q is contained in the annulus whose inner
and outer radii are r and R. Therefore, for such domains we have

RZ
(32) Tq < cs0—-

r
Substituting (28) into (26), we obtain

1
33 2(Q) = ,
(33) Bo(€2) I+Tg

and we also get

1 r2

34 2Q) > > N
r

1+CaQ

REMARK 22. The constant c¢y¢q in (31) could be computed if the deriva-
tive of the boundary correspondence function were known. For example in
case € is the unit disc, we have the conformal mapping g(z) = z and so

¢ (6) = 0. There follows c5p = 1 and the estimation ﬁg(D) > 1 where we
also have used r = R. (In fact ,Bg(D) = % for the disc, see e.g. [33].) For other

domains we can use for example Symm’s equation to obtain an estimate for
the derivative of the boundary correspondence function. This equation is

1
log|w| = o /BQS‘(a)(s))log|w —o(s)|do(s), weaQ,

where w = w(s) is a parametrization of d€2 by the arc length parameter s.
Now the function s(w) is the reciprocal of the derivative of the boundary
correspondence function.

REMARK 23. The estimation (34) is similar to an estimation mentioned
in [12]. However the constant used therein is not given explicitly. The
estimation (34) has the additional advantage that it explicitly relates the used
constant cy to the shape of the domain boundary.

REMARK 24. We also compare (32) to the estimation

2
(35) I'q <T'gp:= sup (IQ(<P)| +y/ 1+ Qz(w))

0<p<2m
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given in [16] for the constant I'g. Assume 0 < m < |<p/(0)| < M for
0 <60 < 27 and simplify (31):

2

M
o< —5 sup_ (1+Q%p)).
m= 0<p<2n

By rearranging this we obtain

2
m
“ea< sw (1+Q%p) < o,
M 0<p<2m
which gives
m2
a2lee s Fap < 4cyq.

5. Domains with corners

As proved in [14] the spectrum of (5) (and then also of (1)) is discrete
iff the domain does not have any corners except internal cusps. In case of
corners there appears a continuous spectrum. The simplest example for such
a domain is a wedge:

a
Wy ::{ze(C:|argz|§§}

This domain has a corner at the origin and hence the derivative of the associ-
ated conformal map has a singularity on the unit circle. A simple calculation
of the quantities (11) shows

Wy _sina (11 N o)
2k a \2k+1 2k+3)’ Zk+1
for k =0,1,..., and further
(Wa) _ sina (WO)
My « —T.MS ,

where the set Wy := {z € C: |Imz| < %} is an infinite strip. Therefore we
have a similar equality for all eigenvalues and there follows

sina
1 —2B3(Wy) =

(1-2830m)

a
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By 0 < ,BO(WO) < = (see e.g. [23]) we obtain

L
2

Moreover in [23] it is proved that the infinite strip and the wedge are quadra-
ture domains in the generalized sense and the concerned operators have only
continuous spectra.

sina

1
) < B W) < 5

We investigate another example which is the conformal map
(36) g(z)=(1-2),

0 < w < 2 of the unit disc onto a ("drop shaped”) finite domain Q@) with
smooth boundary except at g(1) = 0, where it has an inner angle wm for
w#1. If ® =1 then the domain is the translated unit disc. (In case w = 2
the domain is a cardioid and it has an interior cusp at the origin.) Using the
series expansions

[e.e] [e.e]

_ F(k—(,()) k —F(k—1+(,()) k
gQ)‘%%r@ﬂnnk+mz ’@) g:wrmw—DHk+Dz

for (36) we calculate for k =0,1,2,...

() _ sin(a)ﬂ) 1 _ 1
% T Ton \k—w+) *k-—0+2))

Set 9%)) for the transformed Friedrichs operator of the domain with the
associated mapping (36). A simple calculation with the associated infinite
matrices shows

1 w
(953+w)(sz), sz) “Ttro (g%})l% Zp)

forp € (D) and 0 < w < 1, where M; denotes the multiplication by the
variable z. For p(z) = ZI?ZO pkzk € ALy(D) we have
oo (o.@)

2 2 _
oIl and M =
k=0 k=0

2 2
Ipll© = —=|px|”

k+2

There follows |[M.p||*> < ||p||> < 2||M.p|*>. Using this along with the

Cauchy-Schwarz inequality, gives:

1
(757 ap). pp) |
IMpl2

V2w

1+w

FE Pl
e
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According to |[F@)|| < 1 in operator norm we obtain

V20

1+w

<1

37) |FIH))| <

for 0 < w < 1, which implies

V2w

l+w

(38) pR@ ) > 2 (1 -

)

REMARK 25. The inequality (37) holds also for 1 —v/2 < @ < 0 but then
the domain Q) is infinite (with smooth boundary) although its Friedrichs
operator also satisfies the norm estimate ||%©)|| < 1. Therefore the estimation
(38) is also valid for all domains Q**) with 1 — V2 < w <0.

References

[11 R. A. ADAMS: Sobolev Spaces, Pure and Appl. Math. 65, Academic Press, New
York (1975).

(21 D. AHARONOV and H. S. SHAPIRO: Domains in which analytic functions satisfy
quadrature identities, J. Analyse Math. 30 (1976), 39-73.

(31 P. P. ARISTOV and E. V. CHIZHONKOV: On the constant in the LBB condition
for rectangular domains, Report No. 9534, Dept. Math., Univ. of Nijmegen,
Sept. 1995.

[4] 1. O. ARUSHANYAN and E. V. CHIZHONKOV: Numerical investigation of the con-
stant in the inf-sup inequality using boundary integral equations, in: Pack-
ages of Programmes for Applications, V. A. Morozov, O. B. Arushanyan
(eds.), Editing House of Moscow Univ., 1997, 49-59.

(5] S. BERGMAN and M. SCHIFFER: Kernel functions and conformal mapping, Com-
position Math. 8 (1951), 205-249.

[6] E. V. CHIZHONKOV: On the constant in the LBB condition for ring domains,
Report No. 9537, Dept. Math., Univ. of Nijmegen, Sept. 1995.

[71 E. V. CHIZHONKOV: On spectral properties of the pressure operator induced by
the Stokes equation, in: Proceedings of the Conference in memory of the
175th birthday of P. L. Chebyshev, v. 2, Editing House of the Mech.-Math.
Faculty of Moscow Univ., 1996, 363-366.

[8] E. V. CHIZHONKOV and M. A. OLSHANSKII: On the domain geometry depen-
dence of the LBB condition, Math. Modell. Numer. Analysis 34(5) (2000),
935-951.



170

SANDOR ZSUPPAN

[9]

(101

(111

[12]

[13]

[14]

[15]

[16]

(171

[18]

[19]

[201]

[21]

[22]

[23]

[24]

[25]
[26]

M. COSTABEL and M. DAUGE: On the Cosserat spectrum in polygons and poly-
hedra, IRMAR Conference Lausanne, 2000.

M. CroOUZEIX: Etude d’une méthode de linéarisation. Résolution numérique des
équations Stokes stationnaires; in: Cahier de I’INRIA 12, 1974, 139-244.

M. CrROUZEIX: On an operator related to the convergence of Uzawa’s algorithm
for the Stokes equation, in: Computational Science for the 21st Century
(J. Périaux et al., eds.), New York: Wiley, 1997, 242-249.

M. DOBROWOLSKI: On the LBB constant on stretched domains, Mat. Nachr.
254-255 (2003), 64-67.

P. L. DUREN: Theory of HP spaces, Pure and Appl. Math. 38, Academic Press,
New York (1970).

K. FRIEDRICHS: On certain inequalities and characteristic value problems for
analytic functions and for functions of two variables, Trans. AMS 41 (1937),
321-364.

V. GIRAULT and P. A. RAVIART: Finite element methods for Navier—Stokes
equations, Springer, New York (1986).

C. O. HORGAN and L. E. PAYNE: On inequalities of Korn, Friedrichs and
Babuska-Aziz; Achive Rat. Mech. Anal. 82 (1983), 165-179.

S. JAKOBSSON: The harmonic Bergman kernel and the Friedrichs operator, Ark.
Mat. 40 (2002), 89-104.

W.KRATZ and A. PEYERIMHOFF: A numerical algorithm for the Stokes problem
based on an integral equation for the pressure via conformal mappings,
Numerische Mathematik 58 (1990), 255-272.

B. LEE and M. R. TRUMMER: Multigrid conformal mapping via the Szeg6 kernel,
Electronic Transactions on Numerical Analysis, Volume 2 (1994), 22-43.

Y. MADAY, D. MEIRON, A. T. PATERA and E. M. RONQUIST: Analysis of iterative
methods for the steady and unsteady Stokes problem: application to spectral
element discretizations; SIAM J. Sci. Comput. 14 (1993), 310-337.

S. G. MIKHLIN: The spectrum of the operator pencil of elasticity theory, Uspekhi
Mat. Nauk 28(3) (1973), 43-82.

Z.NEHARL: Conformal Mapping, McGraw-Hill Book Company Inc., New York,
1952.

M. PUTINAR and H. S. SHAPIRO: The Friedrichs operator of a planar domain,
Oper. Theory Adv. Appl. 113, Birkhduser Verlag, Basel (2000), 303-330.

M. PUTINAR and H. S. SHAPIRO: The Friedrichs operator of a planar domain II,
Oper. Theory Adv. Appl. 127, Birkhduser Verlag, Basel (2001), 519-551.

M. SAKAL Null quadrature domains, J. Analyse Math 40 (1981), 144-154.

M. SAKAL: Quadrature domains, Lecture Notes in Math. 934, Springer-Verlag,
Berlin (1982).



ON CONNECTIONS BETWEEN THE STOKES-SCHUR AND THE FRIEDRICHS OPERATOR... 171

[271 H. S. SHAPIRO: Unbounded quadrature domains, Lecture Notes in Math. 1275,
Springer-Verlag (1987), 287-331.

[28] G. STOYAN: Towards discrete Velte decompositions and narrow bounds for inf-
sup constants, Computers & Maths. with Appls. 38(7-8) (1999), 243-261.

[29] G. STOYAN: Iterative Stokes solvers in the harmonic Velte subspace, Computing
67 (2000), 13-33.

[30]1 W. VELTE: On optimal constants in some inequalities, in: The Navier—Stokes
Equations, Theory and Numerical Methods (J. G. Heywood et al., eds.),
Lecture Notes in Math. 1431, Springer-Verlag Berlin, 1990, 158-168.

(311 W. VELTE: On inequalities of Friedrichs and Babuska-Aziz, Meccanica 31
(1996), 589-596.

[32]1 S. ZIMMER: Rand-Druckkorrektur fiir die Stokes-Gleichung, Thesis, Techn.
Univ. Miinchen, 1996.

[331 S. ZsuUPPAN: On the spectrum of the Schur complement of the Stokes operator
via conformal mapping, Methods and Applications of Analysis 11(1) (2004),
133-154.

Sandor Zsuppén

Berzsenyi Déniel Evangélikus Gimnazium
H-9400 Sopron

Széchenyi tér 11.

Hungary

zsuppan@emk .nyme . hu






ANNALES UNIV. SCI. BUDAPEST., 48 (2005), 173-180

ON THE LINEAR COMPLEXITY OF BINARY SEQUENCES

By
AGNES ANDICS
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1. Introduction

Let us denote the linear complexity profile of a binary sequence (s;) by
L(sy, N) for every integer N > 2. This function L(s,, N) is defined as the
shortest length L of a linear recursion

Sp+L = CL—1Sn+L—1+ CL—2Sp+L—2+ - +Cosn (0<n < N-L-1)
which is satisfied by this sequence (s, ). The linear complexity profile is an im-
portant cryptographic characteristic of bitsequences. A high linear complexity
profile is a desirable feature of sequences used for cryptographic purposes.

The correlation measure of order k was introduced by Mauduit and
Séarkozy [5] as another measure of pseudorandomness of binary sequences.
This measure can be defined as

M—1
C — ‘ —1 Sn+dy +sn+a'2+"'+sn+a'k
(sn) = max > (=1
n=0
(see [5] for a different but equivalent definition), where the maximum is taken
overall D = (dy,ds,...,d;) (where 0 < d;| < --- < dj are given integers) and
M € N such that M +d;, < N, where N is the length of the sequence (sy,).

Brandstitter and Winterhof [1] gave a lower bound on the linear com-
plexity profile in terms of the correlation measure. They proved the following

THEOREM 1.1. Let (s,) be a T-periodic binary sequence. For 2 < N <
S T~ 15

L(sp,N) > N — max Ck (sn).
1<k<L(sp,N)+1
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Using this inequality they gave (partly) new lower bounds on the linear
complexity profile of certain sequences. For example, they applied this theo-
rem to study the linear complexity profile of the sequences studied in [7, 2, 3].

1. COROLLARY. Let us define the sequence (d,) for1 <n <p by

Lo it <indn <P3E
" 1, jf’%lgindngp—l,orpm,

where ind a denotes the discrete logarithm of a modulo p to the base g

¢™M%=4 modp, 1<inda<p-1,

whenever p is a fixed odd prime, g is a fixed primitive root modulo p, and
gced(a,p) =1.
Then the linear complexity profile of this sequence (dy,) satisfies

log (N/p3)

L{d,,N) = Q(
loglogp

) Q<N<p-1D.

2. COROLLARY. Define the Legendre sequence (l,;) as

o (n\ _
=10 If(E)T 1,
0, otherwise,

where ( 17) is the Legendre symbol of the finite field ¥, forp > 2 prime.

The linear complexity profile of this sequence (l,) satisfies

L(ln,N>=Q< N ) Q<N<p-1).

p2logp

In this paper first we will present a further application of Theorem 1.1.
Next, in Section 3 we will compute the linear complexity of the special se-
quences described above for certain random values of the parameters involved
in order to compare the values of the linear complexity to the theoretical
bounds proved. In Section 4 we will prove a further inequality between the
linear complexity and the correlation of order 2. Finally, in Section 5 we will
present computational evidences which seem to indicate that the inequality in
Section 4 is nearly the best possible.
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2. A further application

In [4] Mauduit and Sarkozy presented the following construction. For
p prime, denote the least non-negative residue of n modulo p by ry(n) (i.e.,
n = r modp, where r € {0,...,p — 1}), and for ged(a,p) = 1 denote the

multiplicative inverse of a by a !

aa~ =1 (modp).
Let the polynomial f(x) € Fj[x] have degree d (where 0 < d < p), and

assume that f(x) has no multiple zero in F,. They defined the sequence
E, =(ey,...,ep) € {—1,+1}P for 1 <n <p by

)+ it p) =1L e < 5,
=) =1, ifeither (F(n),p) = 1, rp(F()~1) > 2, or p | F().

It is easy to see that by the transformation s,, = e”2+ L we can get a 0— 1 binary

sequence.

For this construction they proved the following:

THEOREM 2.1. Assume that one of the following two conditions holds
keN, 2<k<p):
a)k=2,
b) (4d)* < p:
then we have

G 1 k+1
k(Ep) <<dkpZ(logp)*™ .
By using this theorem and Theorem 1.1 we will prove the following:

3. COROLLARY. The linear complexity profile of the sequence (e,) de-
fined above satisfies

log (N/dp%)

L(en, N) =Q (
loglogp

PROOF. Let L = L(ey,N) for every 2 < N < p — 1. Then from
Theorem 1.1 and Theorem 2.1 we get

1 1
N <L+ G =L+ O(dLp2( L+2Y _ o(dLp2(l L+2y
=T ke k(ep) (dLp2(logp)™**) = O(dLp2 (logp)™~)

logp

Toglogp> SinCe otherwise the result is trivial.

We may assume that L <
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|
Thus, N = O(dp2(logp)’*3), from which the result is clear with the
following computation

1
N < cdpf(logp)L+3,
N L+3
T < (logp)™",
cdp?
N
log < i ) < 2Lloglogp,
cdp?
1 1 1
. log (N/cdp2) log (N/dp?) logc log (N/dp?) M. n
= — = — 0 .
loglogp loglogp loglogp loglogp

3. Numerical values of the linear complexity

One might like to see how far the theoretical bounds for the linear com-
plexity proved above are from the actual value of it. It seems to be very
difficult to prove anything in this direction; the best what one can do is to
compute numerical values of the linear complexity and to compare them to
the theoretical bounds.

The following three tables contain the results of linear complexity compu-
tations for large primes for the sequence based on the discrete logarithm, the
Legendre sequence and the sequence defined in the previous section by using
the multiplicative inverse, respectively. The values of the linear complexity
have been computed by the Berlekamp—Massey algorithm. In each of the
cases, p denotes the prime used for generating the sequence, L denotes the
linear complexity of the generated sequence.

TABLE 1. values for the discrete logarithm sequence

p | L | 5
7919 | 3959 || 3959
30773 | 15386 || 15386
101203 | 50601 || 50601
101771 | 50885 || 50885
104659 | 52329 || 52329
500177 250088 || 250088
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TABLE 2. values for the Legendre sequence

p_| L | 18
7919 3959 3959
30773 15386 || 15386
101203 | 50601 | 50601
101771 | 50885 || 50885
104659 | 52329 | 52329
201101 | 100551 || 100550
500177 |250088 | 250088
501077 |250539 | 250538
536999 | 268499 | 268498

1011277 |505639 || 505638
1020101 | 510051 || 510050

TABLE 3. values for the sequence defined in [4] by using multiplicative inverse

p_ |4 L |t
500069 |25 | 125019 || 125017
500069 |26 | 125017 || 125017
500069 |27 || 125018 || 125017
501077 |25 | 125270 || 125269
501077 |26 | 125270 || 125269
501077 |27 || 125271 || 125269
1002773 |31 || 250694 | 250693
1002773 |34 |250694 | 250693
1002773 |37 || 250693 || 250693
1006613 |31 || 251654 || 251653
1006613 |34 | 251654 | 251653
1006613 |37 | 251655 || 251653
2000717 |31 |500180 | 500179
2007557 |31 ||501892 || 501889

In each of these cases the numerical value of the linear complexity is
very close to the half of the length of the sequence (which is the value of the
linear complexity for a truly random sequence). This seems to indicate that
the theoretical bounds are very far from the best possible values.
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4. A new inequality

If we want to use the inequality in Theorem 1.1 to estimate the linear
complexity then we also need upper bounds for the correlation. However,
in most of the applications it is difficult to estimate the correlations of large
order, thus, one might like to show another lower bound for the linear com-
plexity where only correlations of small order, possibly only the correlation
of order 2, are used. Next we will present such an inequality.

THEOREM 4.1. Let L denote the linear complexity of the sequence Sy of
length N. Then the following holds:

2> N — G(Sy).

PROOF. Spy denotes the sequence Sy = s§1,82,...,SN. We use the
theory of linear feedback shift registers (LFSRs). According to the feedback

polynomial of an LFSR C(D) =1 +c1D+c2D2 +---+crDE, the (n+ L+ 1)st
element of the sequence Sy is given by the following recursion

Sp+L+1 = C1Sp4L +C2Spyp—1 + -+ LS4 mod 2,

for every n = 0,1,...,N — L — 1. It is obvious that the maximal period of
the sequence generated by this LESR is 2F (the feedback polynomial has de-

gree L). Consider two arbitrary subsequences of length L of the sequence Sy:
s s Sy+L; S s S (O <u<v< 2L)
u+l>Su+2s -5 Su+Ls Sv+1>Sv425 -5 Sy+L SU<V S .

If these sequences are bit by bit equal then s,; = s;54—y foreverym =u + 1,
u +2,...and the correlation of order 2 of the sequence Sy is

N—(v—u)
G(SN) > Z ememiv—u =N —(V —u)—u=N —v,
m=u+1
where v < 2L, |

This theorem gives strong bound only for L ~ log N. If L is greater
than log NV, there are sequences for which the correlation of order 2 is small.
It is difficult to prove this in general. We showed for some randomly chosen
parameters that there exist sequences Sx for which the linear complexity L
is [2-log N] and Cy(Sy) is small (i.e., C>(Sy) is much closer to /N than
to N). We chose the length N of the sequences such that the running time
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of a computation is around 5 minutes. We used the following recursion to
generate the sequences

Sn+l = C1Sp+1 + C2Sp42 + -+ + LSy Mod 2.

In our case L = [2-log N'|, so we prepared two random sequences of length L
by coin tossing: one for containing the coefficients, C and one for the initial
state (the input to the recursion), I. The next table contains the investigated
sequences and results for N = 10000 in the first 3 rows and for N = 100000
in the last 2 rows.

<, I | &S
(10000010010110000110100011, 00000110110000000101110010) 360
(11100101111000001001000001,00111110100011011100000011) 433
(11111011000100000001001101, 11100100001000011010110000) 385

(11000100000001000010111011111011, 10000101110010000001011101010010) 1248
(10000110100000100001100010000001, 11101100100000000100011011111000) 1290

As the table shows, the correlation of order 2 indicated in the last column
is much closer to VN (100 and 316.23) than to N (10000 and 100000) — the

values are around v N times a small constant —, that allows us to state that the
correlation of order 2 is small when the linear complexity is around 2 -log N.
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