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A GENERALIZATION OF SCHAUDER’S THEOREM AND ITS
APPLICATION TO CAUCHY-KOVALEVSKAYA PROBLEM

OLEG ZUBELEVICH

ABSTRACT. We extend the classical majorant functions method to a PDE
system which right hand side is a mapping of one functional space to another.
This extension is based on some generalization of the Schauder fixed point
theorem.

1. INTRODUCTION

Kovalevskaya proved that the analytic Cauchy problem has an unique analytic
solution in 1842. She used the method of majorant functions developed by Cauchy
and Weierstrass. In this article, we consider the classical method of majorant func-
tions from an abstract viewpoint and extend this method to a PDE system which
right hand side is a mapping of one functional space to another. This mapping can
be non-analytic in the evolution variable. Then this result is used for obtaining esti-
mates for the evolution variable interval on which the solution of the problem exists
and also to obtain majorant estimates for this solution. The estimated obtained
can be used in some problems of perturbation theory [3].

Our version of the majorant functions method is based on some generalization
of Schauder’s fixed point theorem to the case of seminormed spaces. Our results
do not follow from the abstract Cauchy-Kovalevskaya theorems in [2] and [4].

Preliminaries in topology. Following [5] we introduce some definitions.

Let M be a semimetric space with a collection of semimetrics {p, }wen. Recall
that a function p : M x M — R is referred as semimetric if it satisfies all the metric
axioms except the axiom of non-degenerateness; i. e., it is possibly that p(z,y) =0
for some x,y € M such that x # y.

We assume that for any finite set ) C 2 there exists w € €2 such that

Pq('7') Spw('v')’ QGQ-

This assumption allows us to consider M as a topological space. A basis of the
topology in this space is given by the balls

B,(r,y) ={x € M : p,(x,y) <r}.
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Definition 1.1. We say that a set U C M is bounded if for every w € ) there
exists r and y such that U C B, (r,y).

Definition 1.2. We say that a space M satisfies Montel’s axiom if any closed and
bounded subset of M is compact.

In this article, we assume that all spaces satisfy the first axiom of countability:
For any y € M there exists a countable collection of the balls {B.(r;,y)}ren such
that if G is a neighborhood of y then B.(r;,y) C G for some 7. This assump-
tion enables to prove topological assertions in terms of sequences instead of using
neighborhoods.

Definition 1.3. We say that a sequence {z}ren converges to « as k — oo if for
every ¢ > 0 and w €  there exists N such that for all n > N, p,(x,,z) < .

Thus a set K C M is called compact if any sequence {z} € K contains a
subsequence {x}.} such that z; — & € K as k — oo.

In similar way, we introduce a seminormed linear space E with a collection of
seminorms {|| - ||w }wen. Consider the following examples:

Let {(Ew, || - llw) }o<w<1 be a scale of normed spaces over the field R or C:

Eors CEoy |- llo < - llotss >0

We construct a seminormed space E = (., E. with the collection of norms
{Il - lw}o<w<i- (We use the term ’seminormed space’ even if all seminorms are
norms.)

Let U = {z = (21,...,2n) € C" : |2| = maxy, |z;| < r} be a polycircle. Consider
a space H, of a functions f : Uy — C that are analytic in Up. The space H,, is
seminormed with a collection of norms

Hﬂh=ﬁ%U@m 0<r<R.

Theorem 1.1 (Montel’s theorem [5]). The space H,, satisfies Montel’s aziom.

Consider the linear operator D : H,, — H,, defined as

of
Df=—.
f 821
This operator is continuous with respect to definition 1.3. Indeed, let u, —
u, Uug,u € H, as k — oco. According to the Cauchy inequality we get
K
| Dui = Dully < g — ullyy5 — 0,

where K is a positive constant and r + § < R. Nevertheless, it is well known that
this operator is not continuous with respect to any fixed norm || - ||, .

2. MAIN THEOREM

Let (L,{] - ||w}wea) be a seminormed space and w’ € € be such that || - ||+ is a
norm. Then a compact set K C L is convex.
Now, we consider a continuous map f: K — K.

Theorem 2.1 (Generalized Schauder’s theorem). There ezists a point & € K such
that f(2) = .
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Recall the original formulation of Schauder’s theorem. Let (L, | -||) be a Banach
space and K C L be a convex compact set. Then a continuous map f: K — K
has a fixed point z € K.

Note that though this formulation includes completeness of the space, actually
this condition is not necessary. The point is that the proof of this theorem (see [1])
considers the map f only on the compact K but any compact set is complete and
can be embedded to a completion of the space L.

Proof of Theorem 2.1. Let (E, {py,}weq) and (F, {ds }scx) be semimetric spaces.
and there exist w’, ¢’ such that the semimetrics p. and d,/ are metrics.

Consider a compact set (with respect to the semimetric topology) K C (E, {pw }weq)
and amap f: E — F.

Lemma 2.2. If the map f : E — F is continuous on K, with respect to the
semimetric topology, then it is continuous on K as a map of the metric space
(E, por) to the metric space (F,dy).

Proof. Let {z,} C K be a sequence such that p,(x,,a) — 0 as n — oo where
a € K and we put y, = f(z,). So we must prove that dy/(y,,b) — 0 where
b= f(a).

Assume the converse. Then there exists a subsequence {y/,} C {y,} such that
dor(y,,b) > ¢ > 0. A set K = f(K) is compact as an image of a compact set under
a continuous map and {y/,} € K. Thus, there exists a subsequence {y/} C {y/}
such that

do(yp,B) =0, o€X, B#b (2.1)

Let {z!} C {x,} be a sequence such that y/! = f(z!). Consider a subsequence
{z'} C {!'} that converges with respect to the semimetric topology: p.(zl), a) —
0 for all w € Q and let y)/" = f(«]). Note that {y,/'} C {y/'}.

Since f is continuous we have d,(y.)/,b) — 0 for all 0 € ¥. On other hand we
have (2.1). This contradiction proves the Lemma. O

Theorem 2.1 follows, almost directly, from original Schauder’s theorem and
Lemma 2.2. Indeed, by Lemma 2.2 the map f is continuous on K with respect
to the norm || - ||,». By L denote a completion of L with respect to the same norm.

It is easy to check that the compactness of the set K with respect to the semi-
normed topology involves the compactness of K with respect to the norm || - ||.-.
So we obtain the continuous map f : K — K where K is a convex compact set in
the Banach space L.

By the original Schauder’s theorem we get the fixed point £. Then Theorem 2.1
is proved.

3. APPLICATION: MAJORANT METHOD FOR CAUCHY-KOVALEVSKAYA PROBLEM

Now we study an existence of Cauchy-Kovalevskaya problem’s solutions for a
single partial differential equation. Extension of this theory to the case of countable
PDE system contains in [6]. Consider the problem

ug = f(u), u|t:O = ug(z) € Hy. (3.1)

By a subscript we denote a derivative. For example u; is the derivative of the
function u with respect to the variable t.
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Let I be the interval [0,7]. Denote by C(Ir,H,) the seminormed space of
continues maps v : I+ — H, with a collection of seminorms:

lollz = max[lu(z, )|

We imply that the space H,,41 consists of such a type functions: u(z,t) € Hp41.
We consider problem (3.1) in the following two setups. Complex-time setup: f
is a continues map of the set H,,1 to itself. Real-time setup: f is a continues map
of the set C'(Ip,Hy) to itself.
Note that we consider continuity of the map f with respect to the seminormed
topology of the space H,,. For example f can contain derivatives such as

Ozt ... Ozpin

Now we give the following definition. An analytic function

2 : k kn
G(Z) = le,...knzll et Zp
k1,...kn>0

is said to be a majorant function (or majorant) for another analytic function

9(2) = Y Ghk A2
K1, kin >0

if |9k, ..k, < Gy, for all integer ki,...k, > 0. This condition is denoted by
g < G.

If functions g, G € C(Ir, Hy,), then their Taylor coefficients depend on ¢ and the
relation g < G implies that |gg, . &, (t)] < Gk, ,..k, (t) for all t € Ip.

Define a relation <’ for maps as follows:
Real-time setup: A map Q : C(Ir,H,) — C(Ir,Hy) is said to be majorant for
amap q: C(Ip,H,) — C(Ir, Hy) if for all v,V € C(Ir,H,) such that v < V we
have ¢(v) < Q(V).
Complex-time setup: A map @ : Hy, 11 — Hy1 is said to be majorant for a map
q: Hpt1 — Hpqq if for all v,V € H,, 41 such that v < V' we have g(v) < Q(V).

Define the following majorant pair (U(z,t), F(U)) for problem (3.1).
Real-time setup:

UeC(Ir,Hy), F:C(Ir,Hn) — C(r, Hn).
The function F' is majorant for the function f and the following conditions hold:
U(Z, 0) > ’U;()(Z)7

Uz,t) > U(z,O)+/F(U) ds, (3.2)
0

where t € Ir.
Complex-time setup:
Ue Hn+17 F: H’I’L+1 - Hn+17

the function F' is majorant for the function f and conditions (3.2) hold for t € UR.
The function F' is continues on the respective sets. Particularly if the map F' is
majorant for the map f and U(z,t) is a solution of the following problem:

Ut:F(U), U|t:O:UO(Z) > U()(Z)
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then the pair (U(z,t), F(U)) is majorant for problem (3.1).

Theorem 3.1. If problem (5.1) admits a majorant pair (U(z,t), F(U)) then it has
solution u(z,t) such that u € Hyq1 — for the complex-time setup, u € C(Ir, Hy,) —
for the real-time setup and

u(z,t) < U(z,t).
The technique of majorant pairs building was developed by D. Treschev. Non-

trivial applications of this technique to perturbation theory are shown in [3].

Proof of Theorem 3.1. We will prove the theorem just in the real-time setup.

The case of the complex-time can be considered in analogous way. Consider the
following subset of C'(Ir, Hy):

W ={w(z,t) : w <K U,
lw(z,t") —w(z ")l < PO =", r<R, tt"€lr}.
Lemma 3.2. The set W is a convex compact.

Proof. 1t is easy to check that W is a convex closed set. The set W is uniformly
continues: there exist a set of constants {M,} such that for any w € W and for
any t',t" € It we have

lw(z,t") —w(z,t")

| < M, |t' —t"|.

Indeed, we can put M, = ||F(U)||¢.
The set W can be written as

w=[[w@.

telr

where W(t) = {w(z,t) € W} C H,, and by [] we denote the cross product. The
set W (t) is bounded: if w € W(¢) then ||w(z, )|, < ||U||S. By Montel’s theorem it
follows that W (t) is compact in the space H,.

Then the proof will be complete when we apply the following theorem.

Theorem 3.3 ([5]). If a closed set W C C(Ir,H,) is uniformly continuous and
for any t € It the set W (t) is compact in Hy, then W is compact in C(Ir, Hy,).

This complete the proof of Lemma 3.2 O

Let the map P : C(I7,H,) — C(I7,H,) be given by

P(w) = uo(a) + [ fw)ds.
0

Taking into account (3.2) one can check that P(W) C W. Then by Theorem 2.1
and Lemma 3.2 we obtain a fixed point u(z,t) € W for the map P:

P(u) = u.

This fixed point is a solution of the problem (3.1). which proves Theorem 3.1.
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