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Existence and uniqueness of solutions of nonlinear infinite
systems of parabolic differential-functional equations

by STANISEAW BrzycHczy (Krakéw)

Abstract. We consider the Fourier first initial-boundary value problem for an infinite
system of weakly coupled nonlinear differential-functional equations of parabolic type. The
right-hand sides of the system are functionals of unknown functions. The existence and
uniqueness of the solution are proved by the Banach fixed point theorem.

1. Introduction. We consider an infinite system of weakly coupled
nonlinear differential-functional equations of the form

(1) Flt,2) = fi(t,@,2), i€,
where
F —E—A, A .—jkzlajk(t,l‘)m,

x=(r1,...,Tm), (t,x) € (0,T] x G:=D, T < 0o, G CR™, G is an open
bounded domain with boundary G € C?T* N C?7% (0 < a < 1). S is a set
of indices (finite or infinite) and z stands for the mapping
2:8x D> (i,t,x) — 2'(t,z) € R,

composed of the unknown functions z°.

Let B(S) be the Banach space of mappings

v:83i— v eR,
with the finite norm
[0l B(s) := sup{|v’| : i € S}.

The case of finite systems (B(S) = R") was treated in [1]. For S infinite
countable we have B(S) = [*° and we now focus on such infinite systems.
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According to what has just been stated,
lollBesy = l[vlliee-
Denote by Cg(D) the Banach space of mappings
w:D 3 (tx)— (wt,z): S i w(tz) €R) €™,
where the functions w? are continuous in D, with the finite norm
|wllo := sup{|w(t, z)| : (t,z) € D, i € S}.

A mapping z will be called regular in D if the functions z* (i € S) are
continuous in D and have continuous derivatives 9z°/9t,8?2* /0x;0x), in D
for j,k=1,...,m.

For system (1) we consider the Fourier first initial-boundary value prob-
lem:

Find a regular solution (or briefly: solution) z of system (1) in D satis-
fying the initial-boundary value condition

(2) 2(t,x) =g(t,z) for (t,z) € I,

where g = (g1, 42,...).

We define o = (0,7] x G, Do = {(t,x) : t =0, 2 € G}, I' = Dy U 0o,
D = DUT. For any 7 € (0,T] we set D™ = (0,7] x G, o™ = (0,7] x 9G,
I'" =DyUo"™, D" = DT UI". Obviously DT = D.

In [2], to solve the above problem, we used the monotone iterative method
(sometimes also called the method of lower and upper functions). However,
this method requires assuming the monotonicity of the right-hand side func-
tions f* with respect to the function argument (cf. [1]). This is not a typical
assumption in existence and uniqueness theorems. Yet an unquestionable
advantage of the monotone method is the possibility of constructing se-
quences of successive approximations which tend monotonically—one from
above and the other from below—to the desired exact solution. Moreover,
the speed of the convergence is at least exponential.

In the present paper, to prove the existence and uniqueness of solution,
we apply the Banach fixed point theorem. Considering mainly Banach spaces
of bounded continuous functions, we give some natural sufficient conditions
for the existence and uniqueness. We notice that finite systems were studied
by H. Ugowski [5] and H. Leszczynski [4].

2. Notations, definitions and assumptions. The Holder space
CHe(D) := 0+ /2Ha(D) (1 =0,1,2,...;0 < a < 1) is the space of con-
tinuous functions h in D whose derivatives 9"t*h/0t"0z° := Dy DSh(t,z)
(0 < 2r+ s <) all exist and are Holder continuous with exponent o (0 <
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a < 1) in D, with the finite norm
| D D3h(P) — Dy D3h(P')]

hlit+a == sup |D;D;h(P)|+ sup ,
i PeD D @) P,P'eD [d(P, P")]*
0<2r+s<l 2r+s=l
PAP

where d(P, P’) is the parabolic distance of points P = (t,z), P’ = (t',2') €
Rm+1’
d(P,P') = (jt =t'| + |z — 2'|)"/2,
and 2| = (3271, x?)l/z.
In particular we have the following norms

[h(P) — h(P")]

hlg = sup |h(P)], hlo4a = |Rlo+ sup ——F———,

o = sup (P, [tlova = [hlo+ smp o
P#P!

|hl1+a = [hlota + Z ‘ijh|0+0u

j=1
m m

|hl24a = |hlota + Z |ijh|0+a + Z |D32¢.,-xkh’0+a + |Dihfota-
Jj=1 Jik=1

By _C’fg““(ﬁ) we denote the Banach space of mappings w such that w’ €
C*e(D) for all i € S with the finite norm
|w|li4a := sup{|w|i1a : i € S}.

The boundary norm | - ||{,, for a function ¢ € CLH(I) is defined as
l6liva = 10f [@iva,

where the infimum is taken over all extensions @ of ¢ onto D.

Finally, by |- |7, and |-||7, we denote the relevant norms in the spaces
C*e (D7) and C5*(D7), respectively.

We denote by C*~%(D) (k = 1,2) the space all functions h for which the
following norms are finite (see [3], p. 190):

h(P) — h(P’
’hh—o: WO-F sup [ ,) ( )’,7
ppep |t =1+ [z — 2|
P#P!

m
|h|2—0 = W1—0+Z | Dy, h|1—0.
j=1
We assume that the functions
f':DxCg(D) > (t,x,s) — fi(t,z,s) €R, i€S,
are continuous and satisfy the following assumptions:

(Hy)  The functions f* (i € S) are uniformly Hélder continuous (with
exponent «) with respect to t and x in D, i.e., f(-,-,s) € C’g+a(D).
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(L) [ (i € S) satisfy the uniform Lipschitz condition with respect to s,
i.e., for all s,5 € Cg(D) we have

Fi(t.a,s) - fi(t,e.5) < L|s— 3]0 for (t.2) € D,

where L > 0 is a constant.

(V) The f; satisfy the Volterra condition: for all (t,z) € D and s,5 €
Cs(D), if s/(t,z) = 57 (t,z) for 0 <t <t, j €85, then fi(t,z,s) =
fi(t,z,3) (i € S).

(H,)  The coefficients a;'-k = aék(t, x), a;'-k = a};j (Jk=1,...,m, ie S)
in (1) are uniformly Holder continuous (with exponent «) in D, i.e.,

aly = aly(-,-) € COT*(D) and a;, belong to C'~%(0).

This implies the existence of constants K1, Ko > 0 such that

m m
Z |a}k|0+a < Ki, Z |a}k|{_0 < Koy, i€ S.
J,k=1 3k=1

Moreover, we assume that
(Hy) gEC§+a(F)ﬂCé+ﬁ(F),WhereO<oz<ﬁ< 1.

_ We also assume that the operators F* (i € S) are uniformly parabolic in
D (the operators A" are uniformly elliptic in D), i.e., there exists a constant

> 0 such that
> ajit o) >uZ§2
k=

J,k=1 Jj=1

for all € = (&1,...,&m) ER™, (t,x) € D,ic S.

REMARK 1. If the function f* (i € S) satisfies the Lipschitz (L) and the
Volterra (V) conditions then f? satisfies the following condition:

(L*) for all 5,5 € Cs(D) we have
Ifi(t 2, s) — fit,2,3)| < Lljs — 5|2 for (t,z) € D', i€ S,
where L > 0 is a constant,

and vice versa.

The fact that in condition (L*) we have ||s — 5]|2" means that for func-
tions 5,5 € Cg(D) such that s'(t,Z) = 3'(t,¥) for (£,Z) € D!, the func-
tion f as a functional of s takes the same values. Therefore f satisfies the
Volterra condition (V). Moreover, if f satisfies (L*), then (L) holds because

s — 5]|2" < ||s — 3]jo. The reverse implication is obvious.

REMARK 2. We remark that if g € C37*(I") and 0G € C?* then,
without loss of generality, we can consider the homogeneous initial-boundary
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condition
(3) z(t,x) =0 for (t,z) e I.

Accordingly, in what follows we confine ourselves to considering the homo-
geneous problem (1), (3) in D.

3. Existence and uniqueness theorems

THEOREM 1. Under the above assumptions, 7™ € (0,T] be sufficiently
small. Then there exists a unique solution z of the problem (1), (3) in the
domain D7, where 0 < 7 < 7 < T, and z € C2™*(D") N C’;“B(ET),
O<a<p<l.

Before going into the proof we introduce the Nemytskii operator and
prove some lemmas.

Let n € Cs(D). We define the Nemytskii operator F = (F*, F2 ...) by
setting

Fi[n](t’ .T) = fi(t@ﬂ?) = fi(tvx’nl(" ')77’2('7 ')7 . ')v i€ S

LEMMA 1. If the function f = (f*, f2,...) generating the Nemytskii op-
erator F satisfies conditions (Hy) and (L), then

(a) F:C3™*(D) — Ot (D);

(b) F maps every bounded subset of CYt*(D) into a bounded set of
Cs™(D).

Proof. (a) is obvious. If now € Cot*(D) and ||n]jo+a < M then

[F ] (t,2)| < [F*[n)(t, ) — F[0)(t, )| + [F*[0](t, )]
= ’fz(t’xvn) - fl(tvx’ 0)| + |fl(tvx’ 0)|
< Lnllo + (2, 0)] < Liinlloa + (¢, 2, 0)]
and therefore
IE*[]llo < Llnllo+a + Mo,

where My := ||F[0]||o-

From (Hy) we have

F)(t @) — B¢ 2)] = |f (¢ a,m) — £ 2! n)
< H(t ) + o — 2/ ]2)°02,

where H = const > 0 is the Holder coefficient of f* (i € S).

By the definition of the norm in C3"*(D) we obtain

||F[77H|O+a < LM+M0 +H. =
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We consider the linear initial-boundary value problem

}"i[fyi] (t,x) = (5"(t7 z) inD, i€S,
(4) {7(757;5) =g(t,z) on I,

where v = (v1,42,...) and 6§ = (61,62,...).

LEMMA 2. If § € C3™*(D), the assumptions (H,), (Hy) hold and
Filg'l(t,x) = 6'(t,x) on G € C*'* (i € S) then problem (4) has a

unique solution vy, and furthermore, v € C§+°‘(D). Moreover, the follow-
ing Schauder type (2 + «)-estimate holds:

() Yllz4a < c(ldllosa + llgl31a),

where ¢ > 0 is a constant depending only on the constants pu, K1, o and the
geometry of the domain D.

Proof. Observe that (4) has the following property: the ith equation
depends on the ith unknown function only. Therefore, the theorem on the
existence and uniqueness of solution of the Fourier first initial-boundary
value problem for linear parabolic equations ([3], Theorems 6 and 7, p. 65)
and the definition of the norm in C’5™*(D) yield the statement of the lemma
immediately.

Now we consider the linear homogeneous initial-boundary value problem
(6) {Fi['yi](t,a:) =4§i(t,x) inD, i€,

y(t,x) =0 on I
Using the same arguments as previously, from A. Friedman’s theorem on
the a priori estimates of the (1 + (3)-type for solutions of linear parabolic
equations ([3], Theorem 4 and its proof, pp. 191-201) we directly get the
following lemma.

LEMMA 3. Assume that § € C5(D), 0G € C*t**NC?*~° and (H,) holds.
Let 6(t, z) vanish on OG and let v be a solution of problem (6). Then, for
any 0 < B < 1, there exists a constant K > 0, depending only on B, u, K1,
K5 and the geometry of the domain D, such that

(7) Vs < Kll6]o-

Moreover, there exists a constant K > 0 depending on the same parameters
as K such that

(8) VP < KrU=2725)18"
for 0 <7 <T.
Proof of Theorem 1. Define
A={ue (D) 1u(t,r)=0on I, 0<7<T, 0<a<1}.
The set A is closed in C§T*(D7).
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For u € A we define a mapping T setting z = T[u], where z is the
(supposedly unique) solution of the linear initial-boundary value problem
() Fi2(t,x) = F'[u](t,z) in D7, i€ S,

z(t,z) =0 on ['".
For u € A by Lemma 1(a) we have F[u] € Cg"*(D7). From Lemma 2
it follows that problem (9) has a unique solution z and z € CZt*(D").
Moreover, by Lemma 3, z € C;+B(ET) for any 5, 0 < 8 < 1. Therefore T
maps the set A into itself. B

We now prove that T is a contraction in C;L/B (D7) for every 3,0 < a <
0 < 1.

Let u,u € A and z = T[u], Z = T[u]. According to the definition of T
we have
(10) Fizt = Z2Y(t, x) = F'[u](t,x) — F'[u)(t,x) in D7, i€ S,

z(t,x) —Z(t,x) =0 on ['".

Applying Lemma 3 and condition (L) to the solution z — z of problem

(10) we obtain

I = 21Ty s < Kr=72|[F[u] - Fla]llg”

=Kr'02 sup |fi(t @ u) — [t 2, 0)]
(t,x)eD™
i€S

< RrO-MPR L — )" < RLrO=22 |y — 52,
If we now assume that
0:=KLr=P/2 <1,
or
(11) 0<7<7*:=min{(KL)*PD T},
then we get
Iz = 21D 5 < Ollu—al| D s

Hence the mapping T is a contraction in CéJrﬁ (D7), where 0 < 7 < 7* and
7* defined by (11) is sufficiently small. Therefore by the Banach fixed point
theorem the mapping T has a unique fixed point z € A. It is obvious that
z G_C’éJrﬁ(DT) NCEZ *(D7) and z is the unique solution of problem (1), (3)
in D7.

REMARK 3. Applying (7) to the solution z — Z of (10) in D we obtain
the following inequality in the whole set D:

2 = Zllisp < KI[Flu] - Falllo < KLJu—allo < KLlJu— a1+

Hence the mapping T is a contraction in CéJ“’B(E) fKL<1l m
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COROLLARY 1. The solution of problem (1), (3) can be obtained by the
method of successive approzimations.

Proof. Set
20=®, zpy1 =Tz, n=12,...,
where & € C2"%(D) is an extension of g = 0 from I" onto D.
It is easily seen that z, € CZ+*(D™) N C§? (D7) forn =1,2,...

From the Banach theorem the sequence {z,} is convergent in C’;“’B (D7)
to the fixed point z of the mapping T. Therefore

lim 2z (t,z) = 2'(t, z),
n—oo

lim 0z} (t, ) _ 0z'(t, x)7
n—00 81‘j 6xj

j=1,....m, i €5,

uniformly in D7,
By Lemmas 2 and 1(b) the sequence {[|z,||%/,} is bounded. In fact, if
20| o < M (where the constant M > 0 will be specified later), then

I |12 < P[] 1270 < (LM + Mo + H).
If we now choose
M > c¢(Mo+ H)(1—cL)™!
and if cL < 1, we obtain
l2nt1l5ra < M.
Therefore, if we additionally assume that
(12) cL <1

then the sequence {z,} is bounded in C%t* (D).
Hence, in view of the Ascoli-Arzela theorem, there is a subsequence {z,}
such that

9%z, (t,x)  0*2'(t,x)

li =
o Oz ;0xy, dx;j0xy '
.0z, (t,x)  O2(t,x) , .
| no — ’ =1,...
nlli)noo 8t at bl ]7k ) 7m7 ZES’

uniformly in D7. It follows that z = z(t, x) is the desired solution of problem
(1), (3) in D".

We remark that the constant ¢ (from the estimate (5)) depends on the
geometry of the domain D. Therefore, due to assumptions (11) and (12),
the “height” of D, i.e., 7%, has to be an appropriately chosen, sufficiently
small number. m
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