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FOR PARABOLIC DIFFERENTIAL
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Abstract. The theorems on the estimates of solutions for nonlinear second-order partial
differential functional equations of parabolic type with Dirichlet’s condition and for suitable
implicit finite difference functional schemes are proved. The proofs are based on the com-
parison technique. The convergent and stable difference method is considered without the
assumption of the global generalized Perron condition posed on the functional variable but
with the local one only. It is a consequence of our estimates theorems. In particular, these
results cover quasi-linear equations. However, such equations are also treated separately. The
functional dependence is of the Volterra type.
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1. INTRODUCTION

The aim of the paper is to prove theorems on the estimates of solutions for non-
linear second-order partial differential functional equations of parabolic type with
Dirichlet’s condition and for generated by them implicit finite difference functional
schemes. We also give the applications of the results. More precisely, we prove the
theorem on the convergence of a difference method to a classical solution for the
differential functional problem, which by the given estimates, may be treated in the
subspace C (2, R) C C (2, R), where R C R is an interval. It is a new idea in area of
nonlinear implicit difference methods which was studied for explicit methods by K.
Kropielnicka and L. Sapa [14]. This considerably extends the class of problems which
are solvable by the described method. Therefore, the Lipschitz, Perron or generalized
Perron conditions posed on f with respect to z need not be global, in C' (2, R), as in the
papers due to M. Malec, Cz. Maczka, W. Voigt, M. Rosati and L. Sapa [15-19,24,25],
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Z. Kamont, H. Leszczynski and K. Kropielnicka [9-13], but in C (2, R) only. In par-
ticular, equations with the polynomial right-hand side are admitted (see the examples
in Section 8). Our results can be extended to weakly coupled systems. Let us stress
that unlike [14,25], the Courant-Friedrichs-Levy condition on the steps of a mesh is
omitted (see Remark 6.4).

We now formulate the differential functional problem. Let functions f : A — R
and ¢ : FgUJoE — R be given (the relevant sets are defined in Section 2.1). Consider
a nonlinear second-order partial differential functional equation of parabolic type of
the form

Oz (t,x) = f (t,x,2,0,2 (t,2) , Oprz (t, 7)) (1.1)

with the initial condition and the boundary condition of the Dirichlet type

z(t,x) =@ (t,z) on EyUOE, (1.2)
where 0,z = (03, 2,...,04,2), Ozzz = [awjz] ?j:l' The equation may be nonlinear

with respect to second derivatives. Such an equation is called strongly nonlinear. The
functional dependence is of the Volterra type (e.g., delays or Volterra type integrals).

Let a;; : A4 — Rand F : A — R, 4,5 = 1,...,n, be given functions (see
Section 2.1). If we assume that each a;; is non-positive or non-negative in A“, then
our results, in particular, cover a quasi-linear differential functional equation of the

form
n

Oz (t,x) = Y ij (t,2,2) e, 2 (1, 7) + F (t,2, 2,002 (¢, 1)) . (1.3)

ij=1

To omit this condition, another scheme is also studied.

We assume the existence of a classical solution of problems (1.1), (1.2) and (1.3),
(1.2). Theorems on the existence and uniqueness of such solutions for some special
parabolic differential functional equations with different boundary conditions can be
found in [3-5,7,21,29] and the references therein.

The equation

n

Oz (t,2) =Y Ormia(z(t,2)) + Z Dp,b (2 (t, ) + (2 (t,z)), (1.4)

=1

where a,b,¢c : R — R are given functions, is a special case of (1.1) and (1.3). In
applications, the second-order term on the right-hand side of (1.4) corresponds to a
diffusive or dispersive process, the first-order term represents a convective or advective
phenomenon, while the last term corresponds to a reactive process, sorption, source
or sink. The unknown usually represents a nonnegative biological, medical, physical
or chemical variable such as density, saturation or concentration. A lot of equations
of type (1.4) with the polynomial right-hand side is described in [1,6,8,20]. It is for
example the generalized Fisher equation

Bz (t,2) = Opywy 2 (t,2) + B2 (t,2) [1 = (2 (4, z))ﬂ , (1.5)
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n=1,8€R, d >0, and the reaction-diffusion equation

n

0z (t,2) =D Onya, (2 (t,2)™ = B (2 (t,2))°, (1.6)

i=1

m >0, >0, 8 € R (see Examples 8.1, 8.2). Equation (1.5) for 8 = 6 = 1 (the
Fisher equation) is the archetypical deterministic model for the spread of an ad-
vantageous gene in a population of diploid individuals living in a one-dimensional
habitat. Equation (1.6) is a simple and widely used model for various physical, chem-
ical and biological problems involving diffusion with a source or with absorption, as
for instance in modelling filtration in porous media, transport of thermal energy in
a plasma, flow of a chemically reacting fluid from a flat surface, evolution of popula-
tions, etc. Equations of type (1.4) which can be also covered by our theorems are the
Newell-Whitehead equation, the Zeldovich equation, the KPP equation, the Nagumo
equation, the Huxley equation and others considered in [6,20].

The results concerning numerical methods, differential functional and difference
functional inequalities or the uniqueness theory, appearing in the papers of P. Besala,
G. Paszek [2], C.V. Pao [22], R. Redheffer, W. Walter [23,28]|, J. Szarski [26,27] and
numerous others, do not apply to nonlinear equations and quasi-linear equations with
such a general functional dependence as in our paper.

The paper is organized in the following way. In Section 2 notation is introduced
and some definitions are formulated. Section 3 deals with the estimates of solutions
for problems (1.1), (1.2) and (1.3), (1.2). Two next sections are concerned with the
estimates of solutions for some auxiliaries discrete functional equations and for im-
plicit difference functional schemes generated by problem (1.1), (1.2), respectively.
In Section 6 the convergence of the difference method for (1.1), (1.2) is studied. In
Section 7 the modified difference method for (1.3), (1.2) is considered. Finally, in the
last section examples illustrating our results and numerical experiments are presented.

2. NOTATION AND DEFINITIONS

2.1. SETS AND FUNCTION SPACES, PARABOLICITY

Let T >0, X = (X1,...,X,), 70 >0, 7= (r1,...,7), where X; > 0, 7; > 0 for
1=1,...,n, be given. Define

E=[0,T] x (-X,X) C R"*" (2.1)
Eo=[-710,0] x [-X — 7, X + 7] C R**",
QDE =[0,T] x ([-X —7, X + 7]\ (-X, X)) c R"*"™.

Let, moreover,
QO =FEUFEyUOQE, (2.2)

Q= QN ([—70,8] xR"), te[0,T].
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Denote by M, x, the class of all n x n symmetric real matrices. Define the sets
A=FExC(Q,R)xR" x M,xn, (2.3)

A =ExC(Q,R), AF=ExC(Q,R)xR",
A*"=ExC(Q,R) xR" X Mpxn,
A =ExC(Q,R), Af*=ExC(QR)xR",
where R C R is a fixed interval and C'(Q,R) = {z: Q2 - R} N C (O, R).

Equation (1.1) is said to be parabolic in Walter’s sense if for any two matrices
q,q € My «n there is

¢<q= f(t,z,z,p,q) < f(t,z,2,p,q)

for (t,z) € E, z € C (,R), p € R", where the inequality ¢ < ¢ means that the matrix
4 — q is positive defined (see [28, §23]). To adopt this definition to equation (1.3) it
is enough to replace the right-hand side of the above implication by the inequality
> i e aij (8@, 2) (gij — i) < 0.

The mazimum norms in R™ and M,,«, are denoted by || - ||, while in the space of
continuous functions C (A,R), A C Q a compact subset, by || - ||4.

For a fixed t € [0,T],

Izllq, = max { |z (t, )| (t,z) € Q) (2.4)

is a seminorm in C (2, R), where z € C (,R).

2.2. DISCRETIZATION, DIFFERENCE AND INTERPOLATING OPERATORS

We use vectorial inequalities to mean that the same inequalities hold between the cor-
responding components. We write z oy = (x1y1, ..., Zpyn) for & = (21,...,2,), y =
(Y1,---,Yn) € R™ Define a mesh on the set Q in the following way. Let (ho, h') = h,
B = (hi,...,hy), stand for the steps of the mesh. Denote by H the set of all
h such that there exist Ng € Z and N = (Ny,...,N,) € N™ with the proper-
ties: Nohg = 19, N o h/ = X + 7. Obviously, H # () and there are Ky € N and
K= (Kl, c. ,Kn> € 7" such that Kohg < T < (K() + 1) ho, Koh' < X < (K + 1)<>h,l.
For h € H and (u,m) € Z*"™, m = (mq,...,m,), we define nodal points (t(”),x(m)),

z(m = (xgml), . ,z%m"')), in the following way
tW = phy, ™ =moh'
For h € H, we put
Rt = {(t(“),z(m)) : (p,m) € ZH"}. (2.5)

Define the discrete sets
Ey,=ENR,™, (2.6)
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Eon=FEoNR™, 0oE,=0ENR",
Qn = Ep U Egp UOyEn,
Qpp =0 N ([—To,ﬁ(“)} XR”) , u=0,..., K.

Let, moreover,

E,j:{(tW),z(m)) € Ey: 0§M§K0f1}, (2.7)

Ih:{t(“):()gugKo}, I{:{t(“):ogugKofl}. (2.8)
Write x = 1+ 2n? and
A== d): M E{-L01), i=1,....n, N <2}, (2.9)

A" = A\{0},

where |A| = |A1|+ ... + |\l

Note that x is the number of elements of A. Let ¢ : A — {1,...,x} be a function
such that ¢ (X) # ¢ (X) for A # X\. We assume that < is an order in A defined in
the following way: A < X if ¥ N <9 (X) Elements of the space RX we denote by
&= (é(A))AeA' For a function z € F(Qp,R) and a point (t(“),z(m)) € Ejy we put
Zp,my = (Z(H’WJF/\))AeA'

For a mesh function z : Qp D A; — R and a point (t(“),x(m)) € A, we put
2m) = o () (M) 2| lm) = | (™) | We denote the space of all such functions
by F (A, R) and call it the space of mesh functions. In F (A, R), we introduce the
mazimum norm

ENS max{ z(“’m)‘ : (t(“),x(m)) € Ah} , (2.10)
where z € F (Ap,R). The symbol z|4, stands for the restriction of z to Ap. Analo-
gously, F (Ap,R) ={z: Ay, —» R} N F (Ax,R), where R C R is a fixed interval.

For a fixed € {0,1,..., Ko},

Izllg,., = max{‘z(ﬁ’m)‘ : (t(ﬁ),x(m)) € Qh.u} (2.11)

is a seminorm in the space F' (Q,,R), where z € F (5, R).
For a function z : I, D A, — Ry, we put 20" = 2 (t(“)), t) e Ay, where
R4 = [0, +00).
Write
I'={(,7): 1<i,j<n,i#j}

and suppose that T';,I'_ C " are such that ', UT_ =T, ', NT'_ = { (in particular,
it may happen that 'y = @) or I'_ = (}). We assume that (¢,5) € Ty when (j,i) € T1
and (¢,5) € I'_ when (j,7) e I'_.
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Let z € F (Q,R) and (t,z(™) € Ej. Set

52 mm) — hi |:Z(M7m+€i) — Z(u,m)} , (2.12)
52 — hi [z(uﬂn) _ Z(u,m—ei)} ,

where e¢; = (0,...,0,1,0,...,0) with 1 in the ith entry, i = 1,...,n. We apply the
difference quotients &y, 6 = (01,...,0,), 62 = [51']']?]':1 given by

Soz (™) = S

» [ty — wm] (2.13)

1
§;zm) = B [5;"2(“’7”) + 51._2(‘“”)} for i=1,...,n,

8512 ™) — 5;"5;2(“’7”) for 1=1 n

geeey Il

1
6ijz(“’m) =3 [61*5;,2(”’7") + (51-_6;-',2(”’7")} for (i,5) e,

1
5ijz(“’m) =3 [5?(5;,2(“’"‘) + (5;6;2(”’7")} for (4,5) € T'4.

We use these operators to approximate derivatives in equations (1.1) and (1.3).
We say that an operator Gy, : F (Q,R) = C (4, R) is an interpolating operator if
it has the properties:

(1) for all z € C*2 (,R)
lim Z)| — =
pm G (2] = 2[lg =0,

where Z := z|q, is the restriction of z to Qp,
(2) for all 2,z € F (Qpn,R)

1Gn [2] = Gn [Z] <lz—=Zlg,,, #=0,...,Ko.

We apply these operators to approximate the functional term in equations (1.1) and
(1.3). An example of G}, is the well-known linear operator T}, introduced in [10].

3. ESTIMATES OF SOLUTIONS
FOR THE DIFFERENTIAL FUNCTIONAL PROBLEMS

In this section we give a theorem concerning the estimates of solutions for the differ-
ential functional problems (1.1), (1.2) and (1.3), (1.2).
We need the following assumptions on the functions f, ¢.

Assumption HJf, o]

(Hy) There is a function og : [0,7] x Ry — R4 for which the following properties
hold:
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(1) oy is continuous;
(2) the maximal solution @ of the Cauchy problem
w (t) =00 (Lw(t), w(0)= lellg, is defined on [0,77; (3.1)
(3) for each (t,z) € E and z € C ({,R)
£ (02,2,0,0)1 < 00 (2. |z]g,) (32)

Theorem 3.1. Let Assumption H[f, | be satisfied and let (1.1) be parabolic. If u €
C12(Q,R) is a solution of (1.1), (1.2) and

lp(t,x)| <@ (t) on OE, (3.3)
then
lu(t,z)] <@(t) on Q, (3.4)
where W is the mazimal solution of (3.1).

The proof of a more general version of Theorem 3.1 is given in [14]. So called
parabolic solutions of (1.1) are considered there.

Remark 3.2. It follows from the monotonicity of w that if we put w (0) = [|¢[l g, 0,
in (3.1), then (3.3) holds. But, by the ordinary differential inequalities, the estimate
in (3.4) is worse than for w (0) = |¢|| g, -

Remark 3.3. Replacing (3.2) by
|F (t,:C, 2, 0)| < 0o (ta ”Z”Qt) (35)

we immediately obtain a version of Theorem 3.1 for problem (1.3), (1.2).

4. DISCRETE FUNCTIONAL EQUATIONS

We consider an implicit discrete functional equation of the Volterra type with the
initial boundary condition. Next we give two theorems on the existence and uniqueness
and on the estimate of a solution of this problem, respectively. They will be applied in
the existence, uniqueness and estimate proofs of a solution for the implicit difference
functional scheme (5.1) generated by the differential functional problem (1.1), (1.2)
in the next section.

Suppose that a functional Fj, : E;" x F(Q,,R) x RX — R is given. For
(¢, 2 2 &) € Ef x F (Q,R) x RX, we write Fj, [z, €™ = R, (¢, z(m) 2 ).
Given ¢y, € F(Eg.p UdEn,R), we consider the discrete functional equation

Z(N"er) = [, [Z, Z(u-‘rl,m)} (p,m) (41)
with the initial boundary condition

2em) = S on B, U8By (4.2)
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Note that the numbers z(#+1m+2) X\ € A, appear in z(,11,m) so (4.1), (4.2) is an
implicit problem.

We say that the functional F}, satisfies the Volterra condition if (t(“), x(m)) € E;f,
£eRX, 2,7 € F(,R), zla, , =Zlq,.,., then Fj [2,6]“™ = F, [z, )™ Observe
that the Volterra condition states that the value of F}, at (t(“), (™ 2, §) depends on
(t(”), PCOR f) and the restriction of the function z to the set {23, only. However, this
well-known condition does not imply the existence of a solution for (4.1), (4.2) so we
give a suitable theorem.

The following assumptions on Fj, will be needed.

Assumption H[F}]
(Hy) Fy, is of the Volterra type, h € H.
(Hs) There exist partial derivatives (8E<A)Fh))\€/\ on E}J{ x F(Qp,R) x RX, and

Deo) F [z, %™ s bounded for each (tW, 2 2) € B x F (Q,R).
(H3) The conditions

Becn Fy [2,6)™ >0, Ae N, (4.3)
> Oen Fi [z, ™ =0 (4.4)
AEA

are satisfied at each (t(“),x(m), z,f) € E,J[ x F (Qpn,R) x RX.

Theorem 4.1. If Assumption H[F}| is satisfied, then there exists exactly one solution
v € F(Qn,R) of problem (4.1), (4.2).

The proof of Theorem 4.1 is given in [24] and is omitted.
Suppose that v € F (Qp,R) is the solution of (4.1), (4.2). Define m (u) € Z™,
uw=0,..., Ky, as follows

|v| (0 00) = max{|v|(“’m) : (t(”),x(m)) € Qh} : (4.5)

Theorem 4.2. Suppose that Assumption H|F}| is satisfied and

(1) on : I} x Ry — Ry is nondecreasing with respect to the second variable and if
(t(u)vx(ﬁl(uﬂ))) c E;Lr’ then

(1w, (p+1))
’Fh [’07’0(”4—1,771(“—1-1)}] pom ’ < op (t(#), ||UHQh,[.L) ’ (46)

w=0,...,Ko—1, where v € F (Qpn,R) is the solution of (4.1), (4.2),
(2) B: 15, — Ry is nondecreasing and satisfies the recurrent inequality

D > g, (t(“),ﬁ(u))a p=0,...,Ko—1, (4.7)

and ﬂ(o) > ||90hHE0AhU60Eh'

Then
[vllg, , <B%, p=0,..., Ko (4.8)
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Proof. We prove assertion (4.8) by induction on p.
It follows from the initial condition (4.2) that inequality (4.8) is satisfied for u = 0.
Assume (4.8) for a fixed p, 0 < p < Ky — 1, we prove it for p + 1. Let
(t(“), x(’%(““))) € E,J{ The assumptions of the theorem and the induction assumption
lead to the inequalities

)|

U(H-i—l,ﬁz(u-i-l))’ = ‘Fh [v, V(pt1,m(p+1)) (19)

|
<o (tm), H”Hszh,u) <o (tm)’ﬂ(u)) < g,

In the case (t(“), x(m(““))) € 9y E}, the boundary condition (4.2) and the monotonic-
ity of 8 imply

U(#Jrl,ﬁz(l“rl))’ < ”(P’IHEgAhUBOEh < 5(0) < ﬂ(wl)_ (4.10)
Hence, the proof is complete by induction. O
Remark 4.3. Let the assumptions of Theorem 4.2 be satisfied with
on (t,y) = (L+ Lho)y, (t,y) € I x Ry,
where L > 0. Then
Iollg,., < 0+ Lhol lonll gy yomm, <0 T onllg, e (A1)

for y =0,..., Ky. These estimates may be obtained by solving the initial comparison
problem

(u+1) — (1 4+ Lha) B =0,....Kp—1
{ﬂ ( + O)B ) 14 05 s 30 ; (412)

B(O) = HSDhHEO_hUBUEh

(see assumption (2)). Moreover, it follows from the proof of Theorem 4.2 that if
WW‘ < (14 Lho)" [ onlls,, on doBn, (4.13)

then, by putting 3(*) = lonllg, , in (4.12), the norm [lon|l g, , oy, i (4.11) can be
replaced by [l¢n| 5, , and the estimate is better.

Remark 4.4. Tt follows from the proof of Theorem 4.2 that if we assume (4.6) for
any (tW,2(™) € B} and z € F (4, R) (see Theorem 4.1 in [14]), then Theorem 4.2
will be also true. But such a version will not be useful in the proof of Theorem 5.3.

5. ESTIMATES OF SOLUTIONS
FOR IMPLICIT DIFFERENCE FUNCTIONAL SCHEMES

We define an implicit finite difference functional scheme which will be applied to
approximate a classical solution of the differential functional problem (1.1), (1.2). It
is the system of algebraic equations

{502(%"1) = £ (t®, 20 Gy, [2], 520 1m) | §(2) Gt 1m))

5.1
2m) — (pg"’m) on FEypUO0En, i
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where ¢y, € F (Eg.p U0En, R) is a given function, G, is a given interpolating operator
and z € F (Q,R).

We say that f satisfies the Volterra condition if (¢,2) € E and 2,z € C (Q,R),
zla, = Zla,, then f(t,x,2,p,q) = f(t,x,Z,p,q) for p € R™, ¢ € M, «,. Note that
the Volterra condition states that the value of f at (¢, z, 2, p, q) depends on (¢, z,p, q)
and the restriction of the function z to the set €; only. However, this well-known
condition does not imply the existence of a solution for (5.1) and further assumptions
are needed. We give a theorem on the existence, uniqueness and on the estimate of a
solution for (5.1).

We need the following assumptions on the functions f, ¢y, the interpolating op-
erator GGy, and the steps h of the mesh €),.

Assumption F[f, ¢n, Gp]

(F1) f of variables (t,z,z,p,q) € A is of the Volterra type.

(F2) There exist partial derivatives 9, f = (Op, f,...,0p, f), Ogf = [0q,, f] ijl on A,
and Oy, f, 04, f, 1,5 = 1,...,n are bounded on A.

(F5) The matrix 9, f is symmetric and

g, f(P)>0 and 0, f(P)#0 for (i,j)eTy,

By, [ (P) <0 for (i,j) eT—

at each P € A.

(Fy) There is a function o : [0, 7] x Ry — R for which the following properties hold:
(1) o is nondecreasing with respect to both variables;
(2) the maximal solution @ (-; h) of the Cauchy problem

w () =otw(t), w©)=lenlg,,voe, (5-2)
is defined on [0, T7;
(3) for each (t,z) € F and z € C' (Q,R)

|f (t,2,2,0,0) < o (t, ]12]lg,) - (5.3)

(F5) For each z,Z € F(Q,R) if Z|Q’L# = E|Qh+L7 then Gy, [#] |Qtw) = Gy [7] |Qt(m,
w=0,..., Ko, and for each z € F (Q},,R)

Gl ,, < 2l for u=0.....Ko. (5.4)

Remark 5.1. It is required in assumption (F3) that for each (7,7) € I' the function
gij (P) = sign 0, f (P), P € A, is constant on A. This assumption can be also
considered as a definition of the sets I'y. and I'_. Moreover, simple calculations show
that assumption (F5) is true for Gj, = Tp,.

Assumption S[f,h]

(S1) The steps h = (ho, h/) € H are such that
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hi
_3|6p¢f( |+aq“f Z ‘aquf 0

J#l
ateach Pe Aji=1,...,n
(S2) There is ¢g > 0 such that hm;l <cgfori,j=1,...,n

We begin with a useful lemma.

For £ e RX, £ = (5(/\))%1\, we put

1 1
+¢(0) — = |gles) _ ¢(0) —¢(0) — = [ £(0) _ e(—ei)
5760 = o [0 —€®] a7 = o [e0 — ]
i =1,...,n. The expressions

5,5(0):(51,5(0),,__,5”5(0))’ §Pe© — [5 €<o>}

1,5=1

are defined in the following way
1
560 = 5 |:5;|'§(0) + 5;5(0)} for i=1,...,n,

660 = 656760 for i=1,...,n,

1
5,6 = 3 [5;5;50) + 5;5j+§<0>} for (i,5) €T,
1
5,60 = 3 [5;5]*5(0) + 5;5;,5((”} for (i,§) € I'y.
Consider the functional Fj, : E}J{ x F (Qp,R) x RX — R defined by
Fi 2, = 200 4 hof (109,20, Gy 2] 66, 676

Note that

(5.6)

(5.8)

By [z, 20up,m] ") = 20 4o f (809,207, Gy [2], 620 1m) 620k 1))

Lemma 5.2. Let Assumptions F[f, on, G| and S[f, h] hold. Then the functional F

defined by (5.8) satisfies Assumption H[Fp].

The proof of the above lemma is analogous to that of Lemma 4.6 in [12] and is

therefore omitted.
Theorem 5.3. If Assumptions F[f,on, Gpl, S[f, ] hold, then:

(i) there exists the unique solution v € F (Qy,,R) of (5.1),
(i) the following estimate

ol , <@ (1995h) @(T:h) for 0< < Ko

is true, where @ (-; h) is the mazimal solution of (5.2).

(5.9)
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Proof. Let Fy, : E;f x F (,,R) x RX — R be defined by (5.8).

The existence of the unique solution v € F (Qj,R) of (5.1) follows from Theorem
4.1 and Lemma 5.2.

To prove (ii) we apply Theorem 4.2 and Lemma 5.2. Obviously, v satisfies problem
(4.1), (4.2). Suppose that (¢, z(mr+D)) € B for some = 0,..., Ko—1 (see (4.5)).
We prove that

(1,m(p+1))
1B [0, 0 nmgee | 7 < ol + oo (89,10l ) - (5:10)

Note that

ptLm(ut1) — o (nmut1))
Y hof (t(m,x(ﬁ(wl))’ G, [v], Soltlmiut1), 5(2)U(u+1ﬁl(u+1))) _ (5.11)

—hof (199,200, Gy [1],0,0) + hof (#0920, Gy [0],0,0) -
It follows from Assumption F[f, ¢, Gi] and the mean value theorem that
P LAEAD) (a4 D) | o f (t(m,x(ﬁ(wl))’ G [v],0, 0) +

h f (Pl pt1)) ) 5 (ptLm(pt1))
+ Oi_zlaplf( ) Y + (5.12)

+ ho Z Ogis [ (p(u,ﬁm(uﬂ))) 51-]-0(““”77(#“)),

ij=1

where P(wm(#+1)) g an intermediate point. Write
_ "1 _
SO (PUm)) = gy 72 Oauif (P
i=1

1
+ ho Z Iy
(i,5)€T

Oy, f (p(u,m(uﬂ))) + %8Qiif (P(u,ﬁ(u+1))) _

Oy, f (P(Mﬁ%(u-i-l)))‘ ’

ho
2N,

1
— hyo Z T
i#i
s (Pl = _%apif (Pl 4 %aq“.f (Plrmoe) -

— ho Z %hj ‘aqijf (p(u,ﬁz(uﬂ))) ’ 7
j=1

J#

St ( P(Haﬁl(lﬁ‘l))) -

0y, (pm,m(uﬂ))) ’ :



Estimates of solutions for parabolic differential and difference functional equations... 541

where i = 1,...,n. Note that assumptions (F3) and (S1) imply
5 (p(uﬁz(w))) <0, s% (pm,m(uﬂ))) >0, ¥ (pwﬁz(uﬂ))) >0,

t1=1,...,n and

n

5O (pm,v%(w))) n i St (p<w%<u+1>>) +3 5% (p(uﬁl(u-‘rl))) +
i=1 i=1

1 ~ 1 ~
o 2 gt (P e B gt (P10 0

After grouping the expressions in (5.12) appropriately, in view of assumptions (F3)
(Fy), (Fs), (S1), the definitions of the difference operators and the relations above,
we get

U(er,ﬁz(l“rl))’ [1 _ 5 (p(u,m(uﬂ))” < llollg, . +hoo (t(u)7 HUHQM) 4
+ Z S_(:) (p(uﬁl(wrl)))
=1

+ zn: 5@ (p(uﬁ(uﬂ))) ’v(u-irlﬁw(uﬂ)—ei)
i=1

LD +ed) | |

(5.13)

+

1 ~
L (uym(wl)))
tho Y O (P x
(4,)€r+

% [‘U(H+1yﬁ(#+l)+ei+€j)

—ho Z ﬁa‘hﬁf (p(w%(uﬂ))) ~
(j)er- =

+ ‘U(erﬁl(er)*erej)

}_

% Hv(uﬁ-lﬁl(u-i-l)-i-ei—ej)

n ’U(u+1ﬁl(u+1)—ei+€j)

|-

‘U(erﬁ%(wl))‘ <|vlg,., +hoo (t(“), Hvllgw) (5.14)

By (5.13),

and hence (5.10) is true.
Denote by 7 : I, = R4 the solution of the initial comparison difference problem

(5.15)
77(0) —

{n(#Jrl) - 77(#) + hoo (t(#),n(#)) , w=0,...,Ky—1,
= H‘Ph”EMuath-

It follows from Theorem 4.2 that

lollg, , <n™, w=0,...,Ko. (5.16)
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It can be easily prove by induction that
™ <@ (t(“); h) <&(T;h) for p=0,..., Ko (5.17)

The proof is complete. |

6. DIFFERENCE METHOD

We give a theorem about the convergence of a sequence of solutions for the implicit
finite difference functional schemes (5.1) to a solution for the differential functional
problem (1.1), (1.2).

Let U := u|q, € F (25, R) be the restriction of a solution u € C12 (Q, R) for (1.1),
(1.2) to the mesh Qj and let v € F (Qp, R) be a solution for (5.1), where R C R is an
interval independent of h € H. We say that the difference method (5.1) is uniformly
convergent if

lim ||U —v||g,, =0.
h—0 h

An important question is how to assign the interval R. The answer to this question
is the following lemma.

Lemma 6.1. If Assumptions H[f, |, F[f, on, Grl, S[f, k] and condition (3.3) (see
Remark 3.2) are fulfilled and there is a constant A > 0 such that

lenllEonvone, <A, heH (6.1)

and the mazimal solution @ of the Cauchy problem
W (t)=0tw(t), w0)=A (6.2)
is defined on [0,T], then
R = [~ (T),w" (T)], (6.3)

where w* (T) = max{w (T),w (T)} (see H[f, ], (F1)).

Proof. Tt follows from (5.2), (6.1), (6.2) and the ordinary differential inequalities that
@(T;h) <w(T), h € H. Hence, Theorems 3.1 and 5.3 give (6.3). O

Assumption F*[f,u, Gy

(Fy) There are functions oy : [0,7] x Ry — R4, p1 : R2 — Ry such that:
(1) o1 is continuous and nondecreasing with respect to both variables; moreover,
o1 (t,0) =0 for t € [0,T7;
(2) p1 is nondecreasing with respect to both variables;
(3) for each ¢ > 0 and &,&¢ > 0, the maximal solution of the Cauchy problem

’

w (t)=cor(t,w(t) +e, w(0)=c¢p (6.4)
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is defined on [0,7] and the function @ (¢t) = 0 for ¢ € [0, 7] is the maximal
solution of (6.4) for each ¢ > 0 and &,e9 = 0;
(4) the generalized Perron type estimate

[ (t 2 2,p,0) = f (&2, 20,0 < pr(plls llgl) o (¢ 112 = Zllg,)  (6.5)
holds on A*.
(F3) uwe CH2(Q,R) is a solution of (1.1), (1.2).
(Fy) Ghlz] € C(Q, R) for each z € F (Qp, R).
Remark 6.2. The generalized Perron condition (6.5) is assumed to be satisfied on

A* not on A, so it is the local one. Moreover, it follows from simple calculations that
(F5) holds for Gy, = T,

Theorem 6.3. Let the assumptions of Lemma 6.1 and Assumption F*[f,u, G},] hold.
Moreover, suppose that there is a function vy : H — R4 such that

g — ™| <0 (h) on EopUdEn and limyo (h) =0.  (6.6)
—

Under these assumptions there is a function o : H — Ry such that

U — U||QW <a(h) for 0<u< Ky and %iil%a (h) = 0. (6.7)

Proof. 1t follows from Lemma 6.1 that u € C12 (Q, R) and v € F (Qp, R), where R
is given by (6.3). The proof of Theorem 6.3 for R = R is given in [24] (see also [12]).
For our R we have to replace F (4, R) by F (24, R) only in that proof. O

Remark 6.4. Observe that we do not assume in Theorem 6.3 the Courant-Friedrichs-
-Levy condition

1
1—2hoZ 6qu J+ho Y 710, f (P)] 20, (6.8)

(@g)er
P € A, which is typical in explicit methods (see [14,25]).
Remark 6.5. Suppose that the assumptions of Theorem 6.3 hold, f is Lipschitz con-

tinuous with respect to z, p, ¢ and G}, = Tj. It follows from the properties of the differ-
ence quotients and T}, that if u € C?3 (Q,R) and ag = O (||k||), then U —v = O (||])).

But if u € C>* (Q,R) and ag = O (ho + ||h’||2), then U — v = O (ho + |\h’|\2).

Remark 6.6. Suppose that the assumptions of Theorem 6.3 are satisfied and, more-
over, there is a constant ¢ > 0 such that

Héw(“’m)H, H(S(Q)w(“’m)H <¢ on F) (6.9)

for all solutions w € F (Qp, R) of perturbed finite difference functional schemes of
(5.1). It follows from an analysis of the proof of this theorem that the presented
difference method is stable. It is enough to replace U by w. If p; = const, then
condition (6.9) can be omitted.
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Remark 6.7. All the results can be extended to weakly coupled differential functional
systems. One part of each system may be strongly nonlinear and the other quasi-linear.
This is a new result even in the case of systems without functional terms. For simplicity
we consider one equation only.

7. QUASI-LINEAR EQUATION

We are interested in the numerical approximation of a classical solution of problem
(1.3), (1.2).
Now, we put

n

f(tazazapv Q> = Z Qi (t,l‘,Z) qij +F(t,1',2,p) (7]‘)

ij=1

for (¢t,z,z,p,q) € A, and consider the implicit difference functional scheme (5.1) with
this f for problems (1.3), (1.2). Assuming

|F (t,z,2,p) = F (t,2,Z,p)| < p2 (lp) o1 (¢, 12 = Zllg, ) » (7.2)

|aij (t,:C,Z) — Qij (t,$,2)| <o (tv HZ 72”{%) ) (73)

i, =1,...,n, respectively on AF* and A4*, we may put p1 (y1,v2) = n2y2 + p2 (y1)
for y1,y2 € Ry in (FY).
If we apply Theorems 5.3, 6.3 then we need, in particular, the following assumption
on the matrix A = [a;;];;_: for each (i,j) € I', the function
Qi (t,x, 2) = sign aj; (t,x,2) for (t,z,z) € A

is constant (see (F3)). In [24] it is shown, for R = R, that the condition that the
coefficients a;; are of the same sign in A# can be omitted if we modify the difference
operator §(2). More precisely, we consider the scheme (5.1) with g, 8, 65,7 =1,...,n,
given in Section 2, and we define §;5, ¢,5 =1,...,n,4 # j, by

1
620 = 2 (67 a7 201 g 2] g (409,200, G [2]) < 0,
(7.4)
m 1 m - S m 3 m
5y ) — 5 [5j5jz(u+1, )4 6757 2t )} if ay; (tw),x( en [Z]) >0,
where z € F (Q,R), (t(“), z(m)) € Ej. Observe that the finite difference functional

scheme (5.1) with f given by (7.1) and &;; by (7.4) depends on the sign of a;; at
(t), z(m) Gy, [2]) and this sign need not be the same in A4,

Remark 7.1. It follows from the proofs that Theorems 5.3 and 6.3 are true for the
modified difference method above.
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8. EXAMPLES

To illustrate the class of problems which can be covered by our estimates theorems
and numerical methods, we consider three examples.

Put n = 1. Let £ = [0,1] x (—1,1), By = {0} x [-1,1], OoE = [0,1] x
([_17 1] \ (_17 1))

Example 8.1. Consider the Fisher equation
Oz (t, 1) = Ogaz (t, ) + 2 (t,2) [1 — 2 (¢, )] (8.1)

with the initial-boundary condition
Lo
z(t,x) = 515 on EyUQyE. (8.2)

The constant functions ug (¢,2) = 0 and vg (¢, ) = 1 are, respectively, a lower and
an upper solution of problem (8.1), (8.2). It follows from Theorem 4.1 in [5] (see also
Theorem 2.1 in [4]) that this problem has the unique solution v € C1? (Q,R) and
u(t,z) € [0,1] for (t,z) € Q. Note that we can put for instance og (t,7) = r(r + 1),
t € [0,1], » € Ry, in Theorem 3.1 (see also Remark 3.2) and obtain |u(¢,z)| <
et3—e) ' <e(B—¢e)" for (t,2) € Q. Putting ¢n = ¢|a,, Gn =T and ¢ = 0 in

-1
Theorem 5.3 we have ’v(”’m)’ < et (3 - et(“)) <e(3- e)_1 for (t(“),x(m)) €y,
where v is the solution of the implicit difference scheme (5.1) for (8.1), (8.2). Hence,
we can put R = {fe B3—e)',e(B— e)fl} in Assumption F*[f, u, Gp]. Note that this
assumption is not fulfilled for R = R, because f (¢t,z,z,p,q) = q11+2 (t,2) [1 — z (¢, 2)]
does not fulfill the generalized Perron condition on C (2, R). Put hg = hy = 1071
Note that the Courant-Friedrichs-Levy condition (6.8) for such steps is not satisfied.
For each t(") we use the method of an inverse matrix to solve the implicit difference

scheme. Let Upin, Umaz be the smallest and largest values, respectively, of v at time ¢(*)
(Tab. 1).

Table 1. Values of vmin, Umaax

t(ﬂ)

VUmin VUmaz
0.1 42810712 5.00-107°
0.2 2.44-1073 2.00-1072
0.3 7.61-1072 4.50 - 1072
0.4 1.75-1072 8.00- 1072
0.5 3.37-1072 1.25-107¢
0.6 5.76 - 1072 1.80-107¢
0.7 9.01-1072 2.45-1071
0.8 1.32-107¢ 3.20-107!
0.9 1.84-1071 4.05-1071
1.0 2.46 -107! 5.00-1071
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Put n = 2. Let E = [0,1] x (=1,1)%, By = {0} x [-1,1]>, &E = [0,1] x
(1P (-117%).
Example 8.2. Consider the porous media equation with absorption
atZ (ta Z, y) = azzz (ta T, y) + ayyz (t’ €T, y) - [Z (t’ €T, y)]2 (83)

with the initial-boundary condition

z(t,z,y) = %tQ on EyUQyE. (8.4)

The constant functions wg (t,z,y) = 0 and vy (¢, z,y) = % are, respectively,

a lower and an upper solution of problem (8.3), (8.4). It follows from Theorem
4.1 in [5] (see also Theorem 2.1 in [4]) that this problem has the unique solution
u € CY(Q,R) and u(t,x,y) € [0,1] for (t,x,y) € Q. Note that we can put for
instance og (t,r) = r?, ¢t € [0,1], r € R4, in Theorem 3.1 (see also Remark 3.2) and
obtain |u (t,z,y)| < (2—¢)"" <1 for (¢, z,y) € Q. Putting @5 = ¢|a,, G» = T) and
o = og in Theorem 5.3 we have |v(“*m)| < (2 ft(“))_l < 1 for (t(“),z(m)) € Qp,
where v is the solution of the implicit difference scheme (5.1) for (8.3), (8.4). Hence,
we can put R = [—1,1] in Assumption F*[f, u, Gp]. Note that this assumption is not
fulfilled for R = R, because f (t,2,y,2,p,q) = q11 + g2z — |2 (t,z,y)]* does not fulfill
the generalized Perron condition on C (€, R). Put hg = hy = ha = 10~!. Note that
the Courant-Friedrichs-Levy condition (6.8) for such steps is not satisfied. For each
(") we use the method of an inverse matrix to solve the implicit difference scheme. Let
Vmmin, Umaz be the smallest and largest values, respectively, of v at time t(*) (Tab. 2).

Table 2. Values of vmin, Umaz

t('u) Umin Umazx

0.1 7.27-1071 5.00-10~3
0.2 3.93.1072 2.00 - 10~2
0.3 1.15-10—2 4.50- 102
0.4 2.53-102 8.00 - 10~2
0.5 4.63-10~2 1.25-101
0.6 7.52-1072 1.80-10~1t
0.7 1.12-10~1 2.45-10"1
0.8 1.58 - 1071 3.20-10"1
0.9 2.12-101 4.05-10"1
1.0 2.74-10"1 5.00- 101

Example 8.3. Consider the strongly nonlinear with a quasi-linear term differential
integral equation with deviated variables

Oz (t,x,y) = arctan [0r02 (t, 2, Y) + Ouyz (t, T, y) + Oyyz (¢, z,y)] +
+ 24 cosz (t,2,Y)] [Opzz (t, 2, y) + Opyz (, 2, y) +
+ Oyyz (t, )] + [sinz (¢, x,y)] Op2 (¢, 2, y) + (8.5)
t 11
+ % / //z (s, a,b) dbdads + [z (0.5t,0,0)]> + g (£, z,y)

0 —-1-1
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with the initial-boundary condition
z(t,z,y) =0.01sintcos(z +y) on FEoUOdE, (8.6)
where
g (t,x,y) = arctan [0.03 sint cos (x + y)] +
+ 0.01 [cost + 6sint + 3sint cos (0.01 sint cos (x+y))] cos (x+y) +
4 0.01 sint sin (0.01 sint cos (z+y)) sin (z+y) + 0.005sin* 1 (cost — 1) —
— 0.0001 sin” 0.5¢.

The function u(t,z,y) = 0.01sintcos(x + y) is an analytic solution of prob-
lem (8.5), (8.6). Obviously, |u(t,z,y)] < 0.01 for (t,z,y) € Q. Note that we

can put for instance o (t,r) = 3(T+%)2, t € [0,1], r € Ry, in Theorem 3.1

(sce also Remark 3.2) and obtain |u(t,z,y)] < % (55 +3t) (58 —31&)_1 < 4
for (t,z,y) € Q. Putting ¢, = ¢la,, Gn = Tn and 0 = 09 in Theorem
5.3 we have ‘v(“’m)‘ < i(;—G +3t(“)) (%60 —?ﬂf(”))71 < % for (t(”),x(m)) IS

Qpn, where v is the solution of the implicit difference functional scheme (5.1)
for (8.5), (8.6). Hence, we can put R = [f%,%} in Assumption F*[f, u, G}].
Note that this assumption is not fulfilled for R = R, because f(¢,z,y,2,p,q) =
arctan (qu1 + 3q12 + 5q21 + q22) + [24cosz(t,z,y)] (g1 + 5q12 + 3q21 + q22) +
[sinz (t,z,y)] p1 + %fot fil fil z (s, a,b) dbdads + [z (0.5t,0,0)]*> 4 g (t,z,y) does not
fulfill the generalized Perron condition on C (£, R). Put hg = h; = hay = 10~ 1. For
each t(®) we use one hundred iterations of the Newton method to solve the implicit
difference functional scheme. Let vy,in, Umae be the smallest and largest values, re-
spectively, of v at time ¢ (Tab. 3). Moreover, let €4z, Emean be the largest and

mean values, respectively, of the errors |[U — v| of the difference method (5.1) at time
tW) (Tab. 4).

Table 3. Values of Vmin, Vmax Table 4. Errors of the difference method
t(H) VUmin VUmax t(#) Emax Emean
01 | —415-107* ] 9.98-107% 0.1 | 482-107% | 2.04-1071
02 | —826-107* | 1.98-1073 0.2 | 655-107* | 2.69-10"*
03 | —=1.22-1072 | 2.95-103 0.3 | 7.04-107* | 2.86-107*
04 | —1.62-1072 | 3.89-1073 04 | 7.05-107% | 2.85-107*
0.5 | =1.99-1072 | 4.79-1073 0.5 | 6.84-107* | 2.75-107*
06 | —2.34-1072 | 5.64-102 0.6 | 6.50-107* | 2.62-10~*
0.7 | —2.68-1072 | 6.44-1073 0.7 | 6.08-107% | 2.45-107*
0.8 | —2.98-1072 | 7.17-1073 0.8 | 5.60-107* | 2.25-107*
09 | —3.25-1073 | 7.83-1073 0.9 | 5.06-107* | 2.03-10~*
1.0 | —=3.50-1072 | 8.41-1073 1.0 | 446-107* | 1.79-107*

Note that the Courant-Friedrichs-Levy condition (6.8) for such steps is not satisfied
and the explicit method given in [14] is not convergent. In fact, the errors €maz, Emean
of that method exceeded 10'! and 1019, respectively.

The results shown in the tables are consistent with our mathematical analysis.
The tables of errors are typical of difference methods.
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