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Abstract. We construct and analyze the backward Euler method for one nonlinear one-dimensional
parabolic equation with nonlocal boundary condition. The main objective of this article is to
investigate the stability and convergence of the difference scheme in the maximum norm. For this
purpose, we use the M-matrices theory. We describe some new approach for the estimation of the
error of solution and construct the majorant for it. Some conclusions and discussion of our approach
are presented.
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1 Introduction

In this paper, we solve the following nonlinear parabolic equation with nonlocal boundary
condition using finite difference method:

0 02
o =5~ W+ p(et), e (1), te(0,1], M
U(.’E,O) = 90(1')’ S [07 1]a 2

ou(0,t)  du(l,t)
"ox T oz
The main objective is to investigate the stability and convergence of the difference

scheme in the maximum norm, which is defined for any vector V' = {V;},i = 1, N, by
the formula

u(0,t) =0, v e (0,1), te (0,T). 3)

[VI'= max |Vi].
1<i<N

Investigation of parabolic equations with nonlocal condition of type (3) has started in
the 1970s (see e.g. [13, 14]) when the new models for nonlocal problems with nonlocal
conditions of various types had been massively created. Boundary value problems for

© 2023 The Author(s). Published by Vilnius University Press

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source
are credited.


https://orcid.org/0000-0002-7139-3468
https://orcid.org/0000-0003-1114-3819
mailto:mifodijus.sapagovas@mif.vu.lt
mailto:jurij.novickij@mif.vu.lt
https://www.vu.lt/leidyba/en/
https://creativecommons.org/licenses/by/4.0/

366 M. Sapagovas, J. Novickij

parabolic equations with nonlocal conditions of type (3) arise, for example, in exploring
diffusion of particles in turbulent plasma, as well as in investigation of heat conduction in
a thin heated rod when the flow change law is specified at the ends of the rod [13].

The initial research results for the linear parabolic equation with nonlocal condi-
tion (3) were associated with the stability and convergence of the difference scheme in the
maximum norm in the case of v = 1 [15, 16]. This research area of nonlocal problems,
however, was not developed. Later, stability of finite difference schemes for parabolic
equations with nonlocal condition of type (3) was investigated in other more complex
norms. These specific norms comply with specific properties of difference operators with
nonlocal conditions. In article [11] the following norm is defined:

|ulp = (Du,u)"?, (4)

where D = (MM*)~! is the positive definite matrix, and M is the matrix formed by the
eigenvectors (and, possibly, adjoint vectors) of difference problem.

The stability of parabolic equations with nonlocal condition of type (3) using energy
norm (4) was investigated in [9, 10, 24]. The stability of finite difference schemes for
parabolic and hyperbolic equations with integral boundary conditions in the norm |u|p
is widely investigated in [18,20,23,25]. The convergence of finite difference method for
Poisson equation with nonlocal condition of (3) type is proved in [6,30].

M-matrices theory is started to use for theoretical investigation and solving of prob-
lems with nonlocal conditions for the last few years. This approach is used to prove the
convergence of iterative methods for the systems of nonlinear difference equations [4,22,
28], also to prove stability of difference schemes in the norm |u|p [19,24]. Stability and
convergence in the maximum norm of finite difference schemes for differential equation
with integral boundary condition using M-matrices theory are proved in [5,26].

In this article, we use the M-matrices theory for the system of difference equations
approximating differential problem (1)—(3).

The structure of the paper is following. The difference problem is formulated and the
structure of error of discrete approximation is considered in Section 2. The connection
between difference problem and M-matrices is briefly described in Section 3. Next, the
main result of this paper about convergence and stability of difference scheme in the
maximum norm is investigated in Sections 4 and 5. Comments and generalizations are
presented in Section 6.

2 Difference problem and approximation error

We solve differential problem (1)—(3) using finite difference method. We assume that the
solution u(x,t) of (1)~(3) exists, is unique, and the derivatives 0*u/0z*, k = 1,4, and
6lu/ ot!, 1 = 1,2, are continuous and bounded. We define

ok

ok

0u

o | <

max < My, k=34 max

Also, we suppose the following assumption is valid for function f(u),
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Hypothesis 1. 0f/0u = 0 for all values of (x,t) € [0,1] x [0,T] and u(z, t).

Remark 1. Hypothesis 1 is inherent to the variety of convection-reaction-diffusion math-
ematical models. For example, the source function f(.S) for some processes in bioreactors
has the following form [17]:
VmaXS
S) = )

1(5) K,+S
where S(x,t) is the product, Vi,ax and K, are nonnegative constants (for more details,
see also [27]).

Let U be the finite difference approximation of u. We denote

Uzn = U(‘rivtn)a

where z; = th,i=0,N,h=1/N;t" =nr,n=0,M,7=T/M; N,M € Z.
We also denote

ur,-ur ur, =20 +U0"
n __ 141 7 27m _ 1—1 7 1+1
0 Ul" = T o0, U; 2 ,
Ur —ynr ur —pyr1!
U = =L Ur = 1
h T

We approximate equation (1) by difference one using the backward Euler method
oU; = au; - f1(UF) +pp, i=1,N-1L (5)

The approximation error is

’r’i(h,T) = Rlﬁl(h) + Rg’i(T), i=1,N—1, (6)
where ,
() o "My (n) < TC2
Rl <=5 RI< ™

To approximate nonlocal condition (3) with accuracy O(h?), we rewrite it in the following

form: ) ) s ) ) s
h o%ul  h* o°ul h 0“u” h® o°u®
am n__ Y %0 v ‘0 :ajUn v N 7 N.
7( Y0 T 922 T 6 oaB ) N o 6 O3

Assume that differential equation (1) is defined not only in the interval = € (0, 1), but also
on the boundaries x = 0 and x = 1. Now, substitute into latter equality expressions of
d%ul /ox? and 0%u’y/0x? from (1). Using OUJ' /ot and oUR. /ot approximations of order
O(7?), after elementary rearrangements, we have

h h h
(i = AR + 5ot ) = fau + 5 Qo+ FR(R) ~ (i), ®
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where
ry = Ri,n(h) + Re n(T), &)

h(vy + 1) M. T(y+1)C
‘Rl,N(h)‘ < %, |R2,N(T)| < %
Excluding approximation error terms from equality (8), we get the equation, which ap-
proximates nonlocal condition (3) with accuracy |r,,(h,7)] = O(h? + ht). We rewrite

this equation in the following form:

(10)

2
OiUN = 5 (v0.Us = 0:Ux) = f5 (U) = [N (UR) + w5 + Pk (D

Remark 2. Difference equation (11) approximating nonlocal condition (3) in the case
f(u) = 0 and p(¢,x) = 0 is usually provided without derivations and comments [9, 11].
We notice that in process of reworking equation (8) into form (11), we divided terms by h.
Therefore, the difference equation (11) differs from differential one by O(h + 7).

We complement the system of difference equations (5), (11) by following equations:

Uyl=0, n=0; UY=¢;, i=0,N.
As aresult, we get the system of difference equations approximating problem (1)—(3)
oUy = 3Uf — f1(U7) + 9}, i=1,N—1,
n 2 n n n n n n n T
oUy = E(Vaon — 0:UR) =3 (Ug) = [ (UR) + 08 + pis (12)
Uy =0, Ul =¢;, i=0,N.

3 M-matrices and systems of difference equations

We investigate the system of difference equations (12) using theory of M-matrices. We
provide the definition and some properties of M-matrices for this purpose [1,29].

We use the notation A > 0 (A = 0) if ag; > 0 (ag; = 0) for all k,[. Also, A < B
(A < B)ifag < by (ar; < by). Similar notation is used for vectors. There exist
a couple of equivalent definitions of M-matrices. We provide one that, in our opinion,
corresponds to the specifics of systems of difference equations.

Definition 1. A square matrix with real elements A = {ay}, k,l = 1,2,...,m, is
called an M-matrix if a;; < 0 when k # [ and the inverse A ™!, whose all elements are
nonnegative (A~! > 0), exists.

It follows from the definition that az; > 0.
We point out several typical properties of the M-matrices that are used to investigate
system (12).

Proposition 1. If A1 is an M-matrix and Ay > A1 and, additionally, all nondiagonal
elements of the matrix A are nonpositive, then Ay is also an M-matrix and A5+ < A7

https://www.journals.vu.lt/nonlinear-analysis
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Proposition 2. If ai; < 0 when k # [, then two next statements are equivalent:

(i) The matrix A= exists, and A= > 0;
(ii) The real parts of each eigenvalue of A are positive: Re A(A) > 0.

369

Now we start to investigate the system of difference equations (12). We define

n_ ,n n
2 _uiiUia

where U/ is the solution of difference problem (12), u} = u(x;,t") is exact solution
of differential problem (1)—(3). Using system (12) and expressions of approximation

errors (6), (9), we get
Ozl = %20 —dP 2 +ry(h,7), i=1,N—1,

2
Oz = E(v&zzg — 0z2%) —dyzn +rnv(h, 7)),

n 0
zyg =0, z; =0,

13)

where d = 0f(u;)/du, i = 1, N. System (13) is two-layered difference scheme. We

write down this scheme in the matrix form

(A +7D,)z" =Bz""" + ¢,

where A = I + 7A, B = 1, I is the identity matrix, g" = 7¢ = (7r1,77r2,. ..,

D,, is the diagonal matrix with elements d',

-2y 0 ... 0 -2 2
Eigenvalue problem for the matrix A
AV = A\V
is equivalent to difference eigenvalue problem
B2Vi+AV; =0, i=1,N—-T1,
%(azvo —0zVN) +AVN =0, Vo =0.
All eigenvalues of problem (15) are positive [12]:

4
0<)\0<)\1< <)\2k 1<)\2;€< <)\ ﬁ’
4 1
Ao = 72 sin < wh> Aop—_1 = Sm (( 5 )h),

4 1
Aop = 7z sin <<7rk+ 21/))/1), k=1,m,
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where 1) = arccosvy, 0 < ¢ < 7w, m = (N —1)/2if N isodd, and m = N/2if N is
even.

Lemma 1. Ifv € (0,1), then the matrix A = 1+ 7 A is the M-matrix.

Proof. 1t follows from the definition of the matrix A that all diagonal elements are posi-
tive and nondiagonal are nonnegative. Since all eigenvalues of the matrix A are positive,
then all listed properties are suffiecient for the matrix A to be the M-matrix [29]. O

We use the result, proved in [5], to investigate stability and convergence of difference
system (12).

Lemma 2. (See [5].) Let V™ and W™ be solutions of difference equations

(A+D,)V"=BV" '+ n>1,
AW =BW"™ 1 +¢" n>1,

respectively, where D,, = {d},.} is a diagonal matrix, D,, > 0. If A is an M-matrix,
B=>0WY>0,¢g">0asn>1,and |[V°| < WO |f"| < g, then

vV <w®, n=1

Certain analogue of Lemma 2 for elliptic equation is known for a long time [8] and is
usually called comparison theorem [21]. Function W () is called majorant or comparison
function. One important feature of the comparison theorem is it is usually formulated as
one of the most important corollaries of maximum principle. It means that comparison
theorem is related to those systems of difference equations, which matrix is diagonally
dominant. In this article, diagonal dominance of a matrix is not mandatory property for the
selected investigation methodology of stability and convergence of systems of difference
equations.

Notice that while using Lemma 2 for investigation of stability and convergence of
specific difference scheme, it is not necessary to convert this scheme into (14) form, which
is used in the proof of Lemma 2. In certain cases, it is easier to reformulate Lemma 2 than
modify difference scheme.

So, now we rewrite difference scheme (13) in the matrix form slightly different
from (14)

n _ n—1

z z

= —Az" —D,2" +r", (16)
i
where 2", r™ are Nth order vectors, A is the same matrix as in system (14). We reformu-

late Lemma 2 for this exact difference scheme.
Lemma 2'. Let 2™ be solution of (16) and W™ solution of equations

wn — Wn—l

T

= —AW™ + g". (17)

Let WO >0, g" > 0asn > 1. D, = {dY} is the diagonal matrix, D,, > 0. If
1201 < WO, || < g7, then |2 < W™, n > 1.

https://www.journals.vu.lt/nonlinear-analysis
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4 Stability of difference scheme

Now, we investigate stability of difference scheme using statement of Lemma 2.

We use general stability concept since the system of difference equations is a nonlinear
problem. Indeed, assume two problems. One problem is system (12) with functions p(x)
and ¢(x). We denote the solution of this problem U*. And other problem is the same
system (12) with perturbed functions p(z) and @(x). The solution of this problem is
denoted as ﬁin.

Definition 2. Difference scheme (12) is stable if for every ¢ > 0, there exists () > 0,
not dependent on A and 7, such that

U — (72”| <e
if [pf — Pl <6, [p; — &i] < 6.

Note that such defined stability definition is usually called stability according to initial
conditions and right-hand side stability.

We denote
R=Ur-0r, R=ei-@  F=p -0
Similarly to derivation of system (13), we have
07z; = 63252? —drzZr+46;, i=1,N—-1,
2
(}E«%}’lv = E(’Yax%l - ai:?]lv) - dTIi/'Z’]n\/' + 5]%7 (18)
=0, =90
This system could also be rewritten in a form similar to (16)
zn —znl
A _ANn _ D ~n 671
- z nZ +07, (19)
2 =0, 30 = 60,

Theorem 1. The difference scheme (12) is stable in the maximum norm if v € (0,1).
Proof. We define function
1) 2z ot
W(r,t)==(2—a2?+ —— — 20
(z,1) 2( o” + 7)+2, (20)

where ¢ is, so far, not defined number 6 > 0.
The proof consists of two parts. In the first part, we explain how to choose 6 = d(¢)
such that
W(z,t) <e

on all domain z € [0,1], ¢ € [0, T]. In the second part, we prove that function W (z, t) is
majorant for solution’s error Z}* satisfying system (18).

Nonlinear Anal. Model. Control, 28(2):365-376, 2023
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(i) Asvy € (0,1), then 2/(1 — v) > 2. Therefore, W (z,t) on the interval z € [0, 1]
is positive and monotonically increasing function of x. The same property for W (z, t) is
also valid on the interval ¢ € [0, T]. Hence,

1) 2
<-(14+4—+T).
W (z,t) 2( +1_7+ )

Consequently, the inequality W (z,t) < £ on the domain z € [0, 1], ¢t € [0, T'] is valid if

2e

e ———
STl AT

2n

(ii)) Now, we construct the system of difference equations (17), whose solution is
W (z,t). W(x,t) is defined by formula (20). To this end, we find ¢g}* values using W (z, t)
expression

g =36>6 i=BN-T,
3. Wg 3 2
g?:§5+h—§>6, 9N = 50 +79 >4,
and also
90 = Wg' >0,
g =W = g<2x$+ 12?'7) > 6. @9

Next, we take two systems: system (19) for function Z* and system (17) for function
W/*. Values of g;* are defined by formulas (22), (23).

Suppose 4 is fixed in system (19) and satisfies inequality (21). Also, suppose that for
57 and &9 in system (17), the following equalities are valid:

57| <6, i=1N; |67|<d, i=0,N.

Then, all assumptions of Lemma 2' for the systems of difference equations (17), (19) are
valid. Therefore,

| < wp
for all 7 and n.

Now, combining both proof parts, we have that for every ¢ > 0, the following
inequality is valid:

if
2
67| <0< bp=—5—— i=0,N,n>0
Hence, according to Definition 2, it follows that difference scheme (12) is stable. O

https://www.journals.vu.lt/nonlinear-analysis
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5 Error estimation and convergence of difference scheme

Now, we investigate the convergence of difference scheme (12) using the same Lemma 2'.

We consider system (16) for the error estimate z;* = uj’ — U;", where u' and U;"* are
solutions of differential and difference problems, accordingly. In accordance with error
estimates (7) and (10), we have

h2M. _
i < 124+T702, i=T,N 1,
(24)
hMg(’}/ + 1) TCQ(’}/ + 1)
lrn| < 3 5 .
According to received estimates (24), we define majorant W (z, t)
h2M (v + 1) x? 2x 7Co(y+ 1)t
W(z,t) = ————(2— — 25
(2,t) 5 R 5 , (25)

where M = max(Ms, My).
Now, define coefficients g* in system (17) so that the solution would be W;* defined
by formula (25):

7Cy(y+1)  h2M(y+1)

g = 5 + 5 , i=2,N—1,
, 7Co(y+1) R*M(y+1) W

g =T D G, as
. TC2(vy+1) REM(y+1)?2 hM(y+1)

gn = D) + 6 + 3 .

Notice that W;* > 0 for all 7 and n values.

Theorem 2. Let the following assumptions hold for the differential problem:
(i) v€(0,1);
(i) 0f/du = 0 (Hypothesis 1);
(iii) The solution of differential problem is smooth enough (the error estimates (7) and
(10) are valid).

Then for the error estimate z}* = uj* — U]* (here u} is solution of problem (1)-(3), U" is
the solution of difference problem (12)), the following estimate is valid:

= max |z]| < C1h? + Cyr, 27

|2 = jmax,

where constants Cy and Cy do not depend on h and 7.

Proof. We consider two already defined problems: system of equations (16) with un-
knowns z{* and system (17) with unknowns W/". For z[', estimates (24) are valid. For

Nonlinear Anal. Model. Control, 28(2):365-376, 2023
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system (17), values of g;* are defined by formulas (26). Assumptions of Lemma 2' are
valid for both systems. Using these assumptions, we have

|| < W

for all ¢ and n.
Since function a(z) = 2
on the interval x € [0, 1], so

h2M 1 2 C. nr
o < MO (2 | 1O )T
6 1—~ 2

—x2/2+42x/(1 — ~) is positive and monotonically increasing

Consequently, the theorem is proved. O

6 Comments and generalizations

In this article, we investigated the stability and convergence of the difference scheme
for one-dimensional nonlinear parabolic equation with nonlocal condition. The thorough
study of this problem for linear elliptic equations with Dirichlet boundary conditions has
started in 50-60’s [2,7,21] (and first time noticed in [8]). Particularly, in [7] a lot of
practical applications and comments on described methodology are given. It was noticed
that there is no universal algorithm for defining majorant for specific problem.

It is interesting to note that in all above cited monographs (as well as in most other
books), restrictions on the matrix of systems of difference equations AU = f, A = {aij },
i,7 = 1,n, are in fact the same

n
ai; > 0; ai; <0, 1#7; aj; = Z i, (28)
j=1

typical for the majority of simplest elliptical equations with Dirichlet boundary condi-
tions. These restrictions are sufficient for the system of difference equations to satisfy
the maximum principle. According to this principle, the solution U;; of the system of
difference equations can not reach the greatest positive and the smallest negative values
in the inner domain.

Comparison theorem directly follows from maximum principle. We formulated simi-
lar proposition in Lemma 2. However, this lemma is proved in [5] without using maximum
principle. The proof is based on the M-matrices theory. In other words, maximum prin-
ciple is not a necessary condition for the estimation of error using comparison theorem.
Therefore, third assumption of (28), namely, the diagonal dominance of the matrix is not
necessary.

Further, using Lemma 2 proof techniques, it follows that comparison is valid if the
matrix A of the system of difference equations has property A~! > 0. That is, if all
elements of the inverse matrix are nonnegative [5]. Matrices with this property are called
monotone (in the sense of Collatz [3, Chap. 3, Sect. 23]) [29].

https://www.journals.vu.lt/nonlinear-analysis
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So, this paper is a first step to a new reseach methodology — applications of monotone
matrices for the differential equations with nonlocal conditions. The results of this paper
give some hope that the assumption a;; < 0, i # j, is not the necessary condition for the
comparison theorem evaluation of the error.
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