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Abstract

The classical convection—diffusion-reaction equation has the unphysical property that if a sudden change in the dependent
variable is made at any point, it will be felt instantly everywhere. This phenomena violate the principle of causality. Over the years,
several authors have proposed modifications in an effort to overcome the propagation speed defect. The purpose of this paper is to
study, from analytical and numerical point of view a modification to the classical model that take into account the memory effects.
Besides the finite speed of propagation, we establish an energy estimate to the exact solution. We also present a numerical method
which has the same qualitative property of the exact solution. Finally we illustrate the theoretical results with some numerical
simulations.
© 2008 IMACS. Published by Elsevier B.V. All rights reserved.

Keywords: Integro-differential equations; Splitting methods; Stability; Convergence

1. Introduction

The classical heat equation for the temperature u

ou k 3%u

(x,1)

i ZJﬁ(XJ),

on a bar, where y represents the heat capacity, is obtained combining the Fourier’s law for the heat flux ¢

a
Q(x, t) = _k - (x’ t)v
ox

where k denotes the thermal conductivity, with the Mass Conservation law

ou aq _
E(x,t)—i—a(x,t)—o. (1)
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The classical heat equation has the unphysical property that if a sudden change in the temperature is made at a point
of the bar, it will be felt instantly everywhere. This property, known as a infinite speed of propagation, is not present
in heat conduction phenomena and is consequence of the violation of principle of causality by the Fourier law for the
flux. In fact, this law establishes that the observed heat flux at some point at some time is consequence of the space
temperature variation at the same point and at the same time.

In order to overcome the limitation of the traditional heat equation, over the years, several authors have proposed
modifications to Fourier’s flux including in its definition a certain memory term as an effort to avoid the infinite
propagation speed [5,12,11].

Attending that the heat flux ¢ at point x and at time ¢ should be consequence of the temperature variation at point
x but at some passed time, Cattaneo, in [5], proposed the following heat flux definition

a
q(xvt_‘_f):_k u(xvt)’
ax

where 7 is a relaxation time. Considering a first-order approximation to the flux and integrating the first-order differ-
ential equation

M e+ Lgen=—S20p
— @, )+ =qx, 1) =—=—(x,1),
Jat rq T 0x

we obtain the so-called Cattaneo’s flux
t
k _t=s ou
gix,)=—— [ e T —(x,5)ds. (2
T 0x
0

Note that, when 7 — 0, the Cattaneo’s flux tends to the classical Fourier’s flux. Combining (2) with (1) we obtain,
for the temperature, the Cattaneo’s equation

t
u k[ _is0%u
5(x,t)=§/e T ﬁ(x,s)ds. (3)
0

The simplest initial boundary value problem (IBVP) — (3) with u(x, 0) = ug(x) — that gives rise to finite speed of
propagation is defined using (3) [5,12]. In fact, if we impose some regularity on the initial condition u(, we may prove
that this IBVP is equivalent to a hyperbolic IBVP defined by telegraph equation

2

8214( t)+1au( N k8u( N
X, ——— X, = ——W, )
T ot y1 dx2

e
that transmits waves with finite velocity ¢ = /k/(y 7).

In [11], Joseph and Preziosi argue that there is no real conductor where the heat conduction phenomenon can be
modeled by the Cattaneo’s equation. So, they propose the use of a modified flux defined by

0
gix,t+1)= —ka—u(x, r+ ‘L'*), T>71F
X

with two relaxation parameters. Considering the first-order approximation to the flux and to the gradient of the con-
centration we obtain

e L P S L Y S AL Y )
gr LoD T LA D =TTl T

which allows us to obtain the following heat flux

!
T 0u k T* _t=s OU
qgx,t)=—k——(x,t) ——|{1— — e~ = —(x,s)ds.
T ox T T ax
0
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If we take k = k1 + kp, where k; represent the effective thermal conductivity and k» the elastic conductivity, and
©*/1 = k1 / k, we obtain the so-called Jeffrey’s heat flux [11]

t

ou ky _1—s OU
qx,t)=—kj—@x,0)——= [ e 7 —(x,s5)ds.
0x T 0x

0

From the Mass Conservation law (1) it is easy to show that, in this case, the temperature u satisfies the Jeffrey’s
equation

t
8u( 5 klazu( tH_kg/
— W, )=——, — | e
ot y 0x2 Ty

0

t—

S
T

82
Bxl; (x,s)ds.

In the last years several analytical and numerical studies on the solution of IBVP defined by using integro-
differential equation as the Jeffrey’s equation, arise in the literature. For instance, in [2], the authors considered the
Jeffrey’s equation

t
au( " Bzu( t)—l—D/ s 0%u
—(x,t) =a——=(x, — e =
ot ax2 T ax2

0

(x,5)ds, xe€(a,b), t>0, ®))

with homogeneous Dirichlet boundary conditions. From an analytical point of view they establish an energy estimate
which was fundamental to prove the stability of the IBVP with respect to perturbations of the initial condition. From
a numerical viewpoint they propose a splitting method which simulates the heat transport as the superposition of two
phenomena: diffusion and memory in time, being the memory treated by using the telegraph equation.

Reaction—diffusion integro-differential equations have been also considered in the literature in order to overcome
some unphysical behavior presented by the solution of the classical Fisher equation

ou 9%u
E(x,t)zDﬁ(x,t)+f(u(x,t)). (6)

In fact, if the reaction term f is defined by f(u(x,?)) = Uu(x,t)(1 — u(x,t)), then the traveling wave solution
u(x,t) = ¢(x — ct) connecting the stationary states # = 0 (unstable) and u = 1 (stable) satisfies ¢ > +/4DU. Then
when the reaction parameter U goes to infinity, the propagation speed ¢ goes also to infinity and this behavior is
unphysical [6,7]. For instance, in [4], the Fisher—Kolmogorov—Petrovskii—Piskunov equation

3 D 1= 02
a—i‘(x,t):f(u(x,r))Jr?fe*T a;;(x,s)ds, xe@.b), t>0, (7)
0

with homogeneous Dirichlet boundary conditions, was studied from analytical and numerical point of view. The
stability of the model was established and some numerical methods were proposed.

In [8] and [9], reaction-transport systems with memory and long range interaction were modeled by the following
integro-differential equation

t
2—1:(x,t)=/oz(t—s)</u(x+u,s)¢(,u)du—u(x,s)) ds—l—f(u(x,t)), x € R, (8)
0 R

where «(s) and ¢ () represent kernel functions. The initial value problem defined by (8) was studied in [10] from
analytical and numerical point of view where estimates for the L norm of the solution and the L? norm of its past
were established. These estimates were deduced for the continuous model and for the discrete models proposed in that

paper.
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The use of memory terms in the definition of the flux in some biological applications leads to new models. These
new models enables us to study quantities that the classical models do not give any information. For instance, in [3],
it was considered a new model for percutaneous absorption of a drug which consists in integro-differential equation

1

ou ou D _ 1_5

—x,H)=p—yulx,)+B—x, 1)+ — (x s)ds, xe(a,b), t>0, 9

ot dx T x2

0
with appropriate initial and boundary conditions. The authors studied the qualitative properties of the model and its
numerical approximation and they compared their model with the classical one based on the classical Fick’s law for
the flux.
In this paper we will consider the IBVP

du 8%u D [ i 8%u
E(x,t):f(u(x t))—i—ﬂ (x t)—}-ot 2(x )+ — / 2(x s)ds, xe€(a,b), t>0, (10)
0
where o, D > 0, 7 > 0, 8 € R, with initial and boundary conditions
u(x,0)=uplx), xe€a,b),
ua,t) =u,(t), ul,t)y=up(t), t>0. (11D

Our aim is to study the qualitative properties of the solution of (10)—(11) and the stability of the model with respect
to the L? norm and also with respect of the L? norm of the past in time of the gradient. From the numerical point of
view we propose splitting methods which allow us to compute numerical approximations presenting the qualitative
behavior of the solution of (10)—(11). As the models considered in [1-4] are particular cases of the general model (10),
the stability results for the continuous model can be seen as generalizations of the stability results presented in the
mentioned papers. In what concerns the numerical point of view, a splitting method for the integro-differential model
with 8 = 0 was considered in [2] but replacing the subproblem defined by the integro-differential term by a telegraph
equation. In that paper the stability results were established with respect to a discrete L? norm. The splitting method
that we study in the present paper is based on the functional splitting considered in [2] but using the integro-differential
version. Such approach enable us to characterize a discrete L? norm of the discrete solution as well the norm of the
past in time of the space numerical derivative of such solution.

The paper is organized as follows. In Section 2 the qualitative behavior of model (10)—(11) is studied and its
stability is concluded. In Section 3 we study a family of 6 numerical methods in terms of its stability and accuracy.
Finally, in Section 4 some numerical simulations are included illustrating the theoretical results obtained in Section 3.

2. Energy estimates

Let us consider the IBVP (10)—(11). We use the following notation: by v(#) we denote the x-function if v is defined
in [a, b] x [0, T'] and ¢ is fixed.
We establish, in the following result, an estimate for the energy functional
? 2
2 + 2 fe_% 8—u(s) ds
0x

0

E@u)(t) = |u()| , (12)

for t > 0, where | - || represents the usual L norm.

Theorem 1. Let u be a solution of (10)— (11) with homogeneous boundary conditions, satisfying, for each t € [0, T,
lu(x, )| < L (L € RT), for x € [a, b, and 2~ 5D, 5 u (t), ax2 L), ft ke S5 (s)ds € L?[a,bl. If f is continuously
differentiable and f (0) =0, then

2 max{

_l’fémx_%’}, 2
E)(r)<e ‘ =0~ luoll”, (13)

foreacht € (0,T), where f; . =max, <z f ().
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Proof. Multiplying (10) by u, with respect to the L? inner product (-,-) and integrating by parts, we easily get

t
1d 2 ’ 2 2 D _t=s 0U ou
5 < - - = T —(s)ds, —(0) ). 14
LD L < fpue o] t ( [ B 2 m) (11
0
As
[ ou 1d ?
(/etrjﬁ(s)ds,a >_§d_ / s)ds H 7*—(s)ds ,
0 0
we deduce from (14) the differential inequality
o
—E(M)(f) 2max{ afélax—m}E(u)(f), (15)

which allows us to obtain (13). O

According to the previous theorem, the solution u satisfies

1 ’
max{—z, fiax— 7(!::“(:)2 M

Jut] <e

and the “average in time” of its gradient

l[uoll

t

/‘ﬂau()d
e T —\(S )
ox

0

|y a
-=, —_— l‘
<M ).

If f,.x <O then

Jut)] -0 and —0, ast— oo.

/ —(s) ds

0

Remark 1. We remark that, as particular cases, we conclude the following:

1. For the IBVP defined by the Fisher—Kolmogorov—Petrovskii—Piskunov equation (7) we have, as in [4],
E)(r) < X5 fraslf g |2, 10,

2. For the IBVP defined by the Fisher equation (6) it can be shown that
Ju@] < e/mluoll.

3. For the Jefferey’s IBVP defined by (5) holds, as in [1],

—2min{l, —2 1t
Ew@) <e ™™ juol = 0, ast — oo.

4. For Cattaneo’s IBVP we may conclude that
E(u)(t) < [luoll*.
5. For the classical heat IBVP it is known that

|u@)| <e @ ot lugll = 0, as t— oo.

Let us now consider the stability behavior of the solution # under perturbations in the initial condition uy.
Let u and u. be solutions of (10) satisfying the same boundary conditions and initial conditions ug and ug + €,
respectively. The influence of € on the solution of is estimated in the following result.
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Theorem 2. Let u and u, be solutions of (10) satisfying the same boundary conditions and initial conditions uo and
ug + €, respectively. If, for these solutions, the hypothesis of Theorem 1 are satisfied then

1
zmax{—;,fé.ax—ﬁ,}’

E—ue)(t) <e lell?,

foreacht € (0,T), where f; ., =max, <z f ().

Proof. Let us first note that v, = u — u. satisfies

V¢

@0 =f(ux,0) = fuex,0) +/3%(x, )
t

9? D s 9
+ o > Uze (x,t)+ —/e’T ave (x,s)ds, x€(a,b), t>0, (16)
X T X

0
and the conditions
ue(x,0)=—€(x), xe€fa,b),
ue(a,t) =uc(b,t)=0, t=>0.
Multiplying Eq. (16) by ve with respect to the L? inner product (-,-) we obtain

av

(%(’)v ”e(f)) = (f(u®) = f(ue®), ve®) + ﬂ(a—;(t), Ve (t))

920, D t7ﬂ82U6
+a<m(t),vg(t)>+? [ E ).
0

As (f(u(®)) — fue(r)), ve(?)) < fallve ||2, the proof is concluded following the same steps of the proof of the last
theorem. 0O

The stability result — Theorem 2 — enables us to deduce for the L? norm of (u — u¢) the estimate

1 / o
max{— B Sroax— oo 1t

[ —ue)@®)| <e llell.

From the same result we have for the L? norm of the “average in time” of the gradient of (u — u.) the following
t

/‘eft%s i(u —uc)(s)ds
0x

0

max{—

1 7 __«a
<M T e,

Then if € is small enough, we conclude that the two quantities
1

/ef? i(u —ue)(s)ds
ox

0

| —ueo)@®)| and

remain small enough in the bounded time interval [0, T]. If the reaction term is such that f, . < 0 then the estimated
quantities are less than | €||. In this case, we also conclude that in the unbounded time interval [0, +00), we have

'
/67? i(u —ue)(s)ds
0x

0

| —ue)@)| —0 and — 0, ast— oo,

independently of the perturbation €.
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3. Numerical methods

Let us consider in [a,b] a grid G, ={x;: i =0,...,N} withxo=a, xy =band x; —x;_1=h,i=1,...,N.
In what follows, we will consider the second-order centered finite difference operator D3 j, and Dy, 5(g) which corre-
sponds to Dy, _, the first-order backward finite difference operator when 8 < 0, or to Dy, 4, the first-order forward
finite difference operator when 8 > 0, defined by the usual way. Let us also consider the time grid {t,,n =0, ..., M}
such thattg =0, tyy =T and t, 41 — t, = At.

The class of splitting methods that we study are based on the following functional splitting

I. Reaction:

%(X,t):f(ul(x,t)), xe(a,b)’ te(t,t+At],
ui(x,t)=u(x,t), xea,b).

II. Advection and diffusion:

2

U2 v y=pn2 (xt)+aa (x.1), xe(ab). e+ Al

uzt(x,t)_ul(x,t+At), xe(a,b).
III. Diffusion memory:
9 D | 32
%(x,t)z?/ T 8 xn)ds, xe(ab), 1€+ Al
0
us(x,t) =ur(x,t + At), xe€(a,b).

We assume that the reaction problem, the advection—diffusion problem and the diffusion-memory problem are com-
plemented with the Dirichlet boundary conditions prescribed in the original problem.
By SM we denote the splitting method obtained combining Ij, II; and I1I;, defined by

I;,. Reaction:

Wittt =ut, + Ar((L=0)f(u},) +0f(WF). oelo.1],
u , =ujp.
II;,. Advection and diffusion:
u';;ll =u} , + AtpDy, S(ﬁ)u 4 AtozDz’hugjll,
+1
uy = ”’11 h e

III;,. Diffusion memory:

n+1 n 2 D : el 2D n+1
us _u3’h+At ?Ze Dghuh-i—At —D 2,713 ) s
j=1

n+1
”3h—"‘2h )

where
wl, (o) =ualty), ul, ) =up(ty), i=1273 j=1.. M1
ud (i) =uo(x;), i=1,...,N. 7)

Finally we will consider u(x;, ty+1) ~ uZ'H (x;) = u"+1(x,) i=1,.
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As we would like to study the influence of the implicitness and the explicitness of the discretization of the reaction
term in the behavior of the splitting method presented, we only considered a 6-method in the discretization of the
reaction problem.

The stability and accuracy properties of the described splitting method will be compared with the correspondent
properties of the non-splitting scheme (NSM)

W™ =l + Ar((1—0) f () +60f ()} ) + AtBDy s pyu ™
n+l1 .

S e Dyl 6 e [0, 1], (18)
j:l

DAr?

+ AtaDy ! 4

3.1. Stability

In order to study the stability of the numerical methods, let us introduce some notation. We denote by L?(G},) the
space of grid functions vy defined in G, such that v, (xg) = vi(xy) = 0. In this space, we will consider the discrete
inner product

N-1
o wi)n =h Y vnx)wa(x), v, wi € L*(G). (19)
i=1
We denote by || - ||, the norm induced by this inner product. We will introduce other notations:
N
s widny =h Y o (k) wi (i), (20)

i=1
N 1/2
lonllns = (h thm)z) : 1)
i=1

for grid functions defined on G — {xy}.
We remark that holds the following discrete Friedrichs—Poincaré inequality

2 2 2
lvally, < (b —a)*||Dp,—vnlly -

Our goal is to obtain an estimate for the fully discrete version of the energy (12) given by

n . 2

At Z e_(tn+1 _tj)/T Dh,*“i
j=1

D
En(up ™) = [up ™|} + = (22)

T

h+

We will prove the following result for the SM defined by I,—III; and (17).
Theorem 3. Let uil be a solution of the SM defined by 1,111}, and (17), with homogeneous boundary conditions, such
that |u{l ) KL(LeRT), fori=1,...,Nandj=1,..., M. If f is continuously differentiable and f (0) = 0, then

1
En(uy ) < (S(A1 )" lluoll7, (23)
forn=0,..., M — 1, where the stability factor S(At, 0) is defined by
1+ At(1—-6)

S(At,0) = ; . (24)
(1 —|—20{Al‘(b—d)7 )(1 _At((l _9) rilax+29fr/nax))
for6 €[0,1], and f,,, = maxy, <z, f' (), provided that
1— At((1—0) fuk, +20fa) > 0. (25)
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Proof. Let us first consider I,

“ﬁ,l =ull y + Ar((1—=0) f(uf ) +6f (u n+]))'

Multiplying this equation by uﬁll, with respect to the L? inner product (-,-), we get

(W5 a5 = 3, + (=) (£ () i), + (£ () i 3h),)-
Due to the fact that f(0) =0 we obtain
(1= Ar((1 = 0) fra + 20 fma ) 5 [ < 1+ ArE = 0)Jul |
which implies
1+ At(1 —6) Ju

” n+1|| < ”1h|
B — A= 0) f2 + 20 ) '

provided that At satisfies (25).
Let us now consider I,

2
h’

(26)

1 1
u% =uy ;, + AtpDy, s(ﬁ)uz t - Ata Dy, hu”+ )
Proceeding as before and using summation by parts we get
n+l  n+l
(”2,h U )
We remark that

1 +1
B(Dn.sipyusy »us '), <O (28)

In fact, for instance for 8 > 0, taking vy, := uz‘zl we have

B(Dh,+vn, vi)h = (szvzl - Z U?)

i=1

1 N N-—1
<330t )-X0)

i=1 i=1

= (i), — AB(Diipyusy! ulhh), — Arae| Dy st 27)

<0.
Taking (28) in (27) and using the discrete Friedrichs—Poincaré inequality we obtain

[l | < : |2
WS T 2ani(b—a)-2 1120l

Finally let us consider I1Ij

(29)

+1 2D " 171§ j 2D +1
n § : — n
I/t'; = ugl,h + At ? e T D2,huh + At ?Dz,hu&h .
j=1

As in the previous cases we get

n tH —t; D
I = (55, A—(z Dy Dy u"“)hff%n e

Using the same arguments as before and due to the fact that

n+1 +1'
I’l
(Z - Dy, uh,Dh un+1>

j=1 h+
n+1 +l’ 2 n =t 2
In —2At/t -—1 J n+l
Ze Dy, ”h —e Ze © Dp,—uy, +”Dh uh ||h+
h+ j=1 h+
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we obtain
2
+1 S, n41
|5, ”h Z Dy, —uj, + D, it}
j=1 h+
2
< w5, ”h Z (30)
j=1 h+
Attending that u , = ug‘z and using in (30) inequality (29) we obtain
+1 D " _tn+17tj ] +1 2
g3t + 7 ar{ Do D + Dy,
j=1 h+
1 . o2 D L j ?
S Traemo a2 sl t T At e Dt Gh
j=1 h+

Finally, as we have ug = u'fjll, from inequalities (31) and (26) we conclude the proof. O

Following the proof of the last result we have the following stability result:

Theorem 4. Let u’ h " and ii u ' be solutions of the SM defined by 1;,-111;, and (17), with the conditions uy and u, respec-

tively. If|uh(x,)| <L, |uh(x,)| L(LeRY) fori=1,...,Nandj=1,...,M, f is continuously differentiable
and f(0) =0, then

- 1 -
Ep(up™ — z*‘) < (S(A1,0))" lug —dioll}. (32)
forn=0,...,M — 1, where the stability factor S(At,0) is defined by (24) and provided that the time stepsize
satisfies (25).

Following the arguments used in the proof of Theorem 3, we may obtain an estimate for the discrete energy (22) of
the solution of the NSM defined by (18) and (17) when homogeneous boundary conditions are considered. A stability
result can be also established when the initial condition is perturbed, more precisely we have:

Theorem 5. Let u;l i be solutions of the NSM defined by (18) and (17), with initial conditions ug and g, respectively.

If |uh(x,)| L, |uh(x,)| L(LeRY) fori=1,...,Nand j=1,...,M, f is continuously differentiable and
f(0) =0, then

1 -
Ep(u}™! uz“) (S(A1,6))" o — o3, (33)
forn=0,..., M — 1, where the stability factor S(At, 0) is defined by
1+ At(1 -0
S(AL,6) = Al =9 (34)

min{1, 1 — At((1 = 0) fi2, + 20 fhax — Qa4+ D/T A1) (b — a)~2)}
for0 €10, 11 and fp,, = maxy <1 f'(u), provided that

1= At((1 = 0) f12 + 20 fiax — R + D/TAD (b — a)72) > 0. (35)

The stability restriction for the time stepsize defined by (35) is stronger than the restriction (25) for the SM in the
sense that the first one implies a smaller time stepsize than the second one.

We denote by SI the splitting method I,—I1I;, with & = 1 (implicit reaction), SE the splitting method I;,—III; with
0 = 0 (explicit reaction), by FI the non-splitting scheme (18) with 8 = 1 (implicit reaction) and by IMEX the non-
splitting scheme (18) with 6 = 0 (explicit reaction) and by S§;, Se, Sy; and Sjnex We represent the corresponding
stability factors.
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fmax=—10, D=01,t=0.1,x=0.1

—_
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T
L
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Fig. 1. Stability factor: f},, <O.

f’rnax=10‘ D=0.1,7=01,a=0.1
10 . - ‘

-6 -5

10 10 107 10
At

Fig. 2. Stability factor: f},, > 0.

In Figs. 1-2 we plot the defined stability factors as functions of the time step. As we expected, in what concerns
the stability, these figures confirm the advantage of the implicit schemes. If we compare the splitting schemes with the
non-splitting ones we may see, specially for f;. < 0 (Fig. 1), that the stability factor for the splitting method with
implicit reaction is less or equal than the stability factor of the non-splitting scheme with implicit reaction.

The behavior of the stability conditions to the time step is considered in Fig. 3. Let SC(At, 6) be defined by

SC(At,0) = max{0, 1 — At((1 — 0) fuz, +20fna) )
for splitting schemes and by

SC(At,0) = max{0, 1 — At((1 — 0) fuz, +20fra — Qo+ D/TA (b — a) )},

max
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o f’max=10,D=0.1,‘C=0.1,0t=0.1
0.9+ 7]
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0.3F ]
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0.1 sC
0 s T 3 — 1
10 10 10 10 10 10

At

Fig. 3. Stability conditions.

for non-splitting ones. By SC;, SC,, SCy; and SCjyex We denote the previous functions. Fig. 3 illustrates the fact that
the restrictions to the stability imposed by the explicit schemes are more restrictive.

The spitting method — SM — and the non-splitting method — NSM - studied in this paper were defined replacing
the first-order partial derivative with respect to space variable by the first-order backward finite difference operator
Dy, _ or first-order forward finite difference operator Dy,  depending on the signal of 8. Let D, be the second-order
centered finite difference operator defined by

Up (Xi1) — vp(xi—1)
2h '
Attending that for vy, such that vy, (xg) = v, (xy) = 0 we have

Devp(x;) =

(Devy, vp)p =0

we conclude that for the SM and the NSM defined replacing g—z(xi, t,) by Dcuz (x;) hold stability results analogous
to Theorem 4 for the SM and to Theorem 5 for the NSM.

3.2. Error estimates

In this section we will study the convergence of the numerical schemes proposed in the previous section. Let
e, (xl) =u h(x,) — u(x;, tj) be the global error of the approximation u;, 7 (x;) obtained by the numerical method I,—I11;

with boundary conditions (17), and let TJ (x;) be the corresponding truncation error. Following the proof of Theorem 3
we may prove the next result.

Theorem 6. Let u;;, j=1,..., M, be the numerical solution of (10)—(11) obtained with 1,111, with boundary
conditions (17). If f is continuously differentiable and f(0) =0, then

En(ef™) ZS!“(A; 0)At||T,
j=0

with ”ThE”%L = maxg—i,,,I,,III, ||Tk(Z h”%’ where Tke , denotes the truncation error corresponding to problem k for
k=1, 11, 11, and

M(At,6)

S(At,0) = L0

Please cite this article in press as: A. Aradjo et al., On the stability of a class of splitting methods for integro-differential equations, Applied
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where
14+ At(1 -6
M(At,0) = max{e_zm/r A ) 7 }
1—At((1=0)fl2, +20f + 1
and
. D Y
m(At,0) =min{ 1,1 —At|{1— —At(b—a) ,
T
provided that
1-— At((l —9)fmax+29félax+ 1) >0 36)
and
D -2
1—At{1——At(b—a) > 0. 37
T
Proof. Let

ep (i) =up () —u(xi 1), k=1,2,3,
be the error for the different subproblems I;,—III;. Let us first consider I;. Considering the error equation for e'f'zl it
can be shown that
2 +1}2
e < (1+ Ar(L—=0)) €} 117 + Ar T2
"= A = O) [+ 20 g D

provided that (36) holds.
Let us now consider IIj,. Using on the error equation for e,
ity (29), it can be shown that

(38)

"H the arguments considered on the proof of inequal-

|53 = bl = 20— @2 a3 5 +280(25 7)),

Attending that
1
(T i < St I+ led!

holds for € # 0, considering €2 =2a (b — a)_z, we obtain
At

lesalls + TN

n+1 Hh

€5, (39)

I3

Finally let us consider III;. From the error equation for eg’“;l, considering the procedures used on the proof of

inequality (30), it can be shown
n ' 2
D A[(Ze n+ Dh eh+Dh €n+1> )
h+
2
+ AT (40)

j=1
h+

(A, e>(ne'; P+
_e—ZAt/r
T

AtZe Dh eh

Combining (38)—(40) and attending that e} , = e, e} , = eﬁ";l and ¢ , = eg‘;l, we conclude that

<lesuls+

En(ef ™) < S(A1,0)Ep(e}).

As Ej, (eh) =0, we conclude the proof. O

According to Theorem 6, we conclude that, if

M(At, ) = e 201/

Please cite this article in press as: A. Aratjo et al., On the stability of a class of splitting methods for integro-differential equations, Applied
Numerical Mathematics (2008), doi:10.1016/j.apnum.2008.03.005
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we have
En(ef™) <eTNTh17 o
where C = =2/t if m(At,0) =1, and
_ 1
1= A= 2Ac0 - )2

if
D -2
m(At,0)=1— At(l - ?At(b —a) >
For
1+ At(1-0)
1= At((1=0) frdx +20fax + 1D

we may obtain similar results.
The convergence of the 6 family of methods is now consequence of the consistency, that is, || T ||r,.c0 = O(h, At).

M(At,0) =

4. Numerical results

Our aim in this section is to illustrate the theoretical results established in the last section namely the stability
results. In all numerical examples we consider the convection—diffusion—reaction equation

t
2,
i—?(x,t):f(u)+ﬁ (x, t)—i—aea (x t)—i—D/

0

sau

x€(0,50), t (0, T]. 41

Example 1. Let us consider (41) with
S@)=Uu(l —u),

and U =10, =0.1, D=0.1,7 =0.01, B=—0.5and T =5. Eq. (41) is complemented with initial and boundary
conditions

{ 1, xe€l0,5],

u(x,0) =

0, xe(5,50],

u©,t)=1, wu(50,t)=0, re(0,5]. 42)

In Fig. 4 we plot the numerical solution computed with the method FI defined by (18) (6 = 1), with Ar = 0.001
and h = 0.1. This solution is adopted as reference solution in what follows. We remark that the same results were
obtained with the methods IMEX, SE and SI.

Let us consider now only the implicit methods FI and SI. In Figs. 5 and 6 we plot the numerical solutions obtained
with At =0.01.

From Figs. 5 and 6 we observe that an increasing of the time stepsize implies in the method FI an erratic behavior:
the numerical traveling wave solution propagates with a higher speed than the corresponding solutions obtained with
the splitting method SI.

When the method SI is used, we solve, in each time step, a diagonal non-linear system. Otherwise, when we use
the method FI, we solve, in each time step, a tridiagonal non-linear system. Attending to this facts the first method is
cheaper than the second one. Such remark can be concluded from the CPU time of both methods. We observed in all
numerical experiments the following relation between the CPU times of both methods:

CPU(FI)
CPU(SI)

Let us compare now the splitting methods. We consider U = —20, « =0.1, D =0.1,7=0.1, =0, T =2 and
the conditions (42). In Fig. 7 we plot the numerical solutions obtained using the method SE for several values of At.

~ 1.85.
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Fig. 4. The reference solution computed with the method FI.

At=0.01
1 T — T

30 40

50

2 50
0 0 10 20

time space

Fig. 5. Numerical solutions computed using the non-splitting method FI.

We observe that when At increases the numerical solution presents an instable behavior. As the stability restriction
of the implicit method SI is weaker than the corresponding restriction of the explicit one, the behavior presented in
Fig. 7 is not observed when the method SI is considered. In Fig. 8 we plot only the numerical solution obtained with
the method SI for Ar =0.1.

In the following example we analyze the sharpness of the restriction (25) to the time stepsize which allowed the
establishment of the stability result for the splitting methods: Theorem 4.
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Fig. 6. Numerical solutions computed using the splitting method SI.

At=0.05 At=0.086

time 0 0 space time 0 0 space

Fig. 7. Numerical solutions computed using the method SE.

Example 2. Let us consider the IBVP defined by Eq. (41) with
f)=—2u?,

by Dirichlet homogeneous boundary conditions and by the initial condition
u(x,0) = 8.1sech(x —25)%, x € (0,50).

In Eq. (41) we take ¢ = 0.1, D=0.1,7 =0.1 and g =0.
In Figs. 9 and 10 we plot the numerical results obtained using the methods SE and SI respectively, when At
increases.
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at=01

- 30
20

time 0 o space
Fig. 8. Numerical solutions computed using the method SI.

At=0.01 At=0.06

time 0 0  space time 0 0  space
At=0.0735

T

-500 L.
2

1 ‘\,/f 50

time 00 space

Fig. 9. Numerical solutions computed using the method SE.

Based on the numerical experiments presented in Fig. 9 we conclude that the upper stability bound Aty for the
stepsize is in [0.06, 0.07). However, if we use the condition (25) we conclude that Azy < 1/ éfax ~ (0.00381. We
remark that the upper bound deduced from the numerical results is approximately equal to 1/] f;.. |. This conclusion
shows that the theoretical restriction (25) is sharp in the present context.

The last example shows that the condition (25) could be sharp. Nevertheless we point out that this condition can be
replaced by

1= A1((1 = 0)| finax| + 26 fmax) > O, (43)
In this case the definition (24) of S(At, 6) should be replaced by the following

1 + At(l - 0)|fr/nax|
(1420 At (b —a)=2) (1 = At (L= 0)] flraxl +20ff0))
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At=0.01 At=0.05

tme 0 O space

At=02

time 0 0 space time 00 space

Fig. 10. Numerical solutions computed using the method SI.

This means that Theorem 4 holds with S(At, ) given by (44) under the new condition (43) for the time stepsize.
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