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Abstract

In this paper we establish the stability condition of a general class of
finite difference schemes applied to nonlinear complex reaction-diffusion
equations. We consider the numerical solution of both implicit and semi-
implicit discretizations. To illustrate the theoretical results we present
some numerical examples computed with a semi-implicit scheme applied
to a nonlinear equation.

1 Introduction

Complex diffusion is a commonly used denoising procedure in image processing
[6]. In particular, nonlinear complex diffusion proved to be a numerically well
conditioned technique that has been successfully applied in medical imaging
despeckling [3]. The stability condition for finite difference methods applied to
the linear diffusion equation has been investigated extensively and it is widely
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documented in literature (see e.g. [I0, [12]). A stability result for the linear
complex case was derived in [5].

The stability properties of a class of finite difference schemes for the nonlinear
complex diffusion equation, were studied in [2], where only the explicit and
implicit scheme where studied and no reaction term was considered. In this
paper we extend those results for nonlinear complex reaction-diffusion equations,
considering discretizations also with a semi-implicit finite difference scheme, in
addition to the explicit and implicit schemes. Applications of interest include
diffusion processes which are commonly used in image processing, as for example
in noise removal, inpainting, stereo vision or optical flow (see e.g. [3, 46l [7, 8] @]
13,14, [15]). Complex difusion with reactive term appears also in the well-known
Schrédinger equation, though conservative numerical methods are usually used
instead of the finite difference approach [I}, [I1].

Let 2 be a bounded open set in R?, d > 1, with boundary I' = 9Q. Typically
) is the cartesian product of open intervals in R, i.e.,

d
) Q= J(a.b).

with a;,b; € R. Let Q@ = Q x (0,7], with T >0, and v:Q = Q x [0,7] — C.
We consider a reaction diffusion process with a non-constant complex coefficient
D(z,t,v) = Dr(x,t,v) + iDyr(z,t,v) and non-constant complex reaction term
F(z,t,v) = Fr(x,t,v) + iF(z,t,v), where Dg(x,t,v), Di(z,t,v), Fr(z,t,v),
Fr(x,t,v) are real functions dependent on v. We need to assume that

(2) DR(x7t7v) > 07 (x7t) € Qa

and that there exists a constant L > 0 such that

(3) |D(x,t,v)| < L, (z,t) € Q.
These inequalities and can easily be shown to hold for the diffusion
coefficient in [3] and [6].

We define the initial boundary value problem for the unknown complex func-
tion u

(4) %(%t) =V (D(z,t,u)Vu(z,t)) + F(z, t,u), (x,t)€Q,

under the initial condition

(5) u(z,0) =u’(z), =€Q,

and with either the Dirichlet boundary condition

(6) u(z,t) =0, xzel, tel0,T],
or the Neumann boundary condition

0
(7) 8—1:(35,0:0, zel, tel0,T],



ou
where % denotes the derivative in the direction of the exterior normal to I'.

v
For the reaction term we will consider the following decomposition
(8) F(z,t,v) = Fo(z,t) + Fr(x,t)v + Fyp(x, t,v),

with Fy(x,t) = For(z,t) + iFor(z,t), Fr(z,t) = Frr(z,t) + iFpy(z,t) and
FNL(:C, t, 'U) = FNLR(x, t, v)+iFNL[(ZC, t, 'U), where FOR(IL', t), FOI(’JI, t), FLR(ﬂf, t),
Fri(z,t), Fnpr(z,t,v) and Fypr(x,t,v) are real functions. For the nonlinear
term, we consider that there exists a complex function y such that

(9) Fyp(z,t,v) = Fnp(x,t,0) + J(z,t,v)v,
with
(10) J(z,t,v) = Fy (2, t,0) + x(v),

and |x(r)] — 0 as |r| — 0, being Fy, the Fréchet derivative of Fx with
respect to the third component.

We assume that the problem is well posed, in the sense that it admits a
unique solution and it depends continuously on the data.

Expression involves both Schrédinger type equations and parabolic equa-
tions and includes the possibility of having a source term, a linear reaction term,
a nonlinear reaction term or none of them (see (8)).

The paper is organized as follows: in Section [2| we describe the implicit
and semi-implicit numerical methods simultaneously by embedding them into
a two-parameter family of finite difference schemes. In Section [3] we derive a
stability result of the numerical methods considered in the previous section. In
the last section some numerical experiments are shown to confirm the theoretical
analysis.

2 Numerical method

Let us construct a non equidistant rectangular grid on Q. Let (b j, )Jo<jr<Njy—1
be a vector of mesh-sizes (i.e. positive numbers) in the kth spatial coordinate
direction, k = 1,...,d, with Ny > 2 an integer. We denote by h the maximal
mesh-size. We define the space grid by

d
(11) =[] 2.,

where, for k =1, ...,d,
Wy, = {zk,j, € R:Tro = ak, Thju+1 = Thjp + Mk ji> e =1,..., N — 1}

The set of gird points is denoted by z;, where j = (ji,...,Jq), 0 < j1 <
Ni. Points in the middle between two adjacent grid points are denoted by



Tiy(1/2)e, = Tj + hij, /2 and x;_(1/2)e, = j — hij,—1/2, where e} denotes
the kth element of the natural basis in R%. We will also use the notation
Pije—1/2 = (Pkju—1 + e g ) /2, e = 1, .., Np — 1. For the temporal interval we
consider the mesh

0=t"<tt<. .. <tM 1M1,

where M > 1 is an integer and At™ =™t —t™ m =0,...,M — 1. Let At =
max At™. We denote by @ft the mesh in @ defined by the cartesian product
of the space grid €, and a grid in the temporal domain. Let Q4! = @?t nQ
and T2t = Q. nT % [0,T.

We associate the coordinate (j,m) = (j1, ..., 4, m) to the point (z;,t™) €
@ﬁt and (j + (1/2)ex, m) and (j — (1/2)ex, m) to the midpoints (24 (1/2)e, 1)
and (7;_(1/2)e,,t™), respectively. We consider the notations V™ = V' (x;,t™),
Vj’_’ﬁ(l/z)% = Ii(xj+(1/2)ek,tm) and Vj’f(lmek = V(j_(1/2)e, ™), for a function
V defined on €. For the formulation of the finite difference approximations, we
use the centered finite difference quotients in the kth spatial direction

m _ ym
Vit = Vit

hkwjk_l

SV = ‘/jT—(1/2)ek B an—lu/z)ek

k=1,2.
J hk,jk71/2

v OV (1 2)e, =

—A
On th we approximate 7 by the one-parameter family of finite dif-

ference schemes

urtt —ym d ) ) -
) BEE S Rpe s e G
k=1
with
(13) U} =u’(z;) in Q,
and either
(14) Ur=0 in T3,

in the case of homogeneous Dirichlet boundary conditions @, or

d
(HEESY (hk,jk—ek‘SkUﬁ(l/z)ek + hkajk"l‘ekdejni(l/Q)ek) vp =0 in T},
k=1

in the case of homogeneous Neumann boundary conditions (7)), where U™ rep-
resents the approximation of u(z;,t™). In we consider, for u € {0,1} and
6 €[0,1],

0 +u6 0 +ub
Dmauﬁ — DMk o D(Ijatm+ 7U]m a ) + D($j+ek7tm+ 7Ujries )
gtk T T +(1/2)er T 9 )




and
Fmvl'l’ve_F . ym+0 F . ym+0 Um+6’ F - ygm+0 Um+;u9
j - O(xjat )+ L(xjat ) + NL(xjat ’ ),
where

(16) U0 = Uit 4 (1 — po)U;™.

We use the notation Qﬁt for the set Qﬁt or @ﬁt, respectively, in the case of
Dirichlet or Neumann boundary conditions, and vy represents the kth compo-
nent of the normal vector v.

Note that, when p = 1, the cases § = 0, = % and # = 1 correspond,
respectively, to the explicit Euler, Crank-Nicolson an implicit Euler schemes.
When p = 0, we have the semi-implicit case (semi-implicit Euler method when
6 = 1), that is, the diffusion coefficient and the non-linear part of the reaction
term are treated explicitly.

In this paper we will consider two cases: the case when p = 1, which cor-
responds to the usual #-method, and the case where 4 = 0 and 6 = 1, i.e. the
semi-implicit Euler scheme. For all cases we suppose that

(17) Frr(x;, t™ ™) < Frrmax
and
(18) JR('rjv tm+17 UJ’(VL+9) S JRmaxv

for all (z;,t™*1) € Q2t, where Jg(x,t,v) is the real part of J(x,t,v) given by
(10). For p=1and 6 €[0,%) or = 0 and 6 = 1 we also consider

(19) Jl(xjvthrlv U;n+6) S Jlma:ca

for all (z;,t™T1) € th, where Jr(x,t,v) is the imaginary part of J(x, ¢, v) given
by . In addition, for 4 =1 and 6 € [0, 1) we also need to assume that

(20) FLI(xj;tm+1) < FLImaz7
for all (z;,t™+1) € Q2. We need the notation
(21) ‘FLmaz|2 = Fszaw + FIZRmaw’ |J’m¢llﬂ|2 = le%ma;v + ‘]IZ’max

In what follows, ||-||;, will denote the discrete L? norm, which will be specified
in the next section.

3 Stability

In this section we derive the continuous dependence of the numerical solution
on the initial data and on the right-hand side.



3.1 Implicit and explicit case

Let us first consider the case where © = 1. In this case we have the usual
f-method.

Theorem 1 Let us consider p = 1 in the numerical method (@7 with

or and suppose that and @ hold, for all (zj,t™+1) € QL. If

¢ € [5,1] the method is stable under the condition

(22) 0<(¢<1—40’°At™K,, (eRT,
with, for all € # 0,

(23) Ke = Firmaz + JRmaz + €,

If 6 € [0, %) then the method is stable under the condition with, for all
e€#0,

1
K. = Frrmaz + JRmaz + € + A" (2 - 9) (1+e )1+
(24) x (1 + )| Frmazl® + 1+ € 2)|[Jmaal®)
and
1 4 |Dm+9‘2
2 1—A" (= —0) 1+ J >
(25) (2 ) (I+e )(Inin hi e )? zljleas%(h ng—&-e 20,

prodm'ded that and @) hold, for all (z;,t™+1) € Q4" |D;”’1’9| is bounded
an

(26) 0<&<DEM vim.

Proof To prove this result we will consider the unidimensional case and Neu-
mann boundary conditions. For higher dimension or Dirichlet boundary condi-
tions, the proof follows the same steps.

We rewrite 7, as a system by separating the real and imaginary
parts, Ug and Uj, respectively, of the main variable U = (Uy,...,Un). We

shall then study the convergence of the family of finite difference schemes: find
"~ u(rg,t™), j=0,...,N,m=0,..., M, such that

(27)
U}%“ -Ug,

A = On(DREI0URTY) — 6 (D0 UL) + Fgt,

j=0,....,N, m=0,...,M—1,

m—+1 m
UIj - UI]

A = 0D UR) + 0u (DR 6. U ) + P,

j=0,....,N, m=0,...,M—1,




with initial condition

(28) UIO%j:u(I)%(xj)? U?] :U?($j), j:()’"'aNa
and homogeneous Neumann boundary conditions
(29)
Ur1 =Ugy, Urn—1 = URny 1, Uy = UL, Uiy = Uiy, m=0,..., M,
where
m+6 prm-+o m+6 prm+o
(3()) pmto — Dm,l,f) _ D($j+1at + vUj+1 ) + D(wjat + »Uj )

j=1,...,N, m=0,...,M, and

Fpt? = prob? = F(a;, m 0 Um0 = Rt i mpte,
j=0,...,Nym=0,....M —1. In and we need the extra points
x_1=x9—ho and xnyy1 = N + hy_1 and we define DTlte = Dgfre, Dx}jo =

m+0
Dt

We consider the discrete L? inner products

N-1

h; — —
(31) UVIn= D 5 (UiV; +UjtaVjs)
§=0
and
N-1
(32) U, V)= > hjUj12V 172,
§=0
and their corresponding norms
(33) Ul = U0/ and U]l = (U022

Multiplying both members of the first and second equations of by, re-
spectively, Ug”o and U}”Jre, according to the discrete inner product (-,-), and
using summation by parts we obtain

At™ At™
— (Fgl-i-e’ Ug-‘r@)h + (F}?l+97 U}m-i—é)h

untt —um umntt —um
(U o) + (U)o s o,
h h

Since we can write

gmtl _ygm N gmtl pgm
Atm 2 ’

(34) Umto — Apm (9 - ;)



we get

” 1 |t —om
s (r-a)|

2
L o — oy

. 2N
— (Flr%n+0’ Ugﬂr&)h + (F}n+07 U}n+0)

2
b [(DREO2a,Um

-
If 0 € [1,1] we immediately obtain that

Um+1 2 um™ 2 m "
” ggtm” Hh + ||(DR1_0)1/25:¢U +0||%L*

(35) < (Fgt0upt), + (F70,urt?)

b
Let us now look to the right-hand side of . Considering the decomposi-
tion 7@ we can write
FR0RY), (),
= (Fr(t"™,0), UR™)n + (Fr(-,t7+,0), UP ),
+(FLR('7tm+9)Ug+0, Ugw-s-o)h + (FLR(~,tm+9)U}"+9, U}"+9)h
+(JR(H tm+0, Um+0)Ugl+9, U}T%n+0)h
+(JR('a tm+0’ Um-‘r@)U}nJrO7 U}nJrO)h.

h

Since,
(JR('a tm+07 Um+0)U}T+0’ Uln%l_‘—e)h < JRmaz ||U}gl+0||%z
and, with the necessary modifications, we obtain a correspondent inequality for

(Jr(-,tm™ Y U"L""g)UI"”‘L)7 U}”Jre)h, using Cauchy-Schwarz inequality, we have

m—+6 m—+6 m—+6 m—+6
(FR™, UR™) (£ 0177),
IERC,t™ 0 0) WU+ 1F1 G ™0, 0) [ llU7

+FLRmam||Um+9Hi2L + JRmaw||Um+0||%z

n T
<

which leads to

(th-i-e’ UgH_e) + (F}n+0v U}n+0)

h h
LIPCem 0,0l + oo
+ (FLRmaz + Jrmaz) U™,
where € # 0. Then, from ,
[T R = IU™
2At™

1
(36) < g IFCE O + U R 4 (Flsas + Jrmar) U™

+ (DR 28,05



and so
[T = U™
2At™
1
(37) < S IFCA™ O + U™ R + (Frrmas + Jrmaz) U7

Using the definition of U™Y we get

(1 —40°At™K,) [|[U™ |7
At™
2¢2

for m=0,...,M — 1, with K, given by (23). If holds we get

< (L4401 = 0)*At"Ke) [U™ [} + 5 5 |1 F 7, 0)][5,

o3
_ 1+4(1—0)°At"K

o At
< apamr, I+

2¢2(1 — 42At"K,)
At™
2€2¢

||F('7tm+97 O)”%L

< (L+4(0° + (1= 0)*)C A K IU™ |17 + [PACTaaNU] I+

Summing through m and using the Discrete Duhamel’s Principle (Lemma 4.1
in Appendix B of [5]) we get

k—1
2 _ 2y —1 k ]- m m
[UM[; < e+ =nDeace (nvoliwezCZIlF(»t L0l A )
m=0

which proves the stability.
We now consider the case where ¢ € [0, 1). In this case we have

Um+1 2 _ U™ 2 m R
” ||h || Hh—’—H(DRJG)l/Q(SwU +9Hi2L*

2A™
1 m . i
< @”F(,t +930)Hf2l+62||U +9Hi+ (FLRmaa: +JRmaw) ||U —0—0”%
1 U’I’ﬂ-‘rl _ Um 2
38 At (= —g) ||Z————— .
(38) + (2 ) H x|,
Since
m m |2 m m 2 m m 2
(39) HUHU _ HURH_UR n HUIH—UI
At™ h Atm n N .
and, following [2], we deduce that
Um+1 _ Um 2 4 |Dm+0|2
- - < 14+49)— 5 ' y(pmto 1/2593Um+9 2
H Atm ho (1+m1) (min h;)2 xljleaéi ng{re I(DR") I3

+(1 40 (IFR1 R + 1F717)



where 77 # 0. Using f@ we get

2 4 |Dm+0|2 ) )
< (1+7ﬁ)(7 max —L——| (DR 26, U™ 7.

H Um+1 _ym
3 2 = 6
minh;)? z;€Qn ngﬂ‘

Atm

h
FA )+ 0 HIFC 0 0)];
+(1 + n;2)<1 + 77%)(1 + n?%)(Fnga:v + lemaz)”Um—i—e”i
(0@ 4+ 03) (1 +157) (Tmaz + Jima) 1T 17,

where 12,13 # 0. Using the definition of U™*? and 7, = 7o = 13 = € we get
2 ) 4 | ;n+9|2
. < (Q+e erjlea%hw
+(A+ 2P FC L 0)]l;
+20%(1+ € 2) (1 + €%) (1 + €)|Frmaz|?
+ (L+ ) Tmaz?) U™
+2(1 = 0’1+ e )1+ 7% (1 + )| Frmaz |’
+ (L+ ) Tmaz*) U™ 7

Um+1 _yum
Atm

(DR V28,Um 5.

Then, considering the previous inequality in and if holds, we get
(1 - 492Ath6) [T 2 < (1 41— 9)2Ath€) |2
1 1
IAL™ [ — At = — 1 —2)\2 F(- m—+1 2
+ ¢ <4€2+ t (2 9)( +e ) )” (7t 70)Hh7

form=0,...,M — 1, with K. given by . If holds, summing through
m and using the Discrete Duhamel’s Principle we get

||Uk||;21 < 64(02+(179)2)§’1K6tk

k—1
x <||U0||i +2 (4162 +T (; — 9) (1+ 6_2)2) mz;o ||F(-,tm+9,0)|2AtM> ,
which concludes the proof. [ ]
Remark 1 If F(z,t,0) =0, we may prove that, for 0 € [%, 1], if
0<(¢<1-—40°At"K,

for some ¢ € R, with
K = FLRmaz + JRmamv

we get

UG < (14 4(0% + (1= 0)*)¢ A K)|[U™ |15

10



Summing through m and using the Discrete Duhamel’s Principle we get

JU[} < XD oy,

If, in addition, FLrmaz and Jrmaz are non-positive, the method is uncondition-
ally stable.

Remark 2 For 0 € 0, %), the following particular cases are easily deduced from
the previous theorem.

1. If F(x,t,0) = 0, the stability conditions are @ and (@) with
K. = FrLRmaz + JRmax + A" <; - 9) (1+€)
(14 ) Framas? + (14 €2) Jonas ).
2. If Fr(z,t) = 0, the stability conditions are (23) and with
K= s + €+ A (3 20) (14214 ) s
3. If J(x,t,U) = 0, the stability conditions are (@ and with

1
K. = FrLpmaz + € + At™ (2 - 9) (14 e )1+ )| Frmaz|*-

Corollary 2 If Dirichlet boundary conditions and @) hold, then for 6 € [%, 1]
the stability condition is (@ with K¢ = FLrRmaz + JRmaz (does not depend
on €). In addition, if both FLrmaz and Jrmae are non-positive, the method is
unconditionally stable. For 6§ € |0, %) the stability conditions are and

with
1
Ke = FLRmaw + JRmaw + At™ (2 - 9) (1 + 6_2)(1 + 62)

X ((1 + 62)|FLmax|2 + (1 + 672)|Jma$|2)'

Proof According to the discrete Poincaré-Friedrichs inequality (Lemma [3)),
there exists a constant C'(£2), depending on €, such that
CEOU™I; < ll6.U™]

So, for 8 € [%, 1], inequalities and imply

2
-

U™ 5 = U™ 17
20¢m

1
(40) < SIFCE 0 + @101 + (FLrmas + Trmas) U™

+ECEOIU™R

11



Considering €2 = 1£C(€2), then £C(2) — €2 > 0 and we obtain

(1 —40*°At"K) |[U™ 5 < (1+4(1 - 0)°At™K) |U™|7
At™

4+ = F .7tm+970 2’

€0 1E( Mn

form=0,...,M — 1, with
K = FLRma:E + JRmaz~

Then, the stability condition is with K. = K.
With the same arguments, for 6 € [0, %) and Dirichlet boundary conditions,
we may prove that, if holds, the stability conditions are and with

1
Ke = FLRmax + JRmaw + At™ (2 - 0) (1 + 672)(1 + 62)

(14 ) Frmas + (14 € ) Jnas )
|

Corollary 3 If F(x,t,v) = Fy(x,t) and (26) hold then, for 0 € [4,1], the
method is unconditionally stable and for 6 € [0,1) the stability condition is

) -’

Proof If we consider Dirichlet boundary conditions, the result is included in
the previous corollary. Let us consider Neumann boundary conditions. Ac-
cording to the discrete Friedrichs inequality (Lemmalﬁ[)7 there exists a constant
C (), depending on €, such that

C@NU™ =™ < 118U 5+
where )
Um — 7(Um7 1)h7
1€
and 1 a vector with all entries equal to one. Then
C(Q) m rrm m
—— U i = CENT™I; < 16:U™ 13-

So, for 6 € [3, 1], inequalities and imply
[T HE — U™
2AL™
1 m m -
< jalFolt NG+ ST + @™

cQ,
+ 69 oy

Considering €2 = 1£C(€2), then £3C(2) — €2 > 0 and we obtain

4
m m Atm m rTm
o™ < v II%+§T(Q)IIF0('J O+ CENT™

12



By Lemma [7] we conclude that

At™
m—+1(2 < m |2 Fr(- tm+9 2
0™ n < U™ + gc(g)” o(- " )%
2
cE) (7 -
Tz (lU°Ilh+ZAt’“||Fo<~,tk+9>||h> .
k=0
Then, the method is unconditionally stable. [ ]

3.2 Semi-Implicit case

Let us now consider the case where = 0 and 6 = 1, i.e, the semi-implicit Euler
method.

Theorem 4 Let us consider n = 0, 8 = 1 in the numerical method (@7

with or and suppose that , (@) and @) hold, for all (zj,t™T) €
ﬁt. The numerical method is stable under the condition

(41) 0<(¢<1-2At"K,, (€RT,

with, for all e # 0,

1
(42) K. :FLRmax+§|Jma:c|2+€2~

Proof As for the previous theorem, to prove this result we will consider the
unidimensional case and Neumann boundary conditions. For higher dimension
or Dirichlet boundary conditions, the proof follows the same steps.

We rewrite (12)—(13)), as a system by separating the real and imaginary
parts, Ur and Uj, respectively, of the main variable. We shall then study
the stability of the family of finite difference schemes: find U ~ u(z;,t™),
7=0,...,N,m=0,..., M, such that

m+1 m
Ur;” —Ugj

A = 0D S URT) = 0u (DI 0 U) + Fig™

j=0,....Nym=0,...,M—1,

m+1 m
U]j - UI]

A = 0a(DY V0L UREY) + 80 (D™ 0, U ) + F

j=0,....,Nym=0,...,M—1,

with initial condition and homogeneous Neumann boundary conditions given as
in the previous theorem, where

D(l’j+1,tm+1, ﬁl) + D(le,thrl, U‘;n)
2 )

(44) DOt =

13



j=1...,N, m=0,...,M, and
FmOb = Fy( ™)+ (™ U™ 4 Fy (7 U™) = PRyt iyt

j=0,...,.Nym=0,..., M—1. In we need the extra points x_1 = xg — hg
and Tni1 = TN + hy_1 and we define Dm,O,l _ Dm,O,l Dm,O,l _ Dm,O,l
- —1+ o+ o YN+ (N=1)+"
We consider the discrete L? inner products defined by f their corre-
sponding norms.
Multiplying both members of the first and second equations of by, re-
spectively, U}};H and U}”H, according to the discrete inner product (-, ), and

using summation by parts we obtain, as for ,
U™ HHE = 1™

2At™
(45) < (FRhuptt) o+ (Fr0hop)

+ D) 28U

T
Let us now look to the right-hand side of . Considering f@[) we obtain
(FE’OJ’ UgH_l)h + (Flm’o,l’ UImH)h

= (Fr(,t™,0), U+ (Fr(-,t™ 41, 0), U7 ),
H(FLr(- " TYURH U + (FLr(- "YU U,
+(JR( T U™ UR, U™ )+ (Jr( ™ U™ U, U,
—(Jr (AL U™ U UG + (T (™ U™ UR, U

So, using Cauchy-Schwarz inequality, we have
(JRC ™ U™UR UR™ D < Jimaa IUR T IRIUE 0
and so
m m m m 1 m m
(JrC ™ UMUR U < 5 (Trmaa VR T 5+ IUR'R)

and, with the necessary modifications, we obtain a correspondent inequality for
(Jr(, "L U™ UP, U ). We also have, considering the Cauchy-Schwarz
inequality,

_(J[(_’ tm+1, Um)UIm, UgH_l)h + (']I('a tm-«—l’ Um)U}{n, U}n+1)h
1 m m
< 5 (J‘?mar”U +1”%}, + HU H%L)
Then, for the right-hand side of , we have
(Fgo’l’ U};’H)h + (Fr’o}l’U}nH>h
< FRC L O)RNUE I+ 1ErC ™ 0) R U7

1
+FLRmaw||Um+1||%L + § (JIQ%maa: + J?maz) HUerllliQL + ||Um||121
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which leads to
(F;n’OJ’UgH)h + (FIm’O,l’UImH)h
< IGO0 + e o
# (Pusinas + 3manl?) IU™1R 4 U™
where € # 0. Then, from ,

Um+1 2 _ Um 2
I = 1015 (D0

2At™
< 2 IF G0l + U
(16) + (Pusmas + 51mas?) 071 + U™,
and so
m+1(|2 ml|2
1% +£|Zt_mHU I3 < éHF(.,th,O)H’QI+€2||Um+1H}2L
() +(Pusmas + 51mas? ) 1071 + U™,

Using the definition of U™? we get

At"n
(48) — 248" Ko) U™ Y[ < (1 + 286™) U™ + 55 |1F ¢t 0)]5,

form=0,...,M — 1, with K, given by . If holds, summing through
m and using the Discrete Duhamel’s Principle we get

-1k
041 = X (0 4 5 o),

which concludes the proof. [ ]

Remark 3 If F(x,t,0) =0, we may prove that if
(49) 0<C¢<1-2At"K,

for some ¢ € RT, with

1
(50) K= FLRmax + §|Jmam|2,

we get

[U™ R < (L+ 2881+ K)¢H) [[U™ 17,
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form=0,..., M —1, and so
—14k
IU¥|I7 < 20U 7.
If, in addition, K <0, then the method is unconditionally stable.

Remark 4 If we consider the Dirichlet boundary conditions and (@) holds,
the stability condition is @ with K given by (@) In addition, if Fnp = 0,
FrLRmaz 1S non-positive, the method is unconditionally stable. We may conclude
this result with the same arguments as in Corollary[3

Remark 5 If F(z,t,v) = Fy(z,t), the method is unconditionally stable. We
may conclude this result with the same arguments as in Corollary[3

4 Numerical examples

In this section we will illustrate the stability results using appropriate numerical
examples. We start by noting that the stability condition for the explicit method
has already been illustrated in [2], though without a reactive term. Since the
numerical results are very similar, we will leave the explicit scheme out of this
illustration, referring the reader to [2] for details. We will also leave out of this
section the illustration of the stability of the implicit scheme, since we expect
that the choice of linearization method may further influence the results. In
this way, we will focus the numerical illustrations on the stability of the semi-
implicit scheme with Neumann boundary condition, since the stability condition
(though similar to the Dirichlet case) is slightly more complex.
Let us consider equation with

z1,72 € (0,m) x (0,7), t€(0,T],
with initial and Neumann boundary conditions given, respectively, by
u(zy, x2,0) = cos(x1) cos(xz)

and
ou ou ou ou
E(O,xg,t) = a(ﬁ,.ﬁg,t) = $($170,t) = %(.Tl,ﬂ',t) =0.

Given a constant A € C, for
F(z1,32,t,0) = (A+ 2i)v + 20% — (sin®(21) cos?(z2) + cos®(z1) sin®(22)) At

and
D(Jfl,IQ,t,'U) =i+ v,
the exact solution is given by

u(xq, 2o, 1) = cos(x1) cos(zy)et.

16



We also note that with this choice of reactive term F' we have

Fy(z1,22,t) = — (sin®(z1) cos®(z2) + cos®(z1) sin®(z2)) oAt
Fr(z,t) = A+2i
Fyp(z,t,v) = 20* (and Fyp(z,t,0) = 0),
J(z,t,v) = 202

We will now consider two different possibilities for the value of the con-
stant A that will induce different behaviours on the solution and therefore on
the stability condition.

4.1 Casel: Fir <0

For A = —1 + ¢, we have that Fpr = —1 < 0. We will now consider the upper
bound (taking € = 1) and compare it with the actual norm [|[U™||2. We also
note that if the time step At is such that there exists no & > 0 so that is
satisfied, then no theoretical upper bound is known and the numerical solution
might become unbounded in time (even in cases where the solution is bounded).

The numerical results are shown in figures [I| and It can be seen that
for smaller steps in time, the ratio stays bounded by the theoretical upper
bound. For higher time steps (namely for time steps that do not satisfy the
stability condition), there is no theoretical upper bound and the norm of the
approximation increases rapidly.

4.2 Case 2: Fir > 0

For A =0.1+ 14, we have that F,g = 0.1 > 0. In this way, the condition is
harder to satisfy, since now F,gmas is positive. Again we compare the theoret-
ical the upper bound and the actual norm ||[U™||3.

The numerical results are shown in figures [3] and ] It can be seen that
though in some cases the theoretical bound increases, the numerical results
might stay bounded. Similarly to the previous case, for higher steps in time,
the approximation’s norm increases rapidly.

To better illustrate this phenomenon we also considered no uniform meshes.
To this end, we considered 50 points in each spatial direction ramdomly dis-
tributed (by a uniform distribution) to define the spatial mesh. Moreover we
considered 30 steps in time, corresponding to instants randomly chosen in the
interval [0,1]. Evolution in time of numerical norm |[U™|? and the theoretical
upper bound is given in Figure [5| for four different cases. Again a similar
behaviour is observed.

5 Conclusions

In this paper we have established the stability conditions for finite difference
schemes in the context of complex diffusion with reactive terms. In this way we

17
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Figure 1: Case 1: Evolution in time of numerical norm [|[U™|? and the theo-
retical upper bound for several time steps At. No plot on the theoretical
upper bound, means there exists no £ that satifies .

have extended a previous stability result [2] to the semi-implicit scheme and to
the presence of reactive terms in complex diffusion.

In this way we have shown that both the implicit and semi-implicit schemes
are stable under some conditions on the time step. We note that at a fixed
time, there is always a small enough time step for which the method is stable,
since the stability condition is an upper bound for the time step. As usual, for
the explicit scheme, a stability condition that relates the magnitude of the time
step and the spatial step size needs to be satisfied.

Finally we have illustrated the theoretical results with numerical examples,
to show cases of stability and instability.

Parallel work [?] establishes a convergence result for these finite different
schemes in the context of complex diffusion with reactive terms.

A Technical results

Lemma 5 (Discretg Poincaré-Friedrichs inequality) Let U be a discrete
function defined on Qp, given by such that U = 0 on I' N Q. Then there
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Figure 2: Case 1: Real and imaginary parts of the approximation U™ for the
final time T = 3 for several time steps At.

exists a positive constant C(Q2) independent of U and h such that

COIUIE < 18Ul

Proof Since [[U[} = [[Urll; + ||Usl; and [|0.U15. = [102UrlIz. + 16:Urll3.
the proof follows from the equivalent result for the real case (see e.g. [10]). m

Lemma 6 (Discrete Friedrich inequality) Let U be a discrete function de-
fined on Qy, given by . Then there exists a positive constant C(Q2) indepen-
dent of U and h such that

COIU - Ull; < 16:U1[5-

where )
U = W(Uj l)h,

and 1 a vector with all entries equal to one.

Proof Let us consider U = Ug + iU;. We just need to prove that
C)|Ur = Ugll; < 16.Urll7--

To prove the result we will just consider the unidimensional case. The proof is
similar for higher dimensions. Since

_ 1
= (Ug,1
UR ‘Q|(UR7 )hv
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Figure 3: Case 2: Evolution in time of numerical norm [|[U™|? and the theo-
retical upper bound for several time steps At. No plot on the theoretical
upper bound, means there exists no & that satisfies .

there exists some index j,q. such that
\Ur; — Ur| < |Ugrj — Ugj,,... | j=0,..,N.

Then, using the Cauchy-Schwarz inequality,

. 2
max {j,jmaz}

N
(Urj—Ur)? < > hedoUe—1po | <1QD he(8:Up—1p2)?, 5=0,...
=1

£=min {j,jmaz}

Summing through j we get

N—1 N
h; _
EJ (Urj — Ur)* + (Urj11 — Ur)*) < 19> he(6aUs—1/2)*,
7=0 (=1
which concludes the proof. [ ]

Lemma 7 (Discrete conservation property) Let U™ be the solution of (13)-
with or , respectively. If F(xz,t,v) = Fy(x,t) the following discrete
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Figure 4: Case 2: Real and imaginary parts of the approximation U™ for final
time T = 1.5 for several time steps At.

conservation property holds

(U™, 1), = (U°1 h+ZAtk (-, t*19),1),,.

Proof To prove the result we will just consider the unidimensional case. For
higher dimensions, the proof follows the same steps.
Note that we have

Um-‘rl UR +Atm (AlUm+9 +A U’m+9 +Fm+9)

and
Um+1 U[ + Atm (ASUm+9 +A U’m+9 Fo’r}l+9)

where Ay, £ = 1,2,3,4 are matrices that depend on D , U and on the spa-
tial step sizes. Then, summing according to the discrete inner product, and
taking into account that (AlUgH’G,l)h = (AU 1), = (A3Ug’+9,1)h =
(AU 1), = 0, we get

U V)n = Uk, D+ Y A (For(-,t57), 1),
k=0
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Figure 5: Case 2: Evolution in time of numerical norm [[U™||? and the theoreti-
cal upper bound for non-uniform time steps At. No plot on the theoretical
upper bound, means there exists no & that satisfies .

and .
(U7 ) = (U7, 1) + ZAtk(FOI(',tHG% 1)
k=0
which concludes the proof. [ ]
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