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Abstract: In this paper we obtain a novel implementation for irregular clouds of nodes of the meshless
method called Generalized Finite Difference Method for solving the complex Ginzburg-Landau equation.
We derive the explicit formulae for the spatial derivative and an explicit scheme by splitting the equation
into a system of two parabolic PDEs. We prove the conditional convergence of the numerical scheme
towards the continuous solution under certain assumptions. We obtain a second order approximation
as it is clear from the numerical results. Finally, we provide several examples of its application over
irregular domains in order to test the accuracy of the explicit scheme, as well as comparison with other
numerical methods.

Keywords: Ginzburg-Landau equation; parabolic-parabolic systems; generalized finite difference method

1. Introduction

We address this paper to the implementation of the Generalized Finite Difference Method (GFDM)
to solve the complex Ginzburg-Landau equation,

%Ltl—(V+izx)AU+(/5+z'y)|u|ZU—fyuzo, x€Q, t>0,
u(x/]/, O) - uO(x/y)/ X € Q, (1)
U(x,y,t) =b(x,y,t), x€od), t>0,

for some enough regular functions Uy(x,y), b(x,y,t) in Q x [0,00), where Q) C R? is a bounded
domain. Here, U(x, y,t) denotes a complex function, &, i are some real parameters and v > 0, > 0.
Parameter v is also a real number which is chosen in such a way that U — 0 as f — oo, if y < 0.

The Equation (1) was pioneered by Ginzburg and Landau in the 1950s when the authors studied
the phenomenon of phase transitions in superconductors [1]. The applications of such a theory are
numerous; among others, it is a useful tool used in nonlinear dynamics, dissipative systems and some
types of chemical reactions. In 1999, Wang proved the existence of at least a periodic solution to (1) in
the two-dimensional setting [2].

For our numerical simulations, we use the fact that Equation (1) admits a plane-wave solution of
the form
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for some real numbers p, ¢ and 4. By a direct computation, the following system is obtained

v+ Bo?— =0, —1 + 208 + pp> = 0, &)

whose solutions are expressed as follows

== ,Yzfp, 1 =20 + up*.

Due to the high number of applications, several numerical studies of the Equation (1) have been
carried out. For instance, finite element methods have been used since Du et al. [3], the method
of Radial Basis functions was used in 2012 by Shokri and Dehghan [1] and several finite difference
schemes were proposed by Wang and Dou [4]. In [5] Geiser and Nasari consider finite differences
schemes and spectral methods for the spatial discretization to solve the Gross—Pitaevskii equation.
Geiser in [6] presented the splitting methods that are based on iterative schemes and he applied them
to the stochastic nonlinear Schrodinger equation. Geiser and Nasari in [7] use a splitting approach to
solve the scale-dependent Schrodinger equations.

In [8], a finite difference scheme for the numerical solution of the Gross—Pitaevskii equation
is proposed.

In this paper we propose the Generalized Finite Difference Method to solve numerically (1) and
determine the behavior of the discrete solution of the numerical scheme generated by that method.
This meshless method has been widely used since Lizska and Orkisz [9] and the explicit formulas of the
method were derived by Benito, Gavete and Urefia [10-12]. The main advantage of the GFDM is the
possibility of using both regular and irregular distributions (clouds) of points. The explicit formulae of
the method allow us to obtain the discretization of the spatial partial derivatives. Another advantage
of the method, stated in [10] is the small number of nodes at each star (8 + 1) for 2D and (26 + 1) in 3D,
which results in almost empty matrices. In this way, we obtain similar computational times to the ones
of classical finite difference and similar efficiency.

Thanks to its potential to solve highly nonlinear PDEs systems over irregular domains, several authors
have recently used the GFDM. In [13] Wang, Gu and Liu applied the method to perform stress
analysis in elastic materials in 3D and in [14-16] the authors have applied an explicit GFD scheme for
tumor growth invasion, chemotaxis models and the Telegraph equation, respectively. We split the
solution U (x, y, t) into its real and imaginary parts and obtain a coupled system of two parabolic PDEs.
To do so, we assume that U(x,y,t) = F(x,y,t) +iG(x,y,t), for some functions F(x,y,t), G(x,y,t),
and, the Equation (1) becomes

oF

a5 = VAF — G +F — B[P + G*JF + u[F* + G*IG,
@)
aaif = vAg + aAF + 4G — B[F? + G?|G — u[F* + G?|F.

The conditional convergence of the explicit GFD scheme is proved.

We derive the discretization of the complex Ginzburg-Landau equation by means of the explicit
formulae of the GFDM. We prove the conditional convergence of the explicit scheme by transforming
the equation into a system of partial differential equations whose solutions are the real and imaginary
part of the original solution. We find a condition on the time step, At, for the convergence of the
method explicitly. In the last section of the paper we perform a comparison between our numerical
results and the recent literature concerning the complex Ginzburg-Landau equation.

The paper is organized as follows: in Section 2 we present some explicit formulas using the
Generalized Finite Difference method to complement the information. Then, in Section 3 we study
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the conditional convergence of the GFD explicit scheme, giving the explicit condition for the time
step, At. This result is embedded in Theorem 1, which is the main result of the paper. In Section 4,
extensive numerical experiments are presented to illustrate the accuracy and efficiency of the numerical
algorithms developed. Finally, we present some conclusions.

2. Explicit Formulae

In order to obtain the expressions for the spatial derivatives in terms of the values of the set of
nodes in the domain, let Q € R? be a domain and

M:{Xl,...,XN}CQ

a discretization of () with N points (see Figure 1). We shall denote each point of the discretization
M as a node. For each one of the nodes of the domain, where the value of U is unknown, E; star
is defined as a set of selected points Es = {Xg;Xy,...,Xs} C M with the central node xo € M and
xi(i=1,...,s) € Mis a set of points located in the neighborhood of xy. In order to select the points,
different criteria as four quadrants or distance can be used [10].

Let xo = (x0,y0) be the central node of a E;, star and h; = x; — xo, k; = y; — yo, where (x;,y;) are
the coordinates of the ith node of E;. Let us put Uy = U(xp) and U; = U(x;), then by the Taylor series
expansion for the spatial variables, we have

U, =Uy+ hi— x —|—k ay 2(h 52 +k; By +2hklaxay + .. 5)
fori=1,...,s. Let us call
h2 k2
= {hl,kl,  hik;},

% Bﬂ %ug 9%uy 82u0}
dx " oy " ox2’ 9y’ oxady’’

Ds” =

where we use the notation aa;‘(’ for the approximated value of the j-order spatial derivative of U(x)
evaluated at x. If in (5) we do not consider the higher than second order terms, we can obtain a second
order approximation of U;, which we shall denote by u;. Then, we define the following;:

5 d 0
B(u) = Z (uo — Lti) +hi% +kiﬂ +
= X ay
a Up a U 82u0 2 (6)
2 2 2
+3 0T 3 S T kigan| o,

where w; = w(h;, k;) are positive symmetrical weighting functions which decrease in magnitude as
the distance to the center increases, as defined in Lankaster and Salkauskas [17]. Some weighting
functions as potentials or exponential can be used (see [18] for more details). We can minimize the
norm given by (6) with respect to the partial derivatives by considering the following linear system

A(hj, ki, w;)Ds = b(h;, ki, w;, ug, u;),
where

hy  hy -+ hs w? hy ky - ik
ki  ky - ks w2 hy ky -+ hoko

DN

hiky  hoky -+ hsks w he ks - hks
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and
S h2 w2

s s
T — (Z g +up)hiwf, Y (—uo +upkiw, Y- (—uo+u) =,
i=1 i=1
2.,,2
- k 2w

2 —ug + Ll > Z(—Mo + Lll‘)hikl‘wlz> .

=1 i=1

It is well known that A is a positive definite matrix and the approximation is of second order
O(h?,k?) (see [18,19]).
If we define
T =qQ)
we have

=QQb. @)

Thus, Equation (7) can be rewritten as

S S
T > T 2
Ds = —19QQ" ) wic; +QQ" Y ujwrc;,
i—1 i—1

or
T
D = QQ W(u—ugl)
where ) R )
hiwy hywy -+ hsws
2 2 2
kiw] kows ksw3
_ h_oo  h o )
W= 2wy W 2 Ws
K K3 K2
o2 202 5502
2 Wy ) 5 Ws
hlklw% hszwE hskswg
and

1:{1/1//1}/ u:{ul,l/lZ,"',Lls}T

Thus, the spatial derivatives using GFD, as in [20], are denoted by

0u(xg, /At J ) s
% = —moaug + y_ mu; + O(h7, k), withmoz = Y m3,
i=1 i
8)
9%u(xg, n/\t s . s (
(8(;/2) = —moqug + Y_ mygu; +O(h2,k2), withmog = Y myy.
i=1 i=1

We can rewrite (8) in the equivalent vectorial form,
S
Dsu(xg, nAt) = —moug + Z mu; + @(hlz,klz)
i=1
where mg and m; stand for
T
mo = {moy, Moy, mo3, Mos, Mos }

_ T
m; = {m;, mj, Mjz, Mg, M5},

Moo = Mo3 + Moy,  Mijg = M3 + Mg,

are fulfilling

s
moy = Z m;.
i=1
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Figure 1. Irregular clouds of points with 55, 197 and 743 nodes respectively.

3. GFDM Schemes

The discretization of Equation (1) can be expressed as

”(YJHrl — g . 2
—Ar =v | —mgoug + Zmoﬂl? + yuy — Blug|[“ug
i=1
)

+i + O(At, h2,k?).

[ Raae

S
— (—mooug + Z mol-u?> — ;4|ug|2u{)Z
i=1

We transcribe (9) by means of the real and imaginary parts of the discrete solution, i.e., u” = f" +ig",

(fort +igpth) — (fo +igh)
At

1

=v (—moo(fon +igp) + i%m()i(fi" + ig?)) +7(fo +i80)
— Bl +igh) P (f§ +igp)

s 10
—a (—moo(fg +igg) + Y moi(fI' + ig{‘)) 10

i=1

+i

+ O(At, 12, k?)

(e Rane

= ul(f +i0)1P(f§ +igf)

and we break the equation into two parts by taking the following system

n+1 n s
ono =—vmyfy +v Z moifi + v f5 — Bl + (88)%115
! (11)
+ ampogp — & Z; moigl + ul(f5)? + (86)°186 + ©(AL b7, k7).
-
gg+1 _gg n - n n 7n\2 n\21 .1
A VMoo8o +v Zmoigi + 780 — BI(fo)" + (80)7180
z:sl (12)
— amoofg + 21 moiff — ul(f5)? + (862115 + O (At 17, k),

For the purpose of proving the main result of the paper concerning the conditional convergence of
the GFD scheme to solve system (1), we need the following basic results from Isaacson and Keller [21]
[Section 1.1, Theorem 4 and the following Corollary].

Lemma 1. Let N € 9y, (R). If there exists some matrix norm such that ||N|| < 1, then

lim N* = 0.

k—ro0
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Lemma 2. Assume N € My, (R), then the following statements are equivalent

i lim NF=o,
k—o00

ii. p(N)<1,

where p(-) stands for the spectral radius.

Theorem 1. Let U = F + iG be the solution of (1). Assume that F,G € C*(Q), and a, B, 7y, u, v are real
constants. Under the following condition

1 1
At < 2min ’

S

moo + |A| + [B| + (v + «) 2|m01| moo + |C| + |D| + (v + «) Z|m01

, (13)

9

the explicit scheme given by (11) and (12) is conditionally convergent, where

A=v =y + BIFE? + fEEY + (B + B(g8)? + uGh(fy + ED |,

7

B:= [Mnoo — BFY (85 + G) + 1(f0)* + pl(86)* + 80 G + (G

C:=v! —’y+[3[(g) + g0 Gp + (F )]"',B(fo) nFy (80 +Go)l |,

D= |—amoo — PGy (f§ + F) — u(86)* — nl(fe)* + fF + (F(’f)z]] :

Proof. To check the conditional convergence of the explicit scheme given by (11) and (12), we take the
difference between such expressions, that is, for the discrete solution we use the notation f/" and for
the exact solution, F;'. We call, fi" = f{' — F', 8! = g — G]'. For the real part, we have

n+1
fo = (—vmpo + ) +1/Zm01fl thxmoo(grofocholgZ 1)
i=1 i=1

+ (—BSf5 + ngt)[(f5)* + (86)%] — (=BFy + uGy)[(F)* + (G§)?)-
For the last term of (14) we have
— B8’ + B(RY)® = —BfS[(f5)* + fO Ry + (FY)?] (15)
and
— B (86)* + BES (GE)* + BFS (85)* = —BfE (86)* — BFS (85 + G§)&5- (16)
In the same way, we obtain
1go () — Gy (Fy)* = ugs (f8)* + uGo (f§ + R f3- (17)

Finally, we get
1(80)° = n(Go)® = ngil(85)* +86Go + (Go)*)- (18)
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Using (15)—(18) in (14), we arrive to

W = fi [—Vmoo + = Bl + AE + (F)*) — B(g5)* + nG (f§ + F)]
+ &0 |amoo — BEY (86 + G§) + n(fg)* + pl(86)* +85GG + (GF)?] (19)
+v i%m()iﬁ‘n —a i%mOig?'
Hence, it yields
Fr = fr — uAt(mog + A) ff + Aty Xs: moi f{' + At3GB — At Zs: moi&;, (20)

i=1 i=1

and §" = max {|g"[}, we obtain the inequality
ic

{0,...,s}
B _ S S
FrL< L= At(mo + A)| + At Y [meg| | + &7 At|B| + Ata Y mgi| | (21)
i=1 i=1
Through similar arguments, for the second equation of (12), one gets
S S
g <y (1 — At(moo +C)| +Atv ) m0i|> + 1" <At|D + At ) |m0i> - (22)
i=1 i=1

The Equations (21) and (22) can be rearranged in matrix form as

fn+1 n
<£n+l>§M<fgjn>’ (23)

where matrix M is given by

S S
11— At(moo + A)| + Atv Y [me| A|B| + Ata ) | |my|
M= o=l =1 : (24)
At|D| + Ata ) | || |1 — At(moo + C)| + Atv ) [mo;]
i=1 i=1
Now consider the || - || matrix norm defined as the maximum sum per row and note that if || M||;

corresponds to the first row
S S
|1 — At(moo + A)| + Atv Y |mo;| + At|B| + At ) [mg;] < 1 (25)
i=1 i=1
is equivalent to

S
11— Atmgo| <1—At||A|+ (v+a) ) |mg] + |B| (26)
i
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and the last inequality holds since by assumption

At < 2 . 27)

S
moo + |A| + [Bl + (v +a) ) |mg]
=

If || M||1 corresponds to the second row, the condition in this case is

At < 2 . (28)

S
moo + |C|+|D| + (v +a) ) _ |mg;|
=1

Now, both are holding by assumption (13). Finally, applying the Lemmas 1 and 2 the proof of the
conditional convergence is hereby completed. [

4. Numerical Results

In this section we present the numerical results obtained by solving the system (1), using the three
irregular clouds of points shown in Figure 1 over the domain Q) C [0,1] x [0, 1]. Note the boundary
of the domain () is irregular and the distribution of the nodes is also irregular. With election of the
domain and the clouds of nodes we make clear the potential of the method stated in the introduction.
We present a comparison between the results obtained by using the GFDM in this paper and the ones
obtained in [1,22]. The first cloud, with 55 nodes, is obtained by distributing the points randomly
and deleting the ones which are sufficiently near. We generate the second cloud, with 197 nodes,
by inserting points at the midpoints of the existing nodes. In the same way we obtain the third cloud
of 743 points. We use a scheme of eight nodes, chosen by the criterion of distance together with the

1
weight function w = T For all the numerical examples we put At = 0.001.
For the following examples we choose as parameters of the equationv =1,04 =02, =1, 4 =2
and y =1+ zgiz. As stated in the introduction, Equation (1) admits a solution of the form

272

U(x,y,t) = ell5 (xty)-20+55)1] 29)

whereweputp =1, = 5 and 7 = 2(1+ zgiz), clearly verifying condition (3). A plot of the solution is
given in Figure 2 (where both real and imaginary parts can be found). As initial data we use, evidently,

Up(x,y) = '3y,
For all the following figures, we plot the numerical solutions at t = 2 s.

Analytical solution F Analytical solution G

08
086
04

02

Figure 2. Analytical solutions of (1).
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4.1. Example 1

We use the first cloud of points in Figure 1 (55 nodes), and outline in Figure 3 the approximate
real and imaginary parts (f and g, respectively), as well as the modulus of the solutions. The norms
12 and I of the discrete real and imaginary parts at different times are displayed in Tables 1 and 2,
respectively. We emphasize that the results obtained confirm numerically, under the hypothesis of
Theorem 1, the convergence of the solution of the numerical scheme.

Approximate solution f Approximate solution g

Approximate modulus

12

1

- 08 N
06 S 08
04" <08

02N ",

0 o x

Figure 3. Approximate solutions in the Example 1.
4.2. Example 2
Similarly to Example 1, for the second cloud of points of Figure 1 (197 nodes) we illustrate in

Tables 1 and 2 the error in the real and imaginary parts (f and g, respectively) using the /> and [®

norms. Moreover, Figure 4 represents the approximate real and imaginary parts, together with the
modulus of the discrete solution.

4.3. Example 3

We use the third cloud of points of Figure 1 (743 nodes), and display in Figure 5 the approximate
real, imaginary parts (f and g, respectively) and the modulus of the solutions. The I? and I*® norms of
the real part at different times are tabulated in Tables 1 and 2, as well as the imaginary parts.

Table 1. /2 and I norms of the errors of the real parts, respectively.

t(s) 0.25 0.5 2

cloud 1 (55 nodes)  4.5857 x 107%  1.9445 x 10™* 1.3043 x 10~*
cloud 2 (197 nodes) 1.2661 x 10~% 5429 x 1075  3.438 x 107>
cloud 3 (743 nodes)  3.356 x 107° 1434 x 107> 8910 x 107°

t(s) 0.25 0.5 2

cloud 1 (55 nodes)  5.7601 x 10™*  4.0733 x 10™*  2.0545 x 10~*
cloud 2 (197 nodes)  1.6104 x 107 1.1307 x 107%  5.735 x 107>
cloud 3 (743 nodes) 4237 x 107> 3.010 x 10™°  1.521 x 107>

Table 2. I? and [ norms of the errors of the imaginary parts, respectively.

t(s) 0.25 0.5 2

cloud 1 (55 nodes)  2.0933 x 107  1.4701 x 10~* 8.135 x 107>
cloud 2 (197 nodes)  5.844 x 1075  4.105x107° 2271 x 107>
cloud 3 (743 nodes) 1549 x 1075 1.090 x 10>  6.02 x 10~°

t (s) 0.25 0.5 2

cloud 1 (55 nodes)  4.7223 x 10™*  1.5984 x 1074  9.024 x 107>
cloud 2 (197 nodes) 13201 x 10~%  4.486 x 10>  2.521 x 10~°
cloud 3 (743 nodes) 3495 x 107  1.198 x 107>  6.70 x 10~°
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Approximate solution f Approximate solution g Approximate modulus

Figure 4. Approximate solutions in the Example 2.

Approximate solution f Approximate solution g Approximate modulus

Figure 5. Approximate solutions in the Example 3.

Remark 1. The previous results are in the range of the recent literature concerning the application of computational
methods for solving the complex Ginzburg—Landau equation. For instance, in [1], the authors used the Radial
Basis Functions method, for t = 2 s, and the errors are in accordance with our numerical examples. In addition,
in [22], the authors use several compact finite difference schemes and their results are similar to ours, as it is
clear from Table 3.

Table 3. /2 and I norms of the errors of the papers [1,22].

t(s) Resultsin[1] Results in [22]

12 239 x 107! 8.76 x 107°
[ 1.63 x 1074 2.09 x 107>

The following tables (Tables 4 and 5) collect the numerical convergence order for the three previous

. error;_
clouds and times 0.25, 0.5 and 2 s, computed as eTorzl

Table 4. Convergence order computed in /> and [® norms for the real parts, respectively.

t(s) 025 05 2
CTOT1 36219  3.5817  3.7938
errorp
CTOT2 37726 3.7859 3.8585
errors

t(s) 025 05 2
ST 35768  3.6024 3.5824
errory
errory

3.8008 3.7565 3.7705
errors
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Table 5. Convergence order computed in /> and /® norms for the imaginary parts, respectively.

t(s) 025 05 2
SITOT1L 35819 35812 35821
errory
CITOT2 37707 37661 3.7724
errors

t(s) 025 05 2
ST 35770 35631 35795
errorp
SIIOT2 37771 37446 3.7627
errors

Taking into account the cloud generation (introducing new nodes in the midpoint of some previous
points), we can observe that the error decreases four times, approximately. That is to say, the convergence

is quadratic. It is also worth noting that we obtain similar values in the two defined norms.

Figure 6 outlines the variation of the error of the real and imaginary discrete solution vs. the
number of nodes of the three clouds for t = 2 s. It can be checked that the convergence is quadratic.
In Figure 7 we show both error norms against time. We observe that the values of these norms decrease
as the time increases. Note that we compute the solution at small times, which can explain the behavior

of the error.

Remark 2. The previous results are in the range of the recent literature concerning the application of computational
methods for solving the complex Ginzburg—Landau equation. For instance, in [1], the authors used the Radial
Basis Functions method, for t = 2 s, and the errors are in accordance with our numerical examples.

Real parts and clouds: 1,2 and 3

100 200 300 400 500 600

Nodes

Imaginary parts and clouds: 1,2 and 3

Nodes

Figure 6. [2 and I norms of the errors of the real and imaginary parts for = 2, respectively versus nodes.

Error norm

0.5 1 15

(=)

Time (s)

# Reml part

maginary part

Error norm

0.5 1 15

Time (s)

(=)

# Reml part

maginary part

Figure 7. > and [ norms of the errors of the real and imaginary parts Example 3, respectively versus time.
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5. Conclusions

We have applied the explicit formulas of the Generalized Finite Difference Method to solve the
complex Ginzburg-Landau equation. We have transformed (1) it into a system of coupled parabolic
PDEs and derived the explicit scheme using the GFDM. In Theorem 1, we have obtained under which
conditions for the time step, At, the numerical solution converges to the continuous one.

Several examples on rather irregular domains are given to illustrate the main outcome of the
work. These examples are used to verify the method by comparing the discrete solution with the one
given by (2). As it is clear from the error obtained, this meshless method can be used to numerically
solve the complex Ginzburg-Landau equation with great precision and efficiency over domains of
complicated geometry and irregular node distribution.
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