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Abstract: A finite difference/Galerkin spectral discretization for the temporal and spatial fractional
coupled Ginzburg-Landau system is proposed and analyzed. The Alikhanov [2-1, difference
formula is utilized to discretize the time Caputo fractional derivative, while the Legendre-Galerkin
spectral approximation is used to approximate the Riesz spatial fractional operator. The scheme is
shown efficiently applicable with spectral accuracy in space and second-order in time. A discrete form
of the fractional Gronwall inequality is applied to establish the error estimates of the approximate
solution based on the discrete energy estimates technique. The key aspects of the implementation
of the numerical continuation are complemented with some numerical experiments to confirm the
theoretical claims.
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1. Introduction

The 2003 Nobel prize winning Ginzburg-Landau model in the field of physics is
widely used in superconductors, superfluids, and condensation processes of Bose-Einstein
type. As a low-temperature superconducting model [1], the Ginzburg-Landau model was
first introduced by physicists Ginzburg and Landau in the 1950s. A wide variety of phenom-
ena can be described by the Ginzburg-Landau equation starting from second-order phase
transitions to nonlinear waves, and from Bose-Einstein condensation, superconductivity
and superfluidity to strings in field theory and liquid crystals [2]. The concept of the frac-
tional Ginzburg-Landau equation, which can be used to describe the dynamical processes
in a medium with fractal dispersion was first derived by Tarasov in [3]. The variational
Euler-Lagrange equation for fractal media was the generator of the fractional generalization
of Ginzburg-Landau equation. A coupled Ginzberg-Landau system was used to describe a
class of nonlinear optical fiber materials with active and passive coupled cores [4,5].

The well-posedness was discussed globally, and the long-time dynamics for the
nonlinear complex Ginzburg-Landau equation involving fractional Laplacian was tackled
in [6]. The dynamics and well-posedness of the coupled fractional Ginzburg-Landau
equation, which describes a class of nonlinear optical fiber materials with active and
passive coupled cores, was discussed in [7].
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Motivated by their vast applications, numerical methods dealing with Ginzberg-
Landau problems have gained attention due to the difficulty of obtaining exact solutions
for the fractional order form of Ginzberg-Landau models. Armed by that, Galerkin spectral
methods of Legendre type would be one of the most appropriate numerical methods
for handling this kind of problem well. The Galerkin spectral method is a valuable tool
for solving partial differential equations [8] and has been successfully applied to solving
various types of fractional-order models [9-14].

The authors have already made some contributions to numerically solving various
kinds of time-space fractional order problems based on the ideas of Legendre Galerkin
spectral and finite difference schemes. In [15], semi-implicit spectral approximations were
proposed to solve nonlinear time-space fractional diffusion-reaction equations with smooth
and nonsmooth solutions. A combination of the Legendre Galerkin spectral approximation
and the L1 difference approximation formulae over graded and uniform meshes was pro-
posed. The work in [16] was concerned with a numerical treatment of nonlinear fractional
Schrodinger equations with Riesz space-and Caputo time-fractional derivatives. The L1
finite difference approximation was used for the discretization of the Caputo fractional
derivative and the Legendre-Galerkin spectral method was used for the spatial approxi-
mation. The contribution in [17] was devoted to coupled nonlinear time-space fractional
Schrodinger equations with non-smooth solutions in the time direction. The method com-
bined the L1 scheme with temporal nonuniform mesh and the Galerkin-Legendre spectral
approximation. The convergence and the stability estimates were performed using energy
estimates and discrete forms of Gronwall inequalities [18-20]. More recently, a numerical
algorithm was proposed for the time—space fractional Ginzburg-Landau equation by a high-
order difference/Galerkin spectral scheme. For the temporal approximation, the smooth
Alikhanov difference formula was used to discretize the time fractional derivative of Ca-
puto type, while for the spatial discretization, we hinged on the Legendre—-Galerkin spectral
method [21]. In [22], a graded mesh finite difference/Galerkin spectral method was used
to numerically solve a coupled system of time and space fractional diffusion equations.

In this paper, we propose a high order Alikhanov Legendre-Galerkin spectral method
for solving the following nonlinear coupled fractional Ginzburg-Landau equations:

§Dfp — (v1 +im) gt + (Uea +00) 9P + (e +im) [p2)p —m 9 =0, xeQ tel, (la)

SDfp — (va + i) %Jr (k2 +i02) [9|* + (e2 4+ iu2) [9*)p— 129 =0, xeQ, tel,  (Ilb)
with the initial conditions
#(x,0) = to(x), ¢(x,0) = ¢o(x), x € Q, (1o)

and the homogeneous boundary conditions

Y(at) = (b t) = ¢(at) = ¢(bt) =0, t € ], (1d)

such that QO = (4,b) C Rand I = (0,T] C R. The parameters v;, 4, k;, {;, €, pt; and
7vi, i =1, 2 are given real constants, and ¢(x) is a given smooth function. The temporal
fractional derivative is defined in Caputo sense [23]:

1 | a‘Y(x,r)d 0Bt
DY (x 1) := gg(; g) /o t—rpf o B<1, o
aH B=1.
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The spatial fractional operator of Riesz type of order a with respect toa < x < b,
namely, aa|DCT‘|I;’ is defined as [23]

oY

1
SEF = (DS¥ (0, 1) +2DE¥(x,1)), o= 5, 1< <2,

- 2cos B’
where ,D{¥(x,t) is the left-sided Riemann-Liouville derivative and »Dj¥(x,t) is the

right-sided Riemann-Liouville derivative of order a with respect to x € (a,b), defined as

g

DYF (x, ) = ﬁg | / (x — 1)1V (1, £)dr, 3)
_1)\n n b

(DY¥(x,t) = anl_)waaxn JRCER i (N @)

There exists a wide variety of numerical methods which deal with space and/or
fractional differential equations [24-31]. The coupled space fractional Ginzburg-Landau
system was numerically investigated in [32]. A linearized semi-implicit difference scheme
is proposed with unconditional stability and fourth order of convergence. In [33], a discrete
difference scheme based on the implicit midpoint in time and a weighted and shifted Griin-
wald difference scheme with respect to space. The scheme is uniquely solvable, and the
numerical solutions are bounded and unconditionally convergent. For the strongly coupled
fractional Ginzburg-Landau system, a linearized three time level semi-implicit finite dif-
ference scheme in [34] was proposed to solve it. The difference scheme is unconditionally
stable, fourth-order accurate in space, and second-order accurate in time.

The main concern of this work is to first design a combined numerical scheme for
a coupled system (1) of Ginzburg-Landau with the time Caputo fractional derivative
and the Riesz space fractional Laplacian operator. That scheme combines the Alikhanov
L2-1, differentiation formula [35] with Legendre Galerkin spectral approximation. Error
estimates and unconditional convergence of the proposed scheme based on discrete energy
estimates are detailed here. Accordingly, the manuscript is organized as follows. The next
section is devoted to some preliminaries. The numerical scheme and its implementation are
illustrated in the third section. The fourth section focuses on the convergence analysis of
the proposed scheme in both semi and full discretized styles. Some numerical experiments
are done in the penultimate section while the manuscript ends with a section for conclusion
and remarks.

2. Preliminaries

Some spaces of fractional derivatives are recalled below, see [36]. The notation (-, -)o 0
denotes the inner product on the space L?(€2) with the L?-norm ||- || o, and the maximum
norm ||| - C&°(Q2) denotes the space of non-singular functions with compact support in
Q. H'(Q) and Hj(Q) are Sobolev spaces with the norm ||-|| ;- and semi-norm |-|,. We
denote Py (Q) the space of polynomials. The approximation space VJ) is defined as

VY =Py (Q) N HL(Q).
Additionally, Iy is the interpolation operator of Legendre-Gauss-Lobatto type,
Iy : C(Q) — VN,
Y(xx) = IN¥(xx) €Py, k=0,1,...,N.

Definition 1 (Left fractional derivative space). We define the semi-norm and the norm for
7 > 0, respectively as

DU‘P Y _ \_PZ 0 ¥ 2 1/2
DI 1 = (1B )+ 1¥130)

¥l =
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such that J] is defined as the closure of C*(Q2) with respect to |- ||]Z

Definition 2 (Right fractional derivative space). We define the semi-norm and the norm for
n > 0, respectively as

D/¥ L4 — (192 9|2 1/2
T Ho,n’ H HIE(O)_O 1+l HO,Q) ,

|T‘]Z(Q) -
such that J} is defined as the closure of C*(Q2) with respect to ||| it

Definition 3 (Symmetric fractional derivative space). We define the semi-norm and the norm
fory #n— 3, n €N, respectively as

1/2 1/2
2 2
o ¥l = (¥l +1¥150)

(aDZ‘{’, xDZ‘I’)

T =
¥l 0.0

and denote ]! as C®(Q) closure with respect to ||-|| -
Definition 4 (Fractional Sobolev space). The Sobolev space H' (Q)) for > 0, is given as
H(Q) = {‘{’ € L2(Q) : |w|'F(F) € LZ(R)},

endowed with the semi-norm and norm respectively as

. 1/2
¥ o= 10" F®) oz ¥l = (1¥ By +1¥150)

such that H) (QY) is the closure~ of C§° () with respect to ||| gy ()~ Also, F(¥) ~is the Fourier
transformation of the function Y and the zero extension of ¥ outside () denoted by Y.

Lemma 1 (Adjoint property). By choosing1 < 1 < 2,then V¥ € H)(Q) and v € Hg/z(Q),
we deduce

(aDZ‘P,u) :(HDZ/Z‘Y,XDZ/ZV> ) (XDZ‘P,V)

/2 n/2
— (.0"*¥,.D 1/)
0,0 0,0 0,0 (" b =

0,0
3. Numerical Scheme

Here, the discretization of problem (1) is done by using the L2-1, approximation differ-
ence formula for the Caputo time fractional operator side by side to the Legendre-Galerkin
spectral method for the Riesz spatial-fractional operator. A detailed implementation of the
proposed scheme is proposed here.

3.1. Discretization

We partition the temporal domain I by t; = j7,j =0, 1,..., Mwith T = T/M. Denote
tive = (j+0)T = otip + (L—0)tj, forj =0, 1,...,M — 1. Take ¥/ = ¥/7(.) =
T(‘rtj+0)-

Definition 5. Let 0 < f < lando =1 — g Define

o) [ o7B, §=0,
7= even s rvars, o1 ®

b7 = s+ 0> P — (s =140 F] =[5+ ) P+ (s-1+0)F], s>1,  (6)
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and
aéﬁ’a), s=j=0,
(B.o) (Bo) 0
B _ aoﬁg + bl”” , s=0,j>1, @)
s P b b, 1 <s <o,
a](ﬁ’g) — b}’g’g), 1<s=j.

Lemma 2 (see [35]). The high order Alikhanov Ly-1, difference formula under the assumption
¥(t) € C3[0,tj41], 0 < j < M — 1, formulated as

]
onjW\If 2 /3 Y sy +0(rF),  0<p<1, ®)
r=0

where §;¥" = 1 — 97,

It can be rewritten as

—p
B T (1.B.0)r 3-8
oDj ¥ = esP) Zd ¥+ O P, ©)

where dgo’ﬁ’a) = —d(()o’ﬁ’g) =o' PVj=0,andVj>1,

(] o) s=0
dyP) — C](ffj N -cib9, 1<s <, 10)
Céﬁﬁﬂ), s=j+1.

Definition 6. Let j € Zy y1_1), Alikhanov L2-1, difference formula at the node t; ; is defined as
] -8 j+1
Pgjtc _ T (:B0)r
DY T =——— ) d T, 0<p<l. (11)

The following identity holds directly by Taylor’s theorem.

Lemma 3. The following identity holds:
¥ bise) = 0¥ () + (1 0¥ (1) + O(22). (12)

Starting from the L2-1, Formula (11) for the discretization of the time Caputo fractional
derivative of (1a), this leads to

“pite +0 12+
+ (kq + i POl
8|x|”‘ ( 1 gl) |l/) ‘ lIJ (13a)

(e1 +im) [/ T PP —q 7 =0, x€Q,

oDEYITT— (1) + i)

& i+ 2 it
- 4 (ky+i JTO|2plT0
8|x|"‘ ( 2 ng) W) | (P (13b)

+(e2 i) [P PYTT —m ¢ =0, xeq.

oDEQITT — (v + i)

By aid of Lemmas 2 and 3, this semi-scheme is of second order accuracy. Let us

introduce the parameters
() ajh B
o) J+ _
S =\ re_p ")
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B i)
2r i Ce i
JUbe) _ ) TR p) Osisj-1,
i 2B 4:60) 6 .
W—V(l_g)g , i=j,r=12
The semi-scheme (13) has following equivalent form:
. l3 aalP]Jrl ) (B, )alxlpj
i
_ d{],ﬁ,a) ky +i Bo) | pj+1] i1
1;;) il —o(ki +i01)¢;; ’1/1 ‘ P (142)
2 2
—ofer + i) e 9 — (1= o)k +ig)E 7 gy
—(1—0)(er +im)g ﬁm “P]’ ¥,
+1 ; (Bom 09" ; (Boy) ¢!
¢ = (va +in2)og;, = (2 +ip)(1 =) 7
ox* ACIEY
d"(]ﬁ” k 4 Bo) | pj+1|° o+l
2 2+ i8)e B [y .
—oler +ip)e57 | 9 - (- o)k + ig2)EE |l

(- 0)fer +ip)e

And so, the full discrete Alikhanov L2-1, Galerkin spectral scheme for (14) is to get

¢]+1 4’%1 € VY, j >0, Vv € V) such that
j+1
i+ o) [ PN
<1P ) (01 +im)og;y ( ox[" ,v)

= (01 + i) (1= gy <a|"’fx,v)

—id”}f{ﬁ'”)(wéwv)—a<k1+ia>€€ (o o)
—oler +im)f” ( ool )
- =)+ e (v]oh| vl
- =)+ i) (k| vl ).
(64" v) (o2 + ina)ogle (aaf”];/ )

= (vp+in)(1— U)Q’]g(m (a|¢lj,v>

) gd§7ﬁﬁ'0) (hov) = ot + i) (1v] ool v)
(£2+1H2)C (IN’(IJJH’ ¢/+1’U)
—(1=0o)(ke+ i@z)@" 5 <IN’¢{\I’24’1&/V>

—(1-0)(e2 +W2)C (IN“P/ ‘ Phv >
¥ = Pnto, ¢ = Pnoo,

(15)
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where Py is a suitable projection operator. Its related features are illustrated in Section 4.

3.2. Algorithmic Implementation

Via the hypergeometric function, Jacobi polynomials can be presented for &, § > —1
and x € (—1,1) [8]:

a+1);

. . 1-—x
]l‘.x’ﬁ(x) _ | o lzPl(l,oc+ﬁ+l+1;0é+1;

7 ), xe(-1,1),ieN, (16)

such that the notation (-); represents the symbol of Pochhammer. Armed by (16), we get
the equivalent three-term recurrence relation

Jof () =1,

« 1 1

IP() = 5 e+ p2)x+ 5(a—p), (17)
@) = (afx 5P P - A ), iz,

where

ﬁa,ﬁ7(2i+,3—|—0<—|—1)(2i+,3+1x+2)
b 2(i+ )i+ B+a+1) ’
job_ Qi+ prat)(p—a?)
o2+ )i+ B+a+1)(2i+B+a)
wp  (2i+Bp+a+2)(i+a)(i+p)
G TN+ Bra+r D)2+ pra)

(18)

The Legendre polynomial L;(x) is a special case of the Jacobi polynomial, this means

Li(x) = J?%(x) = 2F (—i,i+ 1; 1;1;’6). (19)

The weight function which makes the orthogonality of Jacobi polynomials occur is
given as w*P(x) = (1 — x)*(1 + x)P, namely,

1
[P e o = 7P, 20)
where J;; is the Dirac Delta symbol, and

wp  2WHBTIT(1 4 i+ B)T(1+i+a)

. 21
T T a2+ B )T+ p+it1) @1
Lemma 4 (see for example [37]). For « > 0, one has
r 1

1D%Ly (%) = #(1 +R)4 (%), £e[-1,1],
I'(r—a+1) )

DOL(2) = LU (g gy g e —1,1],

A I(r—a+1) 4 ! !

We introduce the following rescale functions:

Ao b] = [—1,1] s x s X @FD)
b—a
(b—a)t+a+D

AL [=1,1] = [a,b] i t 5
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and we write A(x) as £. The basis functions selected for the spatial discretization are given
by [9,38]:

2n+3

m(l —2)J(%), x € [a,b). (23)

Pn(x) = Lu(%) = Lny2(2) =
The function space Vy, can be specified as follows:
VY =span{g,(x), n=0,1,...,N—2}. (24)
The approximate solutions lpg and gb{\;r ! are shown as
N-2 . N-2 .
W= L), e )= La i), (25)

where 1[7{ 1 and 43{ 1 are the unknown expansion coefficients to be determined. Choosing
v = ¢;, 0 <i < N — 2, the matrix representation of the Alikhanov L2-1, Legendre-Galerkin
spectral scheme has the following representation:

[M + (v + 1171)00,@]!307 (S + ST)}‘I’Hl = R]i

— (ky +ig)og Y HT — (61 + ip)ot iV I

[M + (0 +i,72)(,c“€(’ﬁm) (s n ST)}q)j+1 ~ R (26)
— (ko + lgz)aé(ﬂa'Y)H]Jrl (€2 + iyz)tf (B, M)Hgl’
where
l/’orlplf : /‘PN 2)T/ P/ = (43{‘)/@]1"- ..,@&,2)T,
= / DI gi(x):Df gj(x)dx, S = (sy) s,
mij = /Q 0i(x)9;(x)dx, M= ()},
h]il,i = / 9i(x) Il Py, Hi, = (1, th]n 1/“'/%1 N-2)'s
h]iZ,z = /O l-(x)Ith;\]\zwg\]dx, H] = (h]u 0/ hiz IR thZN '
hél,z = /Q i(x)IN‘l/’{\JF‘/)]z'\def Hél = (h]21,0/ h]21,1r‘ "fh]21,N72)T/
as = [ OO = (Bag My Mo ) )
Kl — i 9 i, Z 4959 Mo,
i=0
RE = —ca(or + i) (1 — a)g(ﬁ o) (s +ST)¥ = (kt +ig1) (1 - o)g ™ H,
— (&1 +iup)(1— (f)éf(ﬁ 777) H] K{,
R = —ca(v2 + i) (1 — U)C}é’am (5 + ST)q’j = (k2 +if2)(1 - U)C;,Q'U'W)H%
— (e2+ i) (1 - 035" B, — K],
Lemma 5 (see [8,9]). The elements of the stiffness matrix S are given by
sj = a) —a”" —aly +alll, 9)



Mathematics 2021, 9, 183 9 of 22
where
agj:/QaDéL,(ye)xDb%L](ae)dx
- , 29)
b—a\'"™"_ T(+DI(+1) R O P A B NNt (
*< 2 ) Ti—5+DI(—5+1) 2‘0’ Ji (x’ )]f ("’ )

« N
and {xr 2,0, 7 2} . e Jacobi-Gauss points and their weights with weight function
—

& _&
w2~ 2. The mass matrix M is symmetric and its nonzero elements are given as

ml']' = Wl]‘l' = (30)
_2],%,

Monitoring H]Jrl T = H]+1(¢]+1 4 +1 "), p, g =1,2,7 > 0, the linear system (26) can
be solved by the 1terat10n Algorithm 1:

Algorithm 1: Iterative algorithm for the problem (1).

4 N—2 . N-—
Set W10 — i, 1 — 20 F0gi(x), @0 = o, g = Z ¢]+10
1=

forr=0:Kdo
[M + (v1 + i) 0ca ]510/y (S+ ST):|1F]'+1J’+1 _ R]i
Solve (k1 +iG)og k" H]H "~ (a1 +ip)o T HY,
[M + (02 + iﬂz)acagj (S + ST)} oitLrtl — RJZ
—(ky + i@z)ag(ﬂvv)Hle (62 + i) ](/p;,a,y)Hé-;llrl
to get ¥/ 1 and q)n o+,

N-2 oy
Compute lpnr+1 _ Z anI’Jrl ( )and (PnrJrl Z (P‘, +1(Pj(x);

4);1 41 4)];1;1‘ <e then

<e&‘

if Hlpn Jr+1 lpzrijr

| break;
end
end
Set ¥ = ¢/ t1 gpnd " = P,

4. Convergence Analysis

We will present the convergence analysis of the Alikhanov L2-1, Galerkin spectral
scheme for the generalized fractional coupled Ginzburg-Landau system in both semi and
full discretized forms. Any C represents a generic positive constant which can differ from
one inequality to the another and is independent of 7, N and #.

Lemma 6 (see [10]). V¥ € Hé (Q) N H*(Q)), there exists Py such that:

i 3

I¥ - PN¥ll < CN¥,, w3, (31)
1

|¥ — PNY|| < CNC 9| ¥|l, a= % 0<e<s, (32)

where € and s are real numbers satisfying s > 5

The interpolation operator Iy achieves the following property:
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Lemma 7 (see [8]). Suppose that' ¥ € H*(Q)) (s > 1), then
¥ —In¥l; <CN"|I¥], 0<I<1,
and C > 0 is a constant has no dependence on N.

Lemma 8 (see [35]). Assume the existence of an absolute continuous function ¥ (t) in [0, T|, then
1
() oD () > SDPE(2).

Lemma 9 (Gronwall inequality [23,39]). Let ¥(t) > 0 be a non-negative function is a local inte-
grable function on [0,+oo] such that on Y(t) < AY¥(t) +b.  Then, we have
Y(t) < ‘i[’OE/g(/\tﬁ) + bt ﬁEﬁ,Hﬁ;()\tﬁ), such that the Mittag-Leffler function Eg(z) and the
generalized Mittag-Leffler function Eg, g,(z) are defined by

(o] Zk ) Zk

E.B(Z) = kg() I-'(l + ‘Bk)’ E,Blz/gz(z) = k;o I—v(‘BZ + ,Blk)’ .Blr ﬁZ > 0/ z € (C

Lemma 10 (see [23,39]). For 0 < B1 < 2, and B, € R, we assume that y such that
nB1/2 < u < min(m, tfy). Then there exists a constant C = C(B1, P2, 1) such that
|Ep,p,(2)] < %M,for u < larg(z)| < m. In addition, if B1 € (0,1), we have the follow-
ing properties

d
Eﬁl (i’) = Eﬁlfl(t) >0, EEﬁl/.Bl (t) > 0.

Denote,
A(p,¥) = ca] (aD¥/29,<D5/2¥ ) + (D5 2, aDY2¥)]. (33)

For 1 < a <2, the semi-norm and the norm are given as

[Flaj2 = VACED), [¥lapp = (1 + ¥ 0% (34
Also, if there exist positive constants C;, Cp such that for any u, v € HS‘ / 2(0), we get
AW Y) < Cillllol¥llayzr A Y) = Caliglz (35)
The orthogonal projection operator Py : Ho% (Q) — V) satisfies
A(p—Pyp,¥) =0, VY€ V.

The next lemma gives the relation between the L”-norms and the fractional Sobolev
norms [40].

Lemma11. If0 < pup < u <1, %—% < po <land2 < P < +oo, there exists Cy, > 0,

such that
Ho

R
[uell < Cllaf] g e~

Lemma 12 (see [35]). Let ¥(t) be any function defined on Q and 0 < a < 1.
IFY) = ¥t 4 (1 — o)W then

() oDf ¥ (1) = 5 oD} F2 (). (36)

N =
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Lemma 13 (L2-1, discrete fractional form of Gronwall inequality [18,20]). Suppose that the
non-negative sequences {w/,¢l|j = 0,1,2,...} satisfy ODEwH" < M+ Ayl + ¢, then
there exists a positive constant T* such that

p
t
j+1 < 0 ] jo p
Wt < Z(w + ) Og}?gng )E;s(z)u] ), (37)

whenever T < (*)P = 1/(2T(2 — B)A1) and

Ay

P )

A=A+ (38)

4.1. Semi-Discrete form Convergence Analysis
Theorem 1. Let {0 < B <1, 1 < a <2, s> 1}. Assume that {¢, ¢} and {¢pn, ¢n} are the
solutions of (1) and (13), respectively, satisfying {, ¢} € H'(I; HZ (A) N H(A)). Then, we get

3
ln =9l +llgn =9Il SCNT7, a #7,

_ 3 1
lon =l +llgn =@l <CN*™*, a =2, 0<p < 3.

Proof. The variational formulation comes by taking the inner product of (1a) with vy,

o

d
(oDfp,v1) = (v1 + i) (aj;,W) + (k1 +iC1) (\1P|21P1V1)
+ (e1 + i) (1P, v1) =7 (9,v1) = 0. (39)
Lete = ¢ —¢n, (e = ¢ — Pyy and 17, = PNy — ¢, we get e = (. + 17.. Also, let

E=¢—¢n, (g = ¢ — Py¢ and g = Pn¢ — ¢, we get E = (g + ng. We get the following
estimate in the case of o # % by using Lemma 6,

llell < IZell + 177l < CNT*[[9[[s + l[7ell, (40)
IEI < IZell + llmell < CN?[l@lls + llmell- (41)
Subtract (39) from (15), then we obtain
) d%e .
( on&Vﬂ — (1 +im) (70‘/‘71) + (ky +igq) (1N|¢N|21PN - |1P|21P,V1)

9| x|
+ (e1 + i) ( In|¢n g — |4’|21P/V1) — 7 (e,v1) =0. (42)

The orthogonality of Py, yields
(oDfe,v1) = (Dfe,w), (43)

(D%, v1) = ({,xDiv1) + (:DY21e, xDi/*v1) = (:DY 11, x DI *v1). (44)
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Taking the inner product of (42) with #,. Choosing the real part of the resulting
equation, we get

o

d .
(oDfe,e) =1 gy te) + Re| Gk +i2) (InlonPon = 9P,

+ (o1 + i) ( Inlgn Py — 9Py, ne)] “vlem)=0. 45
Invoking (33), (43) and (45). Using Lemma 8, we obtain

1 .
3 oD [[7e]1? + 1Ca|l1e]12 5 + Re | (k1 + i) (INIIPNIZIPN — |y[*y, ’7e)

+(e1+ iVl)( Inlenyn — [0y, Ue)] =7 el (46)
Define G(¢) = ||?¢, and by the use of Cauchy-Schwarz inequality, we deduce
1 1
(ING(¥N) = G(¥), 1) < FIIING(N) = GW)I1* + 5 lI7ell,

(inlonPyn — 19l ne) < 3| InClonl2en) — 0P|+ Slimel

By Lemma 7, we have

IING(¥n) = G(@)]| < [IN(G(¥n) = G+ [ ING(¥) = G() | (47)
<CG(yn) = Gl + N[yl (48)

We get as in [40] depending on Lemma 11 that

NG (¥n) = G() | < CNTZ[[lls + ll7e - (49)

Also,

| In(onPen) = Lol = el (nn — 9) + (Inlgnl? — [91) Ivgn

<IpI2 (N I[lly + lell) + ea (ol +c2) (N llglls + Imel) GO
<C(N™ + ell + 1mel)-

Hence, we get the following estimate
D.B 2 C 2 < C~ NfZS 2 2 51
oDp [17ell™ + Conaltgelly 2 < + gel1” + [l7ell )- (51)

Simultaneously, by taking the inner product of each part of (1b) with Z, and following
the same steps as before, we also get

oDEIlnell® + Cova el 2 < C(N72 + el + el (52)
Then adding (51) and (52) leads to
oDE (I1mel> + 176 ]1*) < 2max{C,CH(N=2 + (nell + 17£])?)- (53)

By Lemma 9, we obtain
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ell* + e l* < (lmoll + [l20 1) Ep(2 max{C, C}##)
+2max{C,C}N *tPEg 1, g(2max{C, C}tF). (54)

Lemma 10 implies now that tPEgq,(CtF) < C. Finally we can see that

71> + |l7El> < 2Cmax{C,C}N~2%. The other inequality of the conclusion can be
achieved in a similar fashion if ¥ = % and 0 < pu < % O

4.2. Full-Discrete form Convergence Analysis

Theorem 2 (Convergence of the uniform L2-1, — Galerkin spectral scheme). Let {¢, ¢}
and {4}, R} be solutions of (1) and (13), respectively, and suppose that the unique solution

e L*([0, T; HZ (Q) N H5(QY)) is sufficiently reqular in temporal and spatial directions
Y, ¢ 0 yreg p p

and ai;f’, %tg’ € L=([0, T; H} (Q) N H*(QY)). Then, a positive constant T* is existed such that

when 0 < T < T, the Galerkin spectral scheme (13a)—(13b) admits a unique solution {3, p%; }
satisfying
Ik — 9 tll + gk —p(x,ta)| S C(P+NT),  ifa £}, (55)
- . 1
I3 — 9o t)ll + 9% — ¢l ta) | < C(P+N),  ffa=Fand0<p<y, (56)

such that the C is a positive has no dependence on n, T and N.

Proof. The next variational formula is derived by taking the inner product of (1a) with vy,
. ) QLpite ) ) )
(DPY*7,v1) — (1 + i) (afw"”) + (k1 +i1) (|1/J]+U|21P]+‘7,V1>
+ (e1 + i) (1977297, v1 ) =7 (917, v1) + (O(F),v1) =0, (7)

Lete = — N, {e = ¥ — Pyy and 7, = Py — hyy, we get e/ 17 = CHU + 77£+U Also,
let E = ¢ —¢n, (g = ¢ — Pn¢ and g = Py — ¢pn, we get E/to = C]Jrg + 17]+a Using
Lemma 6, in case of & # %, we get

lere< | < ||t ||+ [ = en=s [l + |7+, (58)
||| < |||+ i < en || (59)
Subtract (39) from (15 ), then we obtain
B+ ; el
(Dt e] U,Vl) — (Vl + 17’]]) (W,V]) (60)
+ (ki + i) (INW*"\ N = 1P v )
+ (er i) (IO PO — 191y, ) 6)
— 7 (@, vi) + (O(Tz)rvl) =0. (62)
The orthogonality of the operator Py, causes
(Dfel**,v1) = (Dfy."",v), (63)

(aD2eI ™7, v1) = (T4, xDfivy) + (DY 2p)*7, wDE/%vy) = (,DY 25, 2D/ %), (64)

After taking the inner product of (42) with 17£+U, choose the real part of the resulting
equation to obtain
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Boro pitoy (BT ke
(Dte /176 ) Vl ( a|x|“ 1776 )

+ Re| (k +i21) (In[9h TPl — 92y, ") (65)

+ (e + i) ( InIOR T PYNT — 19772, né'*“)]
— 7 (e, ) + (O, 4l =0

Invoking (33), (63) and (65). Using Lemma 8, we obtain
1 2
ED tﬂ Ul

. 2 .
+0 +0
(]3 + 1 C2 ﬂé

/2

+ Re| (k +i21) (InJoh Pl — 92y, ") (66)

+ (o1 + i) ( InlQ PN — 19721, 775”)]

j+o||?

+ (O, gy = |k

Proceeding as in the proof of Theorem 1, we define G(y/*7) = |/*7|?y/*7, and using
the Cauchy-Schwarz inequality, we get

(INGWR) ~ ™), n™) < o InG ™) — G|+ Shnel
<IN|¢] YL |t it ]-HT) < 2HI (917 Py — |pi o Pypite 2+%H o 2
By Lemma 7, we obtain

IINGN ) = G| < [ v(Ewl ) - 6y ) (67)

+ | ING (W) - G+ (68)
<clewh ) -G )| +eN | @)
We get as in [40] depending on Lemma 11 that
NG = Gy | < en=|lite]| + 7] (70)
Also,
HI |¢]+¢7 J+f’) |/ 2yt
- H|4>f*”| (I l/ﬂ“’ 97) + (IR = 7712 Iy
<ol (vl + )
er ([t || +e2) (N[l + [ E )
SC(N’S—F né” e )
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The next estimate flows after some manipulations,

S G A e Y U O T P
Simultaneously,
ok < (7 e ol i+ =) 2

Adding (71) to (72) and applying the L2-1, Discrete fractional form of Gronwall
inequality in Lemma 13, then the final result (55) is achieved directly. Similarly, we can get
the result (56) when o = % Then the proof is fulfilled. O

5. Numerical Experiments

In this section, we provide two numerical examples to validate the analysis and
the performance of the present scheme for the time-space fractional Ginzburg-Landau
equations. All computations and visualizations have been carried out using Mathematica
12.1 on a personal computer with 12 GB memory and 2.3 GHz speed. Moreover, the spatial
and the temporal convergence orders are computed using the following formulae:

In(lle(MK)|[/|le(ME)D) s o
(ks /Ko) , In time,
Order =
In(lle(M K[|/ |e(Ma, K)D)
In(My /M) , inspace,

where My # My, Ky # K, and

E =e¢(M,K) = Tm— M — .

rror = e(M, K) = max. (|[¥{y — 1l + [95m — ¥2)

Example 1 (Convergence test). Consider the following nonlinear coupled system of fractional
Ginzburg—Landau equations to test the accuracy of the proposed scheme:

§Dfy— (1 +i) g+ (G+) WP +ilpP)y—¢ = fitxt), x€(01),te01), (73

§Dfo—(1+1) g+ (1P + (A +i) [9P) e —p = f(xt), x€©1), te (01,  (74)

with the homogeneous boundary conditions

W(a,t) = (b, t) = ¢p(a,t) = ¢p(b,t) =0, t € I. (75)

The initial conditions and the source terms f1(x,t) and f,(x,t) are determined by the exact so-
lutions
Plx, t) = 32221 —x)%,  ¢(x,t) = 3x%(1 — x)2.

Tables 1 and 2 list the L2-errors and corresponding convergence orders with
«=pf+1=12,1518and N = 100 for ¢ and 1, respectively. We can see that these
results confirm the second-order convergence in time. The convergence orders in space
a are depicted for different values of x and g at M = 1600 in Figures 1 and 2. All the
convergence results are in agreement with the theoretical results.
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log1o(Error(¢h))

Table 1. The L?-errors and the convergence order of ¢ versus M and « = 8+ 1 with N = 100 for

example 1.

M x=p+1=12 x=B+1=15 x=p+1=18
Error Order Error Order Error Order

100 5046 x 1077 —— 1.090x107® —— 1449x10°® ——

200 1262 x 1077 1999 2726x10~7 1999 3.625x10~7 1.999

400 3164x1078 1997 6.833x10% 199 9.093x 108 1.995

800 8.006 x 1072 1983 1734 x10°8 1978 2342x10°8 1.957

1600 2183 x107° 1.874 4871 x107° 1.832 7.708x107° 1.603

Table 2. The L2-errors and the convergence order of ¢ versus M and « = 8+ 1 with N = 100 for

example 1.

o x=Bf+1=12 x=B+1=15 x=Bp+1=18
Error Order Error Order Error Order

100 6.035x1077 —— 1300x107® —— 1.731x107® ——

200 1510 x 1077 1.999 3250 x 107 1.999 4.329 x 10~7  2.000

400 3783 x 1078 1.997 8143 x10°8% 1.997 1.085x10~7 1.99%

800 9549 x 1077 1986 2.060x10°8% 1983 2.773x10°8% 1.968

1600 2551 x 1077 1904 5629x10° 1.871 8578x1077 1.693

) ‘ .
I e a=f+1=12 ]
-5 |
i —=—a=p+1=15 |
6 i ——a=p+1=1.8 ]
L
gl
C | | | [

20 40 60 80
N

Figure 1. Convergence order of ¢ in space for different values of « and B at M = 1600.
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log+o(Error(y))

—o—a=f+1=12 ]
—=s—Qq=f+1=15

——a=p+1=18 1

20 40 60 80 100
N

Figure 2. Convergence order of ¢ in space for different values of « and 8 at M = 1600.

Example 2 (Model output). Consider the case of the coupled fractional Ginzburg—Landau
Equations (1) with the initial values

P(x,0) = sech(x + Dy) exp (—iVpx),

and
¢(x,0) = sech(x — Dy) exp (—iVpx).

Henceforth, we take Dy = 2, Vy = 3, x € [—10,10].

In this test, we select vi = vp =1 =1y =1 =0 =1 =M =1, k1 =ky =1/2and
g1 = & = 0. Moreover, we will set the computational parameter N = 100 and M = 500.

Figures 3 and 4 display the numerical solutions for different « and B according to Example 2.
We observe that, the fractional parameters o and B will dramatically affect the shape of the soliton,
which is completely different from the classical case and shows the nonlocal character of the Caputo
fractional derivative and fractional Laplacian. We find from these two figures also that the parameters
Y1 and 7y, dramatically influence on the wave-shape. It is also observed that the numerical solutions
decay fast with time evolution especially when the parameters vy and vy, become more smaller and
also when the fractional orders become more close to the integer orders, which means « comes close
to 2 and B be closer to 1. These results seems to be in a good agreement with those appeared in ([33],
Example 3).
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12,409, =0 12,409, -1

012,409, 13

10

=199, 6=099, =3
v v ] T

Figure 3. The evolution of |y and |¢n| for different values of 71 = v, = ¢ = 0,1, 3. The first row is presented at &« = 1.2
and B = 0.9. The second row is presented at &« = 1.5 and = 0.9. The third row is done at « = 1.99 and = 0.99.
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ai].Z, p=04, y=0 a:&.Z, $=0.4, y=1

|
I

’ ! ™
|

a=15, =04, y=0 a=15, 604, y=1

|
|

o | Foa / | s
|

Figure 4. The evolution of |¢y| and |$n/| for different values of y; = 7y, = v = 0,1. The first row is presented at & = 1.2
and § = 0.4. The second row is presented at « = 1.5 and § = 0.4. The third row is done ata = 1.99 and = 0.4.
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6. Conclusions

In this work, we provided an efficient high order numerical scheme for the generalized
fractional coupled Ginzburg-Landau system. This scheme has a second order of conver-
gence with respect to time and spectral accuracy with respect to space. The convergence
analysis of the scheme shows the unconditional convergence of its approximate solution.
An algorithmic easy implementation of the scheme is also provided to facilitate its numeri-
cal application. The paper ends with a numerical example, it shows the agreement between
the theoretical results and numerical ones. Finally, we need to clarify the following issues
and present some future work:

e  Our proposed high order hybrid numerical scheme is a linearized scheme of second
order of convergence with respect to time inspite of the nonlinearity of the problem
under consideration. The spectral accuracy is achieved due to the use of Galerkin
Legendre approximation. Up to our knowledge, it is the first time that scheme is
used to solve that kind of problems, especially noting the appearance of time and
space fractional derivatives in the model under study. Unconditional convergence and
stability of that scheme is secured, which means the error estimates of the numerical
model has no dependence on time and spatial steps. This work reflects the possibility
of that kind of schemes to be extended to deal with success with the singularity near
the initial values of time fractional Caputo operators appearing in the generalized
Ginzburg-Landau system. The latter can be secured by using nonuniform Alikhanov
schemes combined with Legendre Galerkin spectral and it would be a near future
plan for us.

o Due to the intrinsically nonlocal property and historical dependence of the frac-
tional derivative, numerical applications of the numerical methods are always time-
consuming. Therefore, fast schemes based on local approximations [41,42] can be
implemented to avoid the high computational costs coming from the prehistory fea-
ture of spatial fractional order operators. Fast L1 and Fast Alikhanov formulas of
the Caputo derivative which are based on the sum of exponentials can be used to to
reduce the huge storage and computational cost [43,44]. Invoking these approaches to
reduce the computational cost of finite difference/Galerkin spectral methods would
be a target of our new works in the near future.
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