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Abstract: An efficient difference method is constructed for solving one-dimensional nonlinear time-
space fractional Ginzburg-Landau equation. The discrete method is developed by adopting the L2-1,,
scheme to handle Caputo fractional derivative, while a fourth-order difference method is invoked for
space discretization. The well-posedness and a priori bound of the numerical solution are rigorously
studied, and we prove that the difference scheme is unconditionally convergent in pointwise sense
with the rate of O(z> + h*), where 7 and h are the time and space steps respectively. In addition,
the proposed method is extended to solve two-dimensional problem, and corresponding theoretical
analysis is established. Several numerical tests are also provided to validate our theoretical analysis.
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1. Introduction

Progress in the past decades has indicated that fractional partial differential equations can be used
to model many physical phenomena with non-locality and long-range interaction [1-7]. The fractional
Ginzburg-Landau equation is regarded as an important model to describe many dynamical processes
[8], and various theoretical researches have been carried out, such as global well-posedness [9, 10]
and long-time asymptotic behavior [11]. Besides, based on the Banach fixed point theorem, Shen
et al. [12] analyzed the well-posedness of mild solution of time-space fractional Ginzburg-Landau
equation driven by Gaussian noise. Xu et al. [13] studied the well-posedness of time-space fractional
Ginzburg-Landau equation with fractional Brownian motion.

In this paper, we investigate finite difference method for the nonlinear time-space fractional
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Ginzburg-Landau equation (TSFGLE) with the extended Dirichlet boundary condition [14, 15]

a(l 5 3

5 - (v +l§)w+(K+l)/)|M| u—Clu=0, te€(0,T], (1.1)
u(x,0) = yY(x), xe€Q=(a,b), (1.2)
ulx,n) =0, xeR\Q, re€[0,T], (1.3)

where i = V-1, parameters 0 < @ < 1,1 < <2,v> 0,k > 0, &, y and { are known real numbers,
and ¥(x) denotes a sufficiently smooth initial value function. The Caputo fractional derivative [3] is
given as

@ 1 T 1 du(xnp)
M = I(l-a) JO (t-m)* 67;77 dn’ O<a<l, (1.4)
or ou(x,t), a=1.
The Riesz fractional operator a| lﬁ is defined by
Pu(x, 1) 1
L= DPu(x,t) + Dlu(x,b), 1<B<2, 1.5
OlxP 2cos(7r,8/2)( ) + :Dyu(x.0). 1 <p (1.5)

where the left and right Riemann-Liouville fractional derivatives are given as

1 (T uy,ndn 18 (" up,ndny
DD = g f =Pt Dyl 0 = TQ-p)o J, (- xp"

Since the explicit expression of solution of TSFGLE is difficult to obtain, it is very urgent to develop
numerical methods for quantitative analysis. We note that when @ = 1, model (1.1) becomes the space
fractional Ginzburg-Landau equation, many numerical studies have been conducted, such as finite
difference method [16-22], spectral method [23, 24] and finite element method [25]. When a = 1
and B8 = 2, Eq (1.1) reduces to the standard nonlinear complex Ginzburg-Landau equation [26, 27].
In particular, when v = 0 and x = 0, model (1.1) collapses to the nonlinear fractional Schrodinger
equation, and many efforts have been devoted to solving this equation, please see Refs. [28-31] for
more details.

However, there is limited work on numerical research for the TSFGLE (1.1)—(1.3). Recently, Zaky
et al. [32] constructed a nonlinear method for solving TSFGLE based on L2-1, scheme and Legendre
spectral discretization, and the error estimate in L?>-norm is established. Since this method is fully
implicit, a nonlinear equation needs to be solved iteratively at each time layer. Subsequently, the
authors [33] further studied the Alikhanov Legendre-Galerkin spectral method for the coupled
TSFGLEs. To the best of our knowledge, there is not linearized numerical method for model (1.1),
and the optimal convergence analysis in the pointwise sense has not been considered. The main
novelty of this work is that a high-order linearized difference method is proposed for solving the
TSFGLE based on L2-1, scheme for time discretization and compact difference method for space
discretization, and optimal error estimate in the pointwise sense is established rigorously without
imposing any restriction on the time-space grid ratio in one-dimensional case. Theoretical results
show that our method has second-order accuracy in time and fourth-order accuracy in space. The
discrete scheme is efficient in the sense that only a linear system needs to be solved at each time step.
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In addition, the proposed method is extended to solve the two-dimensional problem, and the
corresponding convergence theorem is also analyzed.

The remainder of this article is organized as follows. A linearized high-order difference scheme
is constructed in Section 2. The unique solvability, boundedness property and error estimate of the
proposed scheme are rigorously analyzed in Section 3. The numerical scheme and corresponding
convergence analysis for the two-dimensional problem are studied in Section 4. Some numerical tests
are presented in Section 5. Finally, we give some conclusions in Section 6.

2. The fully discrete linearized difference scheme

This section is devoted to constructing a linearized difference scheme for solving TSFGLE (1.1)—
(1.3). We divide the rectangle [a, b] X [0, T] into a uniform partition by the mesh Q = Q;, X Q., where
Qy={xjlxj=a+jh h=220<j<Myand Q. = {1, |1, =n1,0 <n < N,7 = L}.

2.1. L2-1, formula for the Caputo fractional derivative

Many efforts have been devoted to designing difference approximations of Caputo fractional
derivative, including the well-known L1 formula [34], L1-2 formula [35] and L2-1, method [36].
Moreover, Li’ group constructed and analyzed a series of higher-order numerical methods [37,38]. In
order to construct a high-order linearized difference scheme for TSFGLE and establish convergence
theorem, in this work the L2-1, formula will be invoked to discretize the Caputo fractional derivative.

Lemma 2.1. ( [36]) ForO <a < 1,0 =1 - 5 and ty,c = (n + 0)7, assume v € C3[0, T], then it holds

that
n
c - , _ 3-
EDIV(tr0) = 7 D PO (Wtyi1) = v(t))| = O™, 2.1)
s=0
where ¢ = q =0, and
o =agforn=0,an
ap + bl, § = 0,
an,a): as+bs+1_bs’ ISSSH—L
a, — b, s =n,
for n > 1, in which ay = %, ag; = ﬁ[(s +o)—(s—1+)? fors > 1, and b; =
1 - - 1 _ _
o l(s + o) = (s=1+0)7 - sl + '+ (s=1+0)] fors> 1.

2.2. Compact difference method for spatial discretization

In general, high-order difference scheme performs better than low-order method in terms of
computational accuracy, and high-order difference approximations for Riesz fractional derivative have
been analyzed, see literatures [39—43] for more details. In this paper, we use a fourth-order difference
scheme to approximate the Riesz fractional derivative. For a fixed A, denote

M-1
Fv(x;) == h? Z gPvx), (1<B<2), (2.2)
s=1
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where
=DT@B+1)
CTBR2-s+ DTB/R2+s+1)

g

According to Ref. [44], the fractional central difference scheme (2.2) is second-order convergent for
discretizing Riesz fractional derivative as 7 — 0, that is

Pv(x )

v N o—
o v(x;) = PG

+0(), (1<B<2). (2.3)

Based on the second-order fractional central difference scheme (2.2), a fourth-order compact
difference scheme was constructed in Ref. [39].

Lemma 2.2. [39] Assume v € Ly(R) and v € W*(R) := {v | ["7(1 + [p))***Wpldn < +oo}. Denote

B B B
Nyv(aeg) = 20V =) = (14 T2)5v0) + S8 v(x + h) = Z 22 v(xy), (2.4)
where gs 2B4g§ﬂ)1 1+ %)g(sﬂ) + %g@l, then for 1 < j < M — 1, we have
Pv(x))
B —
Nv(x;) = _GITII’] + O(h").

2.3. The linearized discrete scheme
For simplicity, we denote u’; as the numerical approximation of the exact solution u(x;, #,), Viu ;’*‘T =
T Z ctm ‘T)(u;f”‘s — ), Wt = O'M’I?” +(1 =o' and @7 = (1 + o)t} — O'Lt’;_l. Considering model

(1. 1) at the grid point (x;, #,+), applying the L2-1, formula for the approximation of Caputo fractional
derivative and the fourth-order difference scheme (2.4) for discretizing Riesz fractional derivative, a
linearized high-order discrete method for 1 <n < N — 1 is constructed as

VO + (v + NI + (k + iyl TPl = (i =0, 1< j< M- 1. (2.5)

Here we mention that an extrapolation technique with second-order accuracy has been used to handle

the nonlinear term in (1.1). Besides, the first level approximation u} 18 chosen as uj = ", which is

J
computed by the following iterative method

(0 o)
@
+ (HIONAT + (k+ a7 P = L0 =0, m= 1,2, mg, (2.6)

TQ
where " = ot + (1 — cr)u? and 47 = u?, mq = [2]. The initial value u(} is taken as
W) =y(x;), 1<j<M-1. (2.7)
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2.4. Some useful lemmas

Let V, = {v|v = (vi,v,---,vy_1)}. For any v,w € V,, the discrete inner product and
corresponding />-norm as well as the maximum norm are defined respectively as

M-1
(v, w) :=thjwj, W= N, v), Wil = max v, (2.8)

j=1

where w denotes the conjugate of w.
For a given constant € € [0, 1], we give the definition of the fractional Sobolev semi-norm |v|ye and
the norm ||v||g- as

7/ h 7t/ h
Ve == f P waplPdn, Wil = (1 + gV Pdn,
—n/h —nt/h
where V(1) denotes the semi-discrete Fourier transform of v. By Parseval’s theorem,

(vow) = [LTapwm)dn, it holds that [V, = VP + V.
h
Lemma 2.3. [45] (Discrete Sobolev embedding inequality). For u € H® with % < € < 1, it holds that
IVl < CelVllge, (2.9)

where C. = C(€) is a positive constant independent of h.

Lemma 2.4. [46] For any 1 < 8 < 2, it holds that
(Av,v) = [PV, (2.10)

where NP denotes a linear operator. Furthermore, there exists a constant Cs = /g + 1 such that
(=) Whn < (A0.v) < Colvln. @.11)

Noting that conclusions [|v|| < C (6’gv, v) in Ref. [47] and (6€v, v) < Ivlf{ﬁ/2 in Ref. [48], combined
with Lemma 2.4, we have the following inequality.

Lemma 2.5. For 1 < 8 <2, there exists a positive constant C’,; independent of h satisfying that

IVl < ClIAPYI. (2.12)
3. Theoretical analysis
Denote u" = (u},uy, - ,u’]w_l)T, e = @@\, ), ,L‘t"M+f1)T,
u V= WV v, U, VY, 1)T, and other notations &#"*”, & and &#“" can be defined similarly.
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3.1. Unique solvability
Lemma 3.1. ( [36]) The coefficients " in 12-1,, approximation of Lemma 2.1 satisfy

(n(r) (n,0)
G >

2o - l)c(” ) O'C(ln 7) > .

> o> ¢ s DL s () s )

Theorem 3.1. The difference method (2.5) and (2.6) with initial condition (2.7) is uniquely solvable.

Proof. It is equivalent to proving that the resulting homogeneous system of the proposed scheme has
only a trivial solution at each time layer. The homogeneous equation of the iterative scheme (2.6) can
be expressed as

VU + (v + TN + (k + i)t @ Pl - Lol =0, m=1,2,-- ,m,. (3.1

Taking the inner product of both sides with #", then considering the real part gives
0,0) an|| A2 a Amy 2 ANATm_1  AmM12 _ _
(cy " = Lat)Ha™||” + vor||IA°a"||" + kot®||i -a") =0, m=1,2,---,my, (3.2)

where Lemma 2.4 has been used in deriving (3.2). According to Lemma 3.1 we know that c(O 7 > 0.
(0 o)

I
it further implies that &7 = 0, j = 1,2,---, M — 1. Thus the iterative process (2.6) is uniquely solvable

, and

If £ < 0, it is obvious that ||#Z"|| = 0; if £ > 0, we can also deduce that ||#"|| = 0 when 7 < \

@ C((),(r)
when 7 < /2.
(o
Now we turn to study the homogeneous system of the discrete scheme (2.5), i.e.,
¢ Putt + (v + T N + (k+ iy)o @ Ul - ot =0, 1<n<N-1.  (33)

Taking the discrete inner product of (3.3) with u"*!, then considering the real part yields
(" = Lot P + vor AU P + kot @ - WP =0, 1<n< N-1. (3.4)
Similarly, we can conclude from (3.4) that there exists a unique solution for difference scheme (2.5)

@ C(n,(r)
when 7 < 4 / 2—0 Therefore, we have completed the proof of Theorem 3.1.

3.2. Boundedness
Lemma 3.2. [36,49] For a given sequence of complex functions {" } _o» we have

e 1 n+1 o .
2Re(Vew"™, &™) > ;Z " (eI = llw* ™" P). (3.5)

s=1

Lemma 3.3. ( [50]) (Discrete fractional Gronwall inequality) Suppose that {w } _o IS a nonnegative
sequence and p" > 0, and for 0 < n < N — 1 the following inequality is satisfied

n+1

Tia Z ::T)S((W ) (W‘V—l)z) < Q(an)z T,

s=1
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then it holds that when T <

- ”\/111"(2 @)0/2’
11617 111 -
W < 2B, () + SO ma 7)),
4 I<s<n

here E () is the Mittag-Leffler function.

Theorem 3.2. The solutions of the fully discrete scheme (2.5)—(2.7) are bounded in discrete L*-norm,
and it holds for 0 < n < N that
" W), if £ <0,
| s{ el 47 ¢ 3.6)

ollu’ll, if ¢ >0,
where Q = 2E,(11{T?).
Proof. Computing the inner product of (2.5) with #"*“, then considering the real part gives

Re(va n+o —n+0') + V”A,Bun+0'”2 +K||~n+0' . —n+a||2 {”—n+0'||2 0, l1<n<N-1. (37)

Taking the discrete inner product of (2.6) for m = m, with #°, then taking the real part of the resulting
system and noticing that u' = #", thus we have

Re(Vou”, @) + VINPu”|* + ko - a”|[* - Z||a@”||* = 0. (3.8)
Due to v > 0, k > 0, we can deduce from (3.7) and (3.8) that
Re(Vou"™ ", @™ ) < ¢ - l@™*|”, 0<n<N-1. (3.9)

If £ <0, by using Lemma 3.2, we can further deduce from (3.9) that

n+1

e Al = ) < 0. (3.10)

s=1

Here we use mathematical induction to prove the conclusion ||u"|| < ||u°||. For n = 0, it obvious follows
from (3.10) that |lu'|| < ||u°||. Assuming that

|l < 11| for s <n, (3.11)

then we need to prove that |ju"*!|| < ||u°||. With the help of Lemma 3.1 and (3.11), we can derive from
(3.10) that

(na')||un+1”2 < Z(c(nfr) (na') )”us”2 +C(no')||u0”2

n+1 K

0
< Z(C(na') ;’:—(;')S) + C(nO'))”u ||
< cg”‘”nu‘)n , (3.12)
which further indicates that [[u"*!|| < ||u°||. Therefore, we can derive that

'l < l°ll, 0<n<N, for {<0. (3.13)
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On the other hand, if £ > 0, it holds from Lemma 3.2 and (3.9) that

n+l1
™) < 22 - 11" NP < 24 (ol ] + (1 = o)l (3.14)

2 —
—Z e (I =

By using Lemma 3.3, we can deduce from (3.14) that
™| < 2E, (11422, DIu’ll, 0 <n <N, for £ > 0. (3.15)

In view of (3.13) and (3.15), we have completed the proof of this theorem

Q/.

3.3. Convergence analysis
-,N), U’” = u(x;, ;) and UU’” = O'U’"+(l 0')U0 form=1,2,-

Let U” =u(x;,t,) (n=1,2,-
To dlscuss the local truncation error of the proposed method we ﬁrst deduce from (2.6) that
mq,  (3.16)

(0 U)(Um )
L v+ iONOT + k+ il 0T PO — 207 = B, m=1,2,-,
o - j j j j
where U;’O = UYand
(0 o) m
(U - UY) , no OPulxjty)
! :( — 7 oD u(x;, t(,)) + v+ zg)(AﬁUj’” + a J|'3 )
+ (4 (07 PO = ulxj, t0)Pux;. 1)) = L0 = u(xj1,))- (3.17)
With the help of Taylor’s formula, we obtain
FUT Pu(x;, ty)
07 = u(xy 1) + O, NS
™ = u(x;,1,) + O(T) = o o)
07 PO = uxj, to)Pu(xj tz) + O@), 07 PO = |u(x;, t,)Pu(x;, 1) + O form > 1
Combined with Lemmas 2.1 and 2.2, we can further deduce that
Al E + I < Cra® + 1Y), (3.18)

where Cp is a positive constant independent of 7 and £
Now we start to discuss the error estimate of the discrete scheme (2.5)—(2.7). First of all, we denote

that
GOy, =@ ). LSmEm, (3.19)
=Ul-ul, & =(.e .y ), 1<n<N. (3.20)
Theorem 3.3. Let {ii*}", be solutions of the discrete scheme (2.6), then there is a positive T such that
(3.21)

when T < T, we have the error estimates

le'll < Cr(x> + 1Y), lle'le < Cr(@® + 1Y),

where Cr and Cr are positive constants which are independent of T and h
Volume 30, Issue 10, 3635-3659.
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Proof. Firstly, subtracting (2.6) from (3.16) for m = 1, then we have the error equation

(0 5 1

Ly v+idoNel + (k+iy)Gh—(oel = F}, 1<j<M-1, (3.22)
where

Al 02 7o 012 ~0

G; = U;I°US" —lujl™a; " (3.23)
Here mathematical induction is used to prove that

el < Cr(x™ + b, el < Cr(x® +hY), k=12, ,m,. (3.24)

To this end, computing the inner product of (3.22) with &', and it follows that
23 ‘”u“n2 .
+ (v +i)ol|APR! + (k + iy)(G',@") - Lolle'|IP = (F',@"). (3.25)
Considering the real part of (3.25), and combined with v > 0, we have
co Il
< —Ref{(k + iy)(G', 2D} + Lole!|I* + (F' &), (3.26)
T

this together with the Cauchy-Schwarz inequality further implies that

D)t < (Wi 26+ 1oletl] + B, (3.27)

Set C, = maxo<<r ||u(-, Dlloo, Cg = 2(C, + 1)%. From the definition of ||G||, we obtain

IG'N = ||[U°PD" - W' 108l < oCalle'l, (3.28)
Combining (3.27) and (3.28), we have
("7 = o (Ca Vi@ + 72 + 1D Jlle' Il < =11, (329)
(0,0) a (0<r)
When 7 < 71 = min { \’/m \/ —, 1}, it follows from (3.18) and (3.29) that
272/2
o'l < =— o ST PNEN < Cr(r'E 4 B, (3.30)

0

Taking the discrete inner product of (3.22) with V_%.Eél, and considering the real part of resulting
equation yields ’

C(O 0')||A1||2

Vv vé’
e v

Furthermore, by using the Cauchy-Schwarz inequality and the Young inequality, we have

+ o||APe|?> = —Re

(= +’§(G1 &)+ - ||A1||2+Re{vji€(ﬁl,él)}. (3.31)

FZ ,\ v 2 2 a (0,0)

Electronic Research Archive Volume 30, Issue 10, 3635-3659.
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0,0)
1 . T N ve,
Re (F' e < ——IIF"||- "] £ ——==IIF"|1* + —II”II (3.33)
{v + i€ } L2 + & 2VCE)O’(T) 202 + &)1
It holds from (3.18), (3.28) and (3.30)—(3.33) that
. K +yH)T vigl . «
IAP2!| < %IIGIII e eI + WIIF P<Cciai+n?,  (334)

where C; = '(Kziyz)cc + Vzvﬂz + 20'1/1(0"7)' By using Lemmas 2.3 and 2.4, it follows from (3.30) and (3.34)
that '
6"l < Cppalle'lgsr < Cr(x™*T + h%), (3.35)

where Cr = CpnCr 1 + (£)2C).
Therefore, it follows from (3.30) and (3.35) that the conclusion (3.24) is true for m = 1. Assume
that the conclusion (3.24) is valid for 1 < k < m — 1, that is

64 < Cr(™ % + 1Y), ||l < Cr(x™ % + 1Y), k=1,2,--- ,m— 1. (3.36)

We start to prove that the conclusion (3.24) is still valid for k = m. Subtracting (2.6) from (3.16)
yields the error equation

0,0) sm
C, € .
Ll v+ i) AR + (k+ in)G — {re = F (3.37)
where
GAT — |U‘(]'7m71|20;7m |u0'm 1| ’\O'm _ |U0'm 1| AO'm + (Ujo'm leO'm 14 eO'm 1u;rm I)UO-'" (338)

It follows from the induction assumption (3.36) that when 7 and h are taken to be sufficiently small
such that 7'*% + h* < 1/Cr, we have

"]l < N1U Moo + 68| < max ||u( NMeow+1=C,+1, 1<k<m-1. (3.39)

Noticing the definition of GT, we have ||Gm|| < aCg(|le™|| + |1&™~Y|). Taking the inner product of (3.37)
with e™ gives

(00') Ami|2
” ” ~ N A Fm Am
+ (v + )TN |F + (k + iy)(G™, &™) — Lole™|)* = (F™, e™). (3.40)

Similarly, considering the real part of (3.40) as well as the Cauchy-Schwarz inequality, we obtain

Nl < 7 (VI + YAIG™ + 1Llo - 118+ IE™)
<10 Co K2+ y? + [L]|o)e”]| + T Cg VK> + 72||é’"_1|| + T“IIF’”II. (3.41)

(0,0) (0,0)
C, C,
Therefore when v < 7, = { =, 0—} we have
20(Co A2+ +HD) 20Cq 22+ )

_ 20RO Co I+ PR+ )

N
lle™]] < 0
)

Electronic Research Archive Volume 30, Issue 10, 3635-3659.
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< 2120 Co K2 +¥2 + DCp(tT + h*)

0,0)
Co

< Cr(™5 + 1. (3.42)

Taking the discrete inner product of (3.37) with V_Ll.scé’", then considering the real part of the resulting
equation gives

O.0) 11 5m )12 .
vey o lleml Bam 2 K+10Y A o illo o | BN
——— + 7||A"||” < -R G", &M+ "7 + Rey——=(F™, e");. 3.43
21 ) allA”e"||” < e{v+i§( e )} V2+§2||e I e{v+i§( P )} (3.43)

For the first and the third items in the right hand of (3.43), the following estimates hold

. 0,0)
K+ Y, am am NEE+YE (K YDT A ve! -
~ Re{=—L(G".o")) < Y=ZIG"I - [2"]] < = IG"IP + 52— 0", (3.44)
v+i§ V2 + &2 2vey” 200+ &)t
| oo
R Frem) < Bl < PR+ "I, 3.45
e{v+ ZFe )} \/mn I 11| 2vcéomn P+ 3 e (3.45)
Since [IG™]* < 202C(1le™|1* + [1e™~"|?), we can deduce from (3.42)—(3.45) that
K+ YT an Vo ™ pn 2 2 1+ 142
IAPe" | < ——5=IIG™II” + 111" + —— s IF"IIF < CiCr(T ™2 + W) (3.46)
v v+ & 20ve” g

0 0

In view of (3.42) and (3.46) as well as Lemmas 2.3 and 2.4, we can also arrive at

N Am N q N ~ mna
1€l < Cppalle™ ||z < Cppa \/||€’"||2 + (E)ﬁﬂl\ﬁé’”’ll2 <Cp(@'™% + 1% (3.47)

From (3.42) and (3.47), we can conclude that (3.24) still holds for k = m. Therefore, the induction

Ay

is closed. Noticing that u; = i (m, = [%]), then we further derive from (3.24) that when 7 <
min{t;, 7.}, it holds

le'll = 118"l < Cr(@® + 1Y), lle'lle = ™|l < Cr(z® + A). (3.48)

Therefore, we have completed the proof of this theorem.

Lemma 3.4. ( [49]) (Discrete fractional Gronwall inequality) For any sequence of complex functions
(", if 0l < CO, lw']| < C and

Re Vozwn+0', (Dn+0’ < Allla)n+0'||2+/12||(I)n+0'”2+02,
t

where Ay, A,, & are nonnegative constants, then there is a positive constant T* such that when T < 77,
it holds

lw"| < C*, 1<n<N,

where C* is a positive constant which is independent of time step T.
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To discuss the local truncation error of proposed method (2.5)—(2.7), we first deduce from (2.5) that
V;"U;“" + v+ if)AfU;’”’ + (k + i)/)IU;‘WlZU?*" - {U;’“’ = F;?, n=1,---,N-1, (3.49)
where

6Bu(xj’ tn+0')
o|x|P )

A (07 TPOLT = w0 s P n)) = (O =t s))-— (3.50)

F;’ :(V7 U;.HO- - OD;ZM()C]', tn+o')) + (V + l‘f)(Afl_];H(r +

Using Taylor’s expansion, Lemmas 2.1 and 2.2, it obvious from (3.50) that
IF'| < Ce(r> +h*), 1<n<N-1. (3.51)

Theorem 3.4. Suppose that the solution of TSFGLE (1.1)—(1.3) is sufficiently smooth, and let {u"}nN: |
be the solutions of the numerical scheme (2.5)—(2.6), then there is a positive T* such that when T < 77,
we have error estimates

le"ll < C(T* + 1Y), el < C(*> +h*), 1<n<N, (3.52)

where C and C are positive constants independent of T and h.

Proof. Subtracting (2.5) from (3.49) yields the error equation
VI + (v + IENE + (k + iy)G - (21 = F, (3.53)

where
n _ |fn+o2yn+o ~n+o |2 =n+o
Now we use mathematical induction to prove this theorem. We can deduce from Theorem 3.3 that
the convergence result (3.52) is valid for n = 1. Assuming that the conclusion (3.52) holds for n < k,

then when 72 + h* < 1/C, we have
Nt leo < 1U o + ll€"llco < Cu + C(T* + ) < C,+ 1, n<k. (3.55)

Now we turn to prove that the estimate (3.52) is still valid for n = k + 1. Taking inner product of
(3.53) for n = k with &7 gives

(VI 87 + (v + IOIINE | + (k + iy)(G*,87) — L)1 |)P = (F¥, ). (3.56)
Notice that

k _ \f7k+o277k+0 _ |mkto2=kto _ —k+o 7 Tk+0 2 | ~kto2 r7k+0 |2 sk+o
G' =[O PO i Pkt = @ o (UM P — ik Py + 104 et
_ \FTkto25k+0 | —ktoskto FThkto | ~ktosk+o
= [O5 7Pk 4 ko @Ok 4 ko), (3.57)

Thus we can get
IGHl < Co(lle“ 1| + 1 1)). (3.58)
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Since v > 0, considering the real part of (3.56) and Cauchy-Schwarz inequality, it follows that

k Sk k —k —k 2 k —k
Re(Vie™?, &) < Nk + y2IGI - 18771 + 121 - 1127117 + [1F5] - [le™ ]

2

1
(vK2+y<CG+ S+l + )||e’<+f’||2 + N EPCHE P+ SIFP. (3.59)

Let 4; = k2 +y2(CE+ D)+ +3, A = /K> +¥*C%. According to Lemma 3.4 , we can deduce from
(3.51) and (3.59) that there is a constant 753 such that when 7 < 73, it follows that

IA

—Sk+o —k+o 1 —Sk+o
(IIGkII2+II€k+ %) +121- 1871 + E(IIFI‘II2+II€"+ [9)

e < C(72 + 1. (3.60)

To further establish the estimate of e“*! in pointwise sense, we take the inner product of (3.53) for

n = k with (V o Vie ek, then taking the real part yields

”Va k+0'||2 + Re(A,BekﬂT VaA,Bek+0')

'52
— _Re {’; : ’g(Gk Vo)) + Ref flf( 27 Ve + Re{v i ig(F", Vel (3.61)

In view of the Cauchy-Schwarz inequality as well as Re(u,v) = Re(v, u), we can further deduce from
(3.61) that

v —k+o
- " §2 ||V;lek+0'”2 + Re(V?A'Bek-'—o-, A'Bek+ )
VK + Y2 k k 14 k k 1 k k
S——|IG"|| - IV{e"™ || + ——=—==Ile"""|| - V] e"™ || + ——=IIF"|| - [[V;e"™l. (3.62)
(2 + & ! M+ & ! (2 ¥ & !

For three items in the right hand of the inequality (3.62), we have

4
ﬁvgznGkn e <« X6t s Y e, (3.63)
|| =K+0 (07 o 3 2 = o a o
T I < f 1271 + 3 197 P (3.64)
v
1 3
S IV S R 5 (3.65)

From (3.58) and Lemma 2.5, we get
G < 2C2 (@711 + 1847117) < 2CECRUAPT | + [|APE*| ). (3.66)
It is obvious from (3.62)—(3.66) that

303 + 7 302 3
Re(Ve AP, A8y < 2 XY Dy 4 28 gt pw L
4

4y 4y
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2 A2\C2 A2 202 2 A2\ C2 A2
g 6(k” +y)CsCp + 3¢ CB”Aﬁékw||2 .\ 3k +y)CC

3
AP £ 2 FRR
< 1 > IAZe™]] 4VII I

(3.67)

By using Lemma 3.4, it follows from (3.51) and (3.67) that there is a constant 74 such that when 7 < 74,

we obatin
IAPE? < C (12 + B2 (3.68)

In view of (3.60), (3.68) and Lemma 2.3, we can further deduce that

lle" e < C(7* + 1Y), (3.69)

where C = Cs/2 A /C + (%)>C+ is a positive constant independent of 7 and 4.
Combining (3.60) and (3.69), it indicates that the stated result (3.52) still holds for n = k + 1.
Therefore, the induction is closed, and we have completed the proof of this theorem.

3.4. The stability of the linearized difference method

Denote {v;‘ 1 < j<M-1, 0 < n < N} as the solution of the following difference scheme for
TSFGLE with another initial value function, i.e.,

VIV 4+ (v + NV + (k + iy) [PV - 0T =0, 1<n< N -1, (3.70)
cgo’a-)(f);" - V(J)) . Bao . AC 2 A0, N
+ v+ 1§)Ahvj”’ + (k + ly)Ivj”“‘l v = {vj'" =0, m=1,2,---,m,, (3.71)
T(l

with initial value v? = ¢(x;), 1 £ j < M -1, then the stability theorem of the discrete scheme
(2.5)—(2.7) can be established by a similar analysis as in Theorem 3.4.

Theorem 3.5. Let u; and V' as the difference solutions of TSFGLE corresponding to initial value
functions y(x) and ¢(x) respectively. When h and T are taken sufficiently small, it holds that

" =Vl <Cly —¢ll, 0<n<N, (3.72)
where C is a positive constant independent of T and h.
Proof. Since the proof process of this theorem is similar to Theorem 3.4, we omit it here.

4. Numerical simulation for the two-dimensional problem

Similar to the literature [51], the proposed difference method can be extended to solve
multi-dimensional TSFGLE. This section is devoted to constructing a difference scheme for the
following two-dimensional problem

0%u L 0Pu P u )

U ’f)(apcvﬁ + a|y|ﬂz) +(k+ ipluPu—Cu=0, te(0,T], (4.1)
u(x,y,0) =¢(x,y), (x,y) € Q=(a,b)x(cd), (4.2)
u(x,y,1) =0, (x,y) e R*\Q, r€[0,T], (4.3)

with parameters 0 < < 1,1 < By, 2 <2,v>0,«> 0.
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4.1. Linearized difference method for 2D TSFGLE

For given integers M, and M,, we define x; = a+ jh, (0 < j < M,), yx = c+kh, (0 < k < M,), with
h, = ”M;f and h, = dﬁ‘;. Denote u; as the numerical approximation of u(x;, y,t,). In view of Lemmas

2.1 and 2.2, a three-level linearized difference method is derived for numerically solving the TSFGLE
(4.1)-(4.3)

V;y ;z’-:(f + (V + lf)(Aﬂl + Aﬁz)unﬂr + (K + l,y)lun+0' 2~n+0' é«—n+0' 0, 1 <n< N _ 1 (44)

The numerical solution “,‘k = ujk” (m, = [31) can be obtained by the iterative processes

O U)(

)
+ (v IO + A+ iy Py =i =0, m=1,2,-+ ,mg, (4.5)
Ta/

with initial value
u/k = w(-xja )’k) (46)

4.2. Convergence analysis
LetV, = {v lv=H{vph 1 <j<M -1,1<k<M,- 1}. For any v,w € V,, the discrete inner
product and />-norm can defined similarly as in the one-dimensional case (2.8). From Ref. [39] and
Lemma 2.4, it is easy to show that there exists a symmetric positive operator A? such that
(A + APy, v) = (A7, A2v). 4.7)
Now we study the local truncation error of difference method (4.4)—(4.6), and it holds from (4.4)
that

ViU + (v + 15‘-“)(A’3l + A’BZ)U;’;‘r + (k + ly)lU"+‘T| U"W —{U}’kﬂr =F', n=1,---,N—1, (4.8

jk>

where

P
Fi =(VIURT = 0D (X, Yio taso)) + (0 + (WG + AT + (5 + (X, Vi vor))

AlxpPr Ay
+ e+ i(IT5T TR = 1, Vi s UK Yis o)) = £( T = s Yis v (4.9)
Similarly, we can deduce from (4.5) that
co @ = U%)
]k ﬁl ﬁ2 Om Om—-1 Om—1 Om-1 m .
+(v+i§) (A, +A, )U +(K+l)/)|U & U {U F]k, =1,--+,m,, (4.10)
T(l
where U o= U; % and
(Orf 0
n - U9 »:
Fm ,Bl ﬁZ a—n
=2 - — oDSu(x ),y 1)) + (v + i) + DG (W )
+ (K + l,)/)(llA]j]'{m—l |2l];?]-(r'17l - |u(-xj’ Yis t(r)lzu(xﬁyk? to’)) - é‘(Uj]-(mil - M(Xj, Yis (J‘)) (411)
By using Lemmas 2.1, 2.2 and Taylor’s formula, we have
TlF N+ IEF" < Cr(® + By + B, 1"l < Cr(x + b + hy). (4.12)
Denote e;?k =U ;?k Jk, then we have the error estimate for discrete scheme (4.4)—(4.6).
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Theorem 4.1. Let U;’k and u’;k be solutions of model (4.1)-(4.3) and discrete scheme (4.4)—(4.6)

respectively. Suppose T < Coh?**, where € is a positive constant and h = max{h,, h,}. When h and t
are taken sufficiently small, we have the error estimate

le"ll < C@* +hy+h)), 1<n<N, (4.13)

where C is a positive constant which is independent of T, hy and h.

Proof. Subtracting (4.5) from (4.10) yields the error equation

0.0) sm
Co €k . o LA R m
+ (v TN, + N+ (k+ in)G = Lo = FY (4.14)
where

G;r’lc — |U0'm 1|2U?'km 1 |u0'm 1|2A0'm I (415)

By similar analysis as Theorem 3.3, we can conclude that
4] < Ci(x % + 1t + K, k=1,2,-- ,m,. (4.16)
Therefore, we have |le'|| = [[&"|| < C(r* + h* + k), and it implies that the conclusion is valid for

n = 1. Assuming that conclusion (4.13) is true for O < n < [, then we need to prove the estimate (4.13)
still holds for n = [ + 1. To this end, subtracting (4.4) from (4.8) gives the error equation

VieT + (v IO, + AR + (k + iy)Gy — Le77 = F, (4.17)
where
G = U TP — |l Py (4.18)
Taking inner product of (4.17) for n = [ with & gives
(V2e7,2%7) + (v + )N IP + (k + i)(G, @*7) - Il = (F,@*).  (4.19)

Under the inductive hypothesis 7 < Coh** and applying the inverse inequality, it holds when /4 is taken
sufficiently small that
le"lle < B7'le"l < Co(W* + 1) <1, 0<n<l, (4.20)

which further indicates that
1 leo < U0 + €™l < Cy + Co(h* + ) < C,+1=C,, 0<n<l. 4.21)

Noticing the definition of Gi.k, we have

k| ‘|Ul+a'|2 Uj—]i(—a’ |ﬁl+0' ZMII-II;O' — al-l/;a'(|Ul+a' 2 |ul+0'| ) + |Ul+0' 2~l+0'
l+0 2~ l+0' ~l+o ~1+(r I+ ~l+o =]+
|U ey’ iy ( UJ "+ujk ek"
< 3Cel, (4.22)
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Notice that

Re(k + iy)(G,e"7) < \J@ + 2G| - ||| < =Y =7 ”’;7<||é“"||2 + 1271 (4.23)

Since v > 0, considering the real part of (4.19) and Cauchy-Schwarz inequality, it follows that

B 3C2AK2+y2 B ~ 1 _
Re(Vee, ") < — s 1P + 1121 + 121 - 11e™11* + E(HFZH2 + 1871
< (363 VKZ + ')/2

3C2 K2+ 92 1
. R 4 #nélwnz +SIFIR @24)

Ly _
+ld+ 5 )lle
According to Lemma 3.4 , we can drive from (4.12) and (4.24) that when 7 is taken sufficiently small ,
it follows that

el < C(x* + hy + ). (4.25)

Therefore, we have completed the proof of this theorem.
We mention that the well-posedness, boundness property and stability theorem of the difference
scheme (4.4)—(4.6) can be also established by similar analysis as in the one-dimensional case.

5. Numerical experiment

Some numerical examples will be performed to show the effectiveness of the proposed scheme
and the correctness of theoretical analysis. Denote U" and u" as the exact solution and numerical
approximation at ¢ = T respectively. Define the error function e(t, h) := UY — u", then corresponding
convergence rates in time and space are respectively obtained as follows

lle(27, h)llo lle(7, 2h, )|l
Rate(r) = log, (——————), Rate(h) =log, (——————). 5.1
% (lece il % el )
The convergence orders in >—norm can be computed similarly.
Example 1. Setv = 0.3, £ = 0.5, k = =280 1y — 1 £ = 0. Fora = 1, = 2, the analytical

solution of the model (1.1) is given explicitly as

u(x, 1) = ¢(x) exp(iR In(¢(x)) — ip1), (5.2)

where

VitdZ-1 RVI + 42 R(1 + 4?)

R=—"-—-— = = Rsech = —
> e e $() = Rsech(x), p 2y

Since the exact solution (5.2) decays exponentially as [x] — +oco, we take a sufficiently large
computational domain Q = [-20, 20] such that the truncation error can be ignored. The main task is
to check the convergence rates of the derived method. To this end, we first fix 27 = 0.01, and plot the
errors at ¢t = 1 in the maximum norm with different time steps in the left side of Figure 1. It follows
that the difference method (2.5)—(2.7) has second-order accuracy in time. Similarly, we take
7 = 0.0002, and plot errors in the maximum norm with different space steps in the right side of Figure
1. We can observe that the proposed method is fourth-order convergent in space.
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Figure 1. Errors versus 7 with fixed 4 = 0.01 (left) and errors versus 4 with fixed 7 = 0.0002

(right).

Example 2. Consider the nonlinear time-space fractional Ginzburg-Landau equation

0 lid
v+ i) T kv ipuPu—u=foof), —1<x<1,0<r<1, (5.3)
or O0|x|p
The parameters are taken as v = & = k = y = 1, { = —1. The initial value ¢(x), boundary condition

B
and source term f(x, ) are chosen such that u(x, r) = (1 — x?)**2.

Now we continue to validate the convergence rates of proposed method (2.5)—(2.7). First, by fixing
h = 1/400, numerical errors at # = 1 and convergence rates with various time step for different & and 8
are depicted in Table 1. Besides, we fix 7 = 1/5000, and present errors in maximum norm as well as
convergence rates of the proposed method for various space steps in Table 2. These results show that
numerical solutions are convergent with second-order accuracy in time and fourth-order accuracy in
space, and also validate the correctness of theoretical analysis in Theorem 3.4. Besides, the graph of
the numerical solution is displayed in Figure 2, and we can find that numerical solution approximates

the analytical solution very well.

Table 1. Errors and corresponding convergence rates in time of the proposed method with

h =1/400.

@=02,5=13 «a=04,=16 «@=06=17 «@=09 =19
T lle(t,h)|l Rate |le(t,h)ll~ Rate |le(t,h)llo Rate |[le(r,h)|l~ Rate
1/12  7.2327e-3 - 3.6810e-3 - 1.6020e-3 - 2.1935e-3 -
1/24 1.8672e-3 2.0554 9.6408e-4 1.93290 4.2751e-4 1.9057 5.2772e-4 2.0554
1/48 4.7599¢e-4 2.0273 2.4714e-4 1.9638 1.1032e-4 1.9543 1.2945e-4 2.0274
1/96 1.2024e-4 2.0167 6.2601e-5 1.9810 2.8020e-5 1.9772 3.1989¢-5 2.0167
1/192 3.0227e-5 2.0125 1.5759e-5 1.9899 7.0620e-6 1.9883 7.9281e-6 2.0125

Example 3. Consider the following nonlinear time-space fractional Ginzburg-Landau equation

0u

— - (v+ié)

or

Electronic Research Archive

#u
O|xP

+ (k+ iPulPu —fu=0, —20 < x < 20.

(5.4)
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Table 2. Errors and corresponding convergence rates in space of the proposed method with
7 = 1/5000.

@a=02,8=13 a=04,8=16 a=06p=17 a=09,5=19

h lle(t,h)|le Rate |le(t,h)|l« Rate |le(r,h)|l. Rate |le(r,h)|l Rate
1/8 4.4206e-3 - 5.6949¢-3 - 7.0771e-3 - 8.3894e-3 —

1/16  2.9248e-4 39178 3.6459e-4 3.9653 4.5374e-4 3.9632 5.4028e-4 3.9749
1/32 1.8928e-5 3.9497 2.3919e-5 3.9300 2.9243e-5 3.9556 3.436le-5 4.0132
1/64  1.1465e-6 4.0451 1.4558e-6 4.0383 1.7865e-6 4.0328 2.1279e-6 4.0405
1/128 8.0713e-8 3.8283 8.9513e-8 4.0236 1.0299¢-7 4.1165 1.2931e-7 4.0595

a=04,3=16 a=0.4,4=1.6
1 1.2 T T T T T

T T T T
exact solution
0.9 O numerical solution

Figure 2. Graphs of numerical solution (left) and the numerical solution as well as the exact
solution at ¢ = 1 (right).

Here we take parameters v =1, é§ = -1, k=2, y = %, and the initial value is taken as
Y(x) = sech(x) exp(—ix).

We take 7 = 0.004, i = 0.05, and present the evolution of ||| with time ¢ for different { in Figure
3. It shows that ||u"|| is bounded in finite time, and indicates that the stated conclusion in Theorem
3.2 is valid. In particular, we find that when ¢ < 0, the numerical approximation solution in /*-norm
decays quickly to zero as time ¢ increases, and the decay trend is more rapidly with { going smaller.
Besides, the graphs of the numerical solutions for { = 0.4 is presented in Figure 4, and it indicates that
the values of @ and 8 have significant influence on the evolution of numerical solutions.

Example 4. Consider two-dimensional time-space fractional Ginzburg-Landau equation

Ou Pu  Pu

o~ VTGt

Y+ (k+ iPulPu—Cu= fx,y,1), —1<x<1, —1<y<1, (5.5)

The parameters are taken as v = & = %, k =7y =15, { = —1. The initial value ¥(x,y), boundary
condition and source term f(x, y, f) are chosen such that u(x,y,t) = £3(1 — x2)4+ﬁ71(1 - y2)4+li22.

The [?- errors and corresponding convergence rates of scheme (4.4)—(4.6) with the relationship of T
and h = h, = h, are displayed in Tables 3 and 4. It can be observed again that the proposed method

Electronic Research Archive Volume 30, Issue 10, 3635-3659.



3654

a=0.9,4=1.8

0.45 T T T

(T4

0 0.5 1 15 2 25 3 35 4
t t

Figure 3. The evolution of ||u"|| for different £ with 7 = 0.04 and & = 0.01.

a=0.3,5=14 a=0.5,5=1.6

0.9 0.9
0.8
0.7
0.6
0.5
0.4

0.3

0.2
0.1
0
a=0.7,6=1.8 ' a=0.9,4=1.95 y
0.9 0.9
0.8 0.8

0.7

0.6

0.5

0.4

03

0.2

0.1

Figure 4. Graphs of numerical solution with 7 = 0.01 and 7 = 0.01 for { = 0.4.

has second-order accuracy in time direction and fourth-order accuracy in space direction, which is
accordance with the result as stated in Theorem 4.1.
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Table 3. Errors and corresponding convergence rates in time of the difference method with
h =1/120.

@a=02p=13.p=15 a=058=17.0=14 =088 =195 =16

T lle(r,h)||  Rate lle(r,h)]l  Rate lle(r,h)]|  Rate
1/12 4.1844e-3 - 1.8265e-3 - 1.4807e-3 —

1/24 1.1008e-3 1.9265 4.7859e-4 1.9322 3.6566e-4 2.0177
1/48 2.8168e-4 1.9664 1.2367e-4 1.9523 9.0843e-5 2.0090
1/96 7.1212e-5 1.9839 3.1366e-5 1.9792 2.2562e-5 2.0094

Table 4. Errors and corresponding convergence rates in space of the difference method with
7 = 1/2000.

a = O.3,ﬁ] = 1.2,,82 =14 a= 0.6,,81 = 1.5,ﬁ2 =17 a= 0.9,,8] = 1.8,ﬁ2 =1.3

h lle(r, )| Rate lle(r, h)l| Rate lle(T, M| Rate
1/8  5.1382e-3 - 7.1841e-3 - 7.1450e-3 -

1/16 3.5184e-4 3.8683 4.9838¢e-4 3.8495 4.7853e-4 3.9003
1/32  2.3325e-5 3.9150 3.3049¢e-5 3.9145 3.1699¢-5 3.9160
1/64 1.4998e-6 3.9591 2.1038e-6 3.9735 2.0270e-6  3.9669

6. Conclusions

In this article, based on L2-1,, formula together with a second-order extrapolation technique for time
discretization and a fourth-order difference method for space discretization, a high-order linearized
discrete method is proposed for solving the time-space fractional Ginzburg-Landau equation. We show
that the discrete scheme is uniquely solvable, and obtain a priori bound of numerical solution in the
discrete L>-norm. The difference scheme is rigorously proved to be convergent in the pointwise sense
with the accuracy of O(7? + h?). Besides, the difference method for the two-dimensional problem is
constructed, and the convergence analysis is also analyzed. Numerical results are also presented to
confirm our theoretical results.
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