ISSN: 1392-6292/ eISSN: 1648-3510

2026

(] (B B MATHEMATICAL vowme ®
) Vilpiue Setininas m MODELLING and ANALYSIS Pages 303-325

https://doi.org/10.3846/mma.2026.24728

Efficient spectral-Galerkin method for the
two-dimensional Gray-Scott model

Yujian Jiao™ @ and Mengshu Jia

Department of Mathematics, Shanghai Normal University, 200234 Shanghai, China

Article History: Abstract. The Gray-Scott (GS) model is a nonlinear reaction diffu-
B received August 31, 2025 sion system widely used in applied sciences. This paper delves into
B revised December 31, 2025 the investigation of a spectral method for the GS model with ho-
B accepted February 3, 2026 mogeneous Neumann boundary conditions. The proposed numeri-
cal scheme integrates a spectral approach based on generalized Ja-
cobi polynomials for spatial discretization with the two-step back-
ward differentiation formula (BDF2) for temporal discretization.
We prove the boundedness, generalized stability, and convergence
of this new method. Extensive numerical results demonstrate the
efficiency of the new proposed scheme and provide numerical vali-
dation of the theoretical analysis. The key advantages of our new
approach are twofold: (i) it utilizes generalized Jacobi polynomials
with indices @ = 8 = —2, which naturally satisfy the boundary con-
ditions and thereby not only simplify the theoretical analysis but
also yield a well-conditioned discrete system that enhances compu-
tational efficiency; and (ii) the numerical errors exhibit exponential

decay in space.

Keywords: spectral method; Gray-Scott model; generalized Jacobi polynomials; nonlinear system;
reaction-diffusion system.

AMS Subject Classification: 33C45; 35K57; 35B36; 65L60; 65L70.

™ Corresponding author. E-mail: yj-jiao@shnu.edu.cn

1 Introduction
Let 2 C R? is a bounded domain, T > 0. The GS model is the following
reaction-difusion system in dimensionless units [7]:

%:duVQu—i—F(l—u)—qu, in Q% (0,7),
(1.1)
%:dvv%—(F—i—k)v—l—uUZ, in Q% (0,7),

where u and v are concentrations of the chemical materials U and V', respec-
tively, d,, and d,, the diffusion coefficients, F' the in-flow rate of U from outside,
k the removal rate of V' from reaction field. Due to its effectiveness in describ-
ing self-organizing phenomena and pattern formation, it has been widely used
in fluids, semiconductors, biology, chemistry, and other fields [6,13, 16].

Copyright (©) 2026 The Author(s). Published by Vilnius Gediminas Technical University

This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduc-
tion in any medium, provided the original author and source are credited.


https://ror.org/02x3e4q36
https://journals.vilniustech.lt/index.php/MMA
https://doi.org/10.3846/mma.2026.24728
mailto:yj-jiao@shnu.edu.cn
https://orcid.org/0000-0002-6990-9912
https://orcid.org/0009-0005-0319-0449
mailto:yj-jiao@shnu.edu.cn
mailto:yj-jiao@shnu.edu.cn
https://creativecommons.org/licenses/by/4.0/

304 ‘ Y.J. Jiao and M.S. Jia

The mechanism, existence, stability, and types of pattern formation in the
GS model have attracted considerable attention. Nishiura and Ueyama [17] an-
alyzed self-replicating patterns from a global bifurcation perspective. Wei and
Winter [23] rigorously established the existence and stability of multiple-spot
solutions in two dimensions. McGough and Riley [14] confirmed nonuniform
steady-state solutions via bifurcation analysis. Kolokolnikov et al. [12] con-
structed equilibrium stripe solutions and studied the stability of stripes and
rings under zigzag and breakup instabilities. Wang et al. [22] investigated
the effects of noise and time-dependent diffusivity on pattern formation in an
extended Gray—Scott model. Castelli [4] combined analytical and numerical
methods to demonstrate the existence of various nonhomogeneous stationary
patterns on bounded domains.

The nonlinearity of the GS model makes it difficult to find analytical so-
lutions, leading to extensive research on numerical methods. Zegeling and
Kok [25] proposed an adaptive moving mesh approach, while Abbaszadeh and
Dehghan [1] developed a fast reduced-order finite difference scheme with ADI
and POD for the space-fractional model. Dehghan et al. [5] employed an
element-free Galerkin method with a fourth-order exponential time-differencing
Runge-Kutta scheme. Yadav and Jiwari [24] established well-posedness and
constructed Galerkin finite element approximations using the Crank—Nicolson
scheme. Amin and Mashat [3] applied finite difference and finite volume meth-
ods to two-dimensional simulations. Singh et al. [18] employed a mixed modal
discontinuous Galerkin method with a TVD Runge-Kutta scheme to study
multi-dimensional pattern formation. More recently, Abbaszadeh et al. [2] pro-
posed a POD-based reduced-order spectral Galerkin method with rigorous error
estimates.

In this work, we propose a spectral method using the generalised Jacobi
polynomials for the two-dimensional GS model (1.1) with optimal error analy-

sis. The generalized Jacobi polynomials j 2 ~2(z),n > 4 satisfies the boundary

conditions j; 2 72(£1) = W‘m:ﬂ:l = 0 and therefore require no compact
combinations to enforce boundary conditions, unlike Legendre or Chebyshev
polynomials. Hence, the set {j,,%~2(x)} serves as a natural basis for prob-
lem (3.1). Their use leads to a significantly simplified analysis, sharper error
estimates, and well-conditioned numerical algorithms. After the spatial dis-
cretization, we employ the BDF2 scheme to integrate the resulting system of
ordinary differential equations. We have established the boundedness, general-

ized stability, and convergence of the numerical solution.

The paper is structured as follows. In the next section, we recall some
properties of the generalized Jacobi polynomials and derive some approxima-
tion results. In Section 3, we propose a spectral method for the two-dimensional
GS model and prove the boundedness of the numerical solution. Section 4 is
devoted to the error analysis. In Section 5, we present the details of numerical
implementation and some numerical results to validate the efficiency of our new
algorithm. The final section is for concluding discussion.
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2 Preliminaries

In this section, we show some results on the generalised Jacobi polynomials that
will be used in the upcoming discussion. Let I = {2 | 2| < 1}, 0,v(2) = Zv(z),
and x(z) be a certain weight function. For an integer u > 0, we denote by
(V) py,1> [Ulp,y,r and ||ul[,,y,r the inner product, semi-norm and norm of
space H/'(I), respectively. In particular, H)(I) = L}(I) has inner product
(u,v)y,r and the norm ||ul|, ;. For simplicity, we omit the subscript x whenever
x(z) =1

Let o, 3 > —1 and x*?(z) = (1—2)%(1+2)” be a weight function. The nth-
order Jacobi polynomial defined on I denoted by p2+?(z). The set of {p2#(2)}
is mutually orthogonal with respect to the weight x®?(z), namely

(2P (2), P27 (2)) yor (2 = V2P 0 (2.1)
where 9§, is the Kronecker Delta symbol, and

op  20TPHP(n+a+1)I(n+B+1)
" Cn+a+B8+1)nlMn+a+B+1)

In particular, L,(z) = p%%(z) be the Legendre polynomial.
We introduce polynomial

Un(2) = gy (1~ ), nza

In fact, the polynomial (n—2)(n—3)v,(z) is precisely the generalized Jacobi
polynomial j,272(z) given in [8]. The combination of (B.8) and (B.9) of [§]
gives

B 4 L, 22n=3) .
Un(2) =G =0 =5 Er1B) — g Le2(®) 2.2)
2n —5
+ (), n2
Obn(s) =~ 5= (Lns(z) ~ Lua(2), n >3 (2.3)

Furthermore, we have
/8§wn(z)8§wn/ (z)(1 — 22)k_2dz =FEnk0nn, k<n-—14<n,
I

where 32 _—
n+K—
Bpp= P70 <, n>4
k= 2n - 3)(n — k)! ten

Obviously, 0%, (z) = 0 for 4 < n < k. For any non-negative integer N, we set
Vn(I) = span{ ¢, (2) |4 <n < N}.Let £, = 1—22. The Lz_zforthogonal pro-

jection Iy g : LE_Z(I) — Vn(I) defined by (ITx v — v,1) 2 L, =0, Ve
z €
Vn(I).
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Lemma 1. (Lemma 2.2 of [10])If v € L% ,(I), d%v € LET_Q(I), for integers
N>4,1<r<N+4+1,0<u<r, then,

|04 (I rv —v) ”Lzu_z(l) < CN”*TH@QUIIL?_Q(U

Let I, = {z | |2| <1}, z = (z,y). Denote 2 = I, ® I, with the boundary 02
and 2 = 2 U012, and n is the unit outward norm on {2. Denote &;,(2) =
(1 — 22)(1 — y?). For any scalar function v(2), we introduce the space

Lz;f(g) = {v(z) | v(2) is measurable and ||UHL§72(Q) < o0},

xy

with the inner product and norm

1
W) = [ uEEREAA ol o = @0k -
gzy 2 2

zy Exy

In addition, the space H'({2) is as usual.

Let ¢ny ny(2) = Yn, ()80, (y), n1,n2 > 4. The set of {@n, n,(2)} consti-
tutes a complete orthogonal system, namely

| s @00 (D ) = b iBonis (24)
where Cp, ny = Eny 0En,,0. We set
Vn(2) = span{¢n, n,(2) | 4 <ny < N, 4 <ny < N}.
The orthogonal projection IIn g : Lzﬁ(ﬂ) — Vn(£2) is defined by

(HN,Q’U -, ¢n1,n2)§;112 = 07 vd)nhnz € f}N(‘(Z)

Lemma 2. (Theorem 3.1 of [19]) If v € L? ,(£2), for integers N > 4, 0 <

Vo <Teg <N+1, 5076507065”85”11 € L?;;'(Q)’ o =z,y, then, we have
||8;’*8;’y (HN’Q’U — 'U)

S C(Nyz_rz

T V-
950l 12
L T —2,. Ty —2 Il’L vy —2 v 72(Iy)

S e¥  CegY

+ NYv~ Ty

Ve QT
0" 0P

2 72 )
Lsng%ngz (ImLE;yfzgzyfz(Iy))

Next, we proceed to derive some approximation results for the two-dimensional
vector function space. Let

€0y(2) = (Eoy(2), 600 ()T ) By na(2) = (Bryina(2)s brrma ()
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For any vector function w(z) = (u(z), v(z))T , we define space

V() ={w(z) | u(z),v(z) € Lzzy (£2) and g—: =0 on 002}.

Then, for any w(z) € V(£2),
Ty o P ma (2),

Uny s Py no (2),

@-L
SEPIPY

I Mg i M8

where

’a”llfﬂz = TL17OE’I’7.20 / gzy ¢n1,n2( )

Uy e = T n1,m

1,n2 n1,0En2, /é'y ¢) 2( )

Denote LE_Q(Q)
zy

(125(2), 12.5(2)" and V(@) = Vn(2) & V().
The orthogonal projection Iy g : Ls',Q(Q) — \A)N(_Q) is defined by
(IT N ow — w, ¢n1,n2)L:72(Q) =0, VY, n, € Vn(92).

Let

* T
wi(2) = (1, o I r,u(2), Hx 1, o N 1,v(2))

Lemma 3. For any w(z) € V({2), we have
IOy ow(z) = wi(2). (2.6)
Proof.  According to the definition of IIn , and (2.5), we have that for any

w(z) € V(2),

un(2) =y, o g, (DD finy iy by na(2))

n1*4 n2*4

N N
= Z Z Uiy iy ¥y (2)Uns (),

v}kV(z) = HN,Ix © HN7Iy( Z Z ﬁnl,n2¢nl7n2(z))

n1*4 11274

Z Z Onyns Yy (2)Uny (9).

n1=4no=4

(2.7)
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Therefore, wi,(z) € Vn(£2) and 6w” = 0 on 0f2. Thanks to (2.5) and (2.7),
we get

0o oo
U(Z) - U’TV(Z) = Z Z ﬂnhng (rbnl,ng (Z),
n1=N+1n,=N+1

v(z) —un(z Z Z Un,, n2¢n1,n2( z).

ni=N+1n,=N+1

By (2.4), we have

(w - w?\h ¢n1,n2)Lz_2(Q) = O, V¢n1,n2 S f)N(Q)

zyY

Then, we get the desired result (2.6). O
To describe the approximation error, we introduce the quantity
Ay (w) =H8;U||L2T72(IJC;L272(Iy)) + ||3;U||L272(Im;szz(Iy))
Ty

Ty ry

+ 1105 UHL? 2 (sL2 5 (1) ) + 119y U||L2 (il (1)

Lemma 4. If w € V(£2) and A.(w) is finite, integers N >4, 0 <r < N+ 1.
Then,
I N ow — w|\L:72(Q) < eN7T"Aq(w). (2.8)
zy

Proof. According to Lemma 3, we have

HDyow—-—w=wy —w= (HN’QU—U,HN’Q’U—U)T.
Then,
[N ow—wlz (o) =[Neu—ulrz, +|Inov—uv|g
Pt o 2@

Then, by Lemma 2 we can get the desired result (2.8). O

We introduce space L?(§2) = (L2(_Q))2 . For any w,u € L2?(£2), the inner
product and norm are defined by

2

1
(wvu)L2(()) = Z (wi, ui)LZ(Q) ) ||wHL2(Q) (w, w)z 2(2)
i=1

respectively. For any nonnegative integer r, we define space H"(2) = (H T(Q))2,
equipped with the inner product (w u)HT(Q), semi-norm |w|HT(Q), and norm

w||g (o). Denote HO0(02) = {v v(z) € HY(2) and 2% = 0 on 902}, and
(£2) on
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H(02) = (ﬁlvO(Q))Q. Let Vi (2) = Vv (£2)NH(£2). The orthogonal projection
H}\}?Q tH(2) = V() is a mapping such that for V w(z) € H(2)

(VIR w(z) — w(2)), V(=) =0, ¥ 6(2) € Vx(9).
For describing the approximation error of IT }\}?m we introduce the space B, (w)
endowed the norm
Br(w) =l0sullez, ooz, o F10ullez oz o
+ ||8;u||Lz;72ET71(zz;%?g;l(zy)) + ||85U||L§;2E;1(II;L22725;71(]y))-

Ty

Denote B, (w) = B,(u) + B, (v).
Lemma 5. If w(z) € H((2), B.(w) is finite, integers N >4, 1 <r < N+1,
then,

||H}\}?Qw - w||H1(Q) < eN'""B,(w). (2.9)

Proof. According to the proof of Lemma 3, we get wy € Vn(2). By the
projection theorem we have

1150w = wlgs ) =, inf 19 =l o) < Ik =l o)
Obviously,
|wi = w|H1(.Q) = [V(In,ou—u) ||L2(.Q) +{|V(Iy.0v - v) HL?(Q)'

According to E;lfy_Q > 1 and 5;251;1 > 1, Lemma 2 with v, = 1, v, =0, and
vy = 0, vy, = 1 and Poincaré inequality, we arrive at the desired result (2.9).
O

In the forthcoming discussion, the following inequality plays an important role.

Lemma 6. For any ¢ € \A)N(Q), 1<p<q<oo, then,

1

_1
[@llrso) < (p+1)N?)? "4 ||@lLe()-

In the error analysis we need also the following inequality.

Lemma 7. For any w € V({2),

wllF (o) < clwlLzo)lwlm o) (2.10)

Lemma 8. (¢f. Lemma 4.1 of [9]). Assume that
(i) d and dj, are non-negative constants,

(i) £(n) is a non-negative function of 1,

(iii) p > 0 and for all0 < n <y,

£ < potd (0 + 3N Q)
k=2

Math. Model. Anal., 31(2):303-325, 2026.
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() for certain m > 0, pe®»™ < min N~/ (k=1

= 2<k<n
Then, for all 0 <n <,
E(n) < penn.

3 Spectral scheme

In this section, we study a spectral scheme for (1.1) with homogeneous Neu-

mann boundary conditions g% = 0 on 9f2 and analyze it’s boundedness.

The vector function form of the system (1.1) with homogeneous Neumann
boundary conditions is as follows

Oyw = dV>?w + W (w) + R(w), in 2 x (0,T),

ow _, on 99 x [0, 7], (3.1)
on
w(z,0) = wo(z), in Q,
where
AV2w = (d,Vu, d,V?0)", W(w) = (F(1—u), —(F+kw)",
R(w) = (— w?, uvz)T.

We define space £(2) = {w | w € L?(£2), 2% =0 on 02}. The weak form of

(3.1) is to find w € HY(0,T; L(£2)) N L>(0,T; H(£2)), such that

(3.2)

(Oyw, h)+d(Vw, Vh)=(W (w), h)+(R(w), h), YheH(12), 0<t<T,
w(z,0) = wo(z), z€ .

Then, the spectral scheme of (3.2) is to seek wy(t) = (un(t),vn(t)T €
Vn(£2),0 <t < T, such that

Vo e Vy(2), 0 <t <T, (3.3)
wy(z,0) = wno(z) = Oy owo(z), z€ L.
Next, we check the boundedness of solution of (3.3). To do this, we introduce
quantities
||U’H§-Ld(n) = du|u|fq1(m + dv|v|§ql(n)v
¢
£(w.0) = ) (o) + | 10, (3.0
Obviously, ||w||s, o) and ||w| (o) are equivalent, so we will not make a

distinction.

Theorem 1. Let wy(z,t) = (uN(z,t),vN(z,t))T is solution of (3.3). Then,
forany0 <t <T,
E(wn,t) < pnoe™,

where pn o = ||’LU0,NH%2(Q) + 2F't.
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Proof. Set ¢ = 2wy in (3.3), we have
(Orwn,2wn) + d(Vwy,2Vwy) = (W(wy), 2wy) + (R(wn),2wy). (3.5)
By the Holder inequality, we derive that
(W(wy),2wn| < (4F + 2k) w112 (0) + 2F. (3.6)

Thanks to the Holder inequality and the Young inequality with parameters
p=4,q= %, we deduce

2(R(wn), wn)| < llunllzsqo) + lowllzs (o)
1 4 3 4
+ B) ||uN||L4(Q) + ) HUN||L4((Z) < 3||wNHi4(Q)' (3.7)

Substituting (3.6), (3.7) into (3.5) and using Poincaré inequality, the inverse
inequality in Lemma 6 with p = 2, ¢ = 4, we get

On w12y + w2y < (2F + k)% ]2 ) + IN? || Lo ) + 2F.
Then, we have
0 (wn,t) < (2F + k)*E(wn, t) + IN?E?(wy, t) + 2F,
where E(wy, ) is defined in (3.4).
Integrating the above inequality on [0,¢] with respect to ¢, we yield

¢
E(wn,t) < Jlwnoll + 2Ft) +c/ (E(wy,s) + N?E*(wy, 5))ds.
0

Let pyo = ||w0’NH%2(Q) + 2Ft. By Lemma 8, we have

E(wy,t) < pN,0€2t.

0O

4 Error analysis

In this section, we analyze the stability and the convergence of the scheme (3.3).
Because the system (3.3) is a nonlinear system, so we analyze its generalized
stability. Let wn(2) is the error of wy(z) induced by the error @y (z) of
wy,0(2). We obtain from (3.3) that

{(am, @) + d(Vioy, Vo) = (W(wn), ¢) + (R(wn), ), Yo € Vn(£2),

1IJN70(Z):’II)N(Z,O), ZEQ,
(4.1)
where
W(by) = (—Fin, —(F + k)iy)",  R(y) = (R, Ra)",
Ry = —(&Nﬁ?\, + ﬂN’UJQV + ’U,N@?V + 2UNUNUN + QUN’IJN@N), Ry = —R;.

Then, we have the following result of stability of the scheme (3.3).

Math. Model. Anal., 31(2):303-325, 2026.
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Theorem 2. Let wy(z,t) is solution of (3.3). Ifwno(2z) has the error Wy o(2).
It induce the error of wy(z,t) denoted by wy(z,t). Suppose py oe*l < N=2.
Then, for any 0 <t < T,
. . . . 2
E(wn,t) < pnoe®,  pvo = [[wnollpa g -

Proof. Choosing ¢ = 2wy in (4.1), we get

Ol wn 1T () + 20@N 30,0y = 2(W(wn), @n) + 2(R(wn), Wn).  (4.2)

Clearly,
2(W (), @n)| < 2(F + k) w720 - (4.3)
Next, we estimate ( ( ) 2wy ). Obviously,
(R(wn), wn)| < 2/(Ri,an)| + 2|(Rz, o). (4.4)

By Holder inequality and Young inequality, we derive that

12(Ru,an)| < 5 1@ Ipaa) + 9 lwnlitse) l@nILeg) - (4.5)
|2 (Ro,0n)| < 5||wN||L4(Q) + 9HwNHL4(Q)”ﬂ)N”i4(Q)' (4.6)
Substituting (4.5), (4.6) into (4.4), and using Lemmas 6 and 7, we check that
2(R(@n), @n)| < 30N [@n 2 + ¢ lwnllpe o) lwnlli o) 1010 -
(4.7)

Combining (4.3), (4.7) with (4.2), and using the Poincaré inequality lead to

N _ 2 -2 _ 4
O lwnllLe (o) + 1WN[3,2) < plwn) [N L (o) + 30N? [Nz o)

where p(wy) = (F + k) + [|wn |lL2o) |wn |l o) is positive and bounded.
Furthermore, from the above inequality we have

K€ (wn,t) < plwy)(E(wn,t) —|—N252(’ﬁ)1\/,t)), (4.8)

where p(wy) = p(wn) + 30. Integrating (4.8) on [0,t], we yield
t
Elin, 1) < ool +p(wN)/ (i, 5) + N2E2(iby, 5))ds.
0

Let pno = Hﬁ}N’OHiz(Q). By Lemma 8, we get

5(’&7]\], t) S ﬁN7062t.
0

Now, we are position to discuss convergence of scheme (3.3).
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Theorem 3. Let w(z) and wy(z) are the solutions of (3.2) and (3.3) respec-
tively. If N >4,2<r<N+1,we H(0,T;V(2)) N L0, T; Ha(£2)), and
exists T > 0 such that,
ﬁerTNQ_QT S ]\/'—27
Then, for any 0 <t < T,
E(wy —w,t) < ecN?"2"pg,
where ¢ is a positive constant independent of r, N, w, and py = e?* (A,Q_('wo) +
B} (wo) + [5(B? (w) + B} (9w) + Bl(w))dé) + B2 (w) + [y B} (w)dE.
Proof. Let Vi = IIow = (Uk, V)T and Vy = wy — V. Denote
T
f=(-Flu-Ux).,~(F+kw-Vy))", g=(-g1,91)", where

g1 =(u—=Ux) (v =V3)? + (u—Ux)(VF)? + U (v — V5)?
+2u—Ux)(v—=V3)VN +2Uxn(v = Vi) Vy.

We get from (3.2) that
0V, @) +d(VVy, Vo)
=(W(Vy).é) + (R(Vy),0) + 24: Gi(p,t), Vo eVn(2), (4.9)
VA0 = 0,0,

where

G1(¢7t) = —(8,5(111 - V}k\f)vqb)’ G2(¢7t) = —d(V(w - V}k\f)vv‘z))a
Gs(¢.t) = (f, 9), Ga(@:t) = (9,9)

Subtracting (4.9) from (3.3) and choose ¢ = 2V y, we get

OlVNIiea) + 2Vl = 2(W(wy) = W(Vi), V)
4
+2(R(wy) = R(Vy), Vn) =23 Gi(Vn,t), (4.10)
=1

o 1,0
VN70 = HNJ)’LUO — HN)Q’w().
Using the Holder inequality, we derive that

2| (W (wn) = W(VR). Vi) | <AF +B) [ Vvl o
2| (R(wn) — R(V*N)avN)| S2|(T1, ﬁN)| + 2|(—T17 VN)L (4.12)

—~

4.11)

where
r = —(ONVE +UNVRZ + UNVE 4+ 208V Vi + 22U VN V).

Math. Model. Anal., 31(2):303-325, 2026.
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Thanks to the Holder inequality, (2.10), the Poincaré inequality, the Young
inequality and Lemma 5 with » = 1, we yield that

2| (rl’UN> | <5||VN||ZIL,4(.O) +cBY w)HvNH’sz(Q)’ (4.13)
2/(=r1, Vi) <5V [ge o) + eBE @) [ Vvl - (4.14)

Substituting (4.13), (4.14) into (4.12), and using Lemma 6 with p =2, ¢ =4
leads to

2|(R(wn) = R(VY), V)| < 30N?|[ Vi |lgao) + eBi (W) [V 3, (0) (4.15)

Next, we estimate 2G} (Vn,t), j=1,...,4. Employing the Holder inequality,
Lemma 5 and the Poincaré inequality, we deduce

2|G1 (V. t)| <eN>~ B2 (w) + || V| ) (4.16)
2/Go(Viy, )] <eN* 2 B2 (w) + [V 3y, s (4.17)
2/Ga(Vn, 1) <eN*2 B2 (w) + (F + k)|[Viv |12 ), (4.18)
2|G4(V, 1) <2/(g1, Un)| +2/(g1, Vi) . (4.19)
By the Hélder inequality, we have that
2| (g1, U) | < Z im) 51V ey
vauim (4:20)

& 4
+§||V1\’HL4(Q)

(4.21)

2|( - 917VN }<

Substituting (4.20), (4.21) into (4.19), and using Lemma 7, Lemma 6, the
Poincaré inequality and Lemma 5, we check that

2/ Ga(Vn, 1) < eN*4 B (w) + eN?* 72 B2 (w) + IN?|[V || L2

) R (4.22)
+ ¢eBji( |VN},H Jchl )|VN|Hd(Q)'
Inserting (4.11), (4.15)—(4.18), (4.22) into (4.10), we have
atHVNHiP(Q) + ‘VN|’2HL¢(Q)
(4.23)

< N7 fo(w) + fi(w ||VNHL2(Q) T |VN|Hd T N2HVN||L2(Q)
where

po(w) = B} (w) + B} (dyw) + B} (w),
ii(w) = 40 + 5(F + k) + Bi(w) + B} (w).
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Let £(V,t) be the same as in (3.4). Clearly, (4.23) can be written as
KE(V 1) < N2 fo(w) +7j(w) (E(V i, t) + N2E2 (V1))

Integrating the above inequality on [0, ¢] with respect to ¢, we get
t
&V 1) <E(Viy,0) 4 eN* > [ o(uw)de
0

T n(w) / (E(Vn. &)+ N2 (Vy ), (4.24)

where n(w) = {m[%x] f(w(§)). According to E;yZ > 1, Lemmas 4 and 5, we check
€lo,t
that ~ )
Vol @ < eN?72 (A (wo) + B2 (wy)). (4.25)

Combining (4.24) with (4.25) leads to

E(VN,t) < eN* 72" po(w) + n(w) /Ot (E(VN. &) + N2EX(Vy,€))de,  (4.26)
where .
fo = A2(w) + B2 (w) + [ ()
According to Lemma 8 with p = ¢N272"jo(w), n = 2 and dj, = 2, we have
E(Vn,t) < eNF2 e,

Employing Lemma 5, we deduce that
¢
E(Vi —w,t) < ecN* 2 (B%(w) + / B2 (w)d¢). (4.27)
0

Setting
t
po = poc + B(w) + | Bw)d.

0

Thanks to (4.26) and (4.27), we derive that
E(wy —w,t) < E(wy — Vi, t) +E(VE —w,t) <N pg.
O

Remark 1. According to Lemma 8, the stability and convergence results require
the conditions jye?? < N=2 and ppe?TN2~2" < N~2| respectively. These
imply small-data or short-time conditions necessary. We emphasize that these
restrictions arise from the proof technique rather than from any fundamen-
tal limitation of the numerical scheme itself. Indeed, the numerical experi-

ments, particularly the long-time simulation in Figures 3 and 5 indicate that
the method remains stable in practice well beyond these theoretical constraints.
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5 Numerical results

In this section, we will provide a detailed description of the numerical 1mple—
mentation and present the corresponding numerical results. Let {2, am}m 0
{Yn, ﬂn}nzo denote the Legendre-Gauss nodes and weights in the z-direction
and y-direction, respectively.

The numerical solution wy(2,t) = (un(z,t),vn(2,t))T can be expanded as

wy(z,t) = (uN(z t) un(z, t))T

N N T (
Zzull,lz )P, 1, (2 ZZ b1y, () 1,1, (2))

l1=41>=4

5.1)

Substituting (5.1) into (3.3) and choosing ¢ = @y, x,(2), we get

N N N N
Z Z ke oz 11,12 O Uiy 1 (t) + dy Z Z Dkey ko 1y 12 Uty 1 (t)

l1=412=4 l1=412=4
N N
+ FZ Zak17k27l1,l2a11,12 (t)+fk1,k2+Qk1,k2 (t):O7 4 < ki, ks <N,
l1=41>=4
N N

N N
DD ks kot 10,0, (8) F do D> iy kot 1201, 15 (F)

lh=41>=4 l1=41=4

(5.2)

F+k Z Zakl ka,l1, 121)11 l2( )_qklka(t) =0,4< ki,ke < Na
l1=41=4

where

1 1
G ondaf = / 1 / 0, () (@) (), (5.3)

1 1
bk17k2711,12 :[1 [1 (axwll(x)¢lz(y)am¢k1 (x)qzbkz(y)
01, (2)0, 1, (1) (2)0, 00, (9) ) dady, (5.4)

N N
Tr ks Pk, 1 (2) = =F Y > i, (@) Vb (Un) 0 B, Gy s (£)

m=0n=0

=(- (2)
= (un (2, 003 (2,0), 602.02(2) ) = (un (2, 003 (2,6), 600,0(2) )
N

N
Z Z unN (xmv Yn, t)U]QV (xm7 Yn,s t)wkl (‘rm)ka (yn)amﬂn-
m=0n=0

For notational convenient, we denote

f)\:%ﬂa m,u:/lz VA ()Y (2)dz, (= /1 09 (2)0:4p(2)dz
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According to (2.2), (2.3) and (2.1) with o = 5 = 0, we derive that

Ex—260 168 +180 42, w=A+4,
— 2602816\ (Eaz + Env1) p=A+2,
Tap = Exa(Ernafl sbr 2 +4E 38 1 +EH 2816, p=A
— 2602483 362 (bams +6n1) p=A-2,
Ex—68x—58r—16r—3En—2, pw=\—4,
0, otherwise.
— 4628 —18n, p=A+2,
= 12Ot b m=A
— 4 —18r—381—2, p=A—2,
0, otherwise.

Let M = (xpu)a<apu<n: S = ((\p)a<rpu<n. Furthermore, we denote C =
(fk17k2)4S7€17k2§N7 Q(t) = (qkhkz (t )4S7€1,/€2§N7 and

1}4,4(75) Sk 1}4,N(f) 1:14,4(75) aE 1:14,N(t)
t) = U5,z:1(t) U5,J?r(t) v = vs,z';(t) vs,J.v(t)
inalt) - ann(l) nalt) oo ()

Then, the system (5.2) can written as

MOUBMT + dy (MU)ST + SU)MT)

+ FMU)MT +C+ Q(t) =0,
MOVHMT 4 dy (MV()ST + SV(t)MT)

+ (F 4+ k)MUt)MT — Q(t) = 0.

Denote,

A:

—~

Ahey ko 1 12 )A<ky ko 1 12 <Ny B = (Dky ko ly 12 ) A<k Ko 0y 12 <N s
U(t) =(tia,a(t), fia5(t), - @ n(t),- - ana(t),dns(t), - an v ()7,
V(1) =(04,4(8),0a5(t), -+, 0an(8), -, Ona(t), D (D), Onn (1)
C =(faar fr5, s fans o fvas s, ),
Q(t) =(qua(t), qus(t), - qan(t), - analt),ans(t), - ann ()"
Equations (5.3) and (5.4) indicate
A=MeM, B=SeM+MaS

Then, (5.5) can be written as

(5.6)

AU (t) + d,BU(t) + FAU(t) + C + Q(t) = 0,
ABV (t) + dy BV (t) + (F + k)AV (t) — Q(t) = 0.
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Moreover, let

. " A d,B
U(t) = (U(t),V(t))T, A= , B= )
A d,B
FA ~ AT . A~ \T
D= ., Cc=(C,0) .0 =(01),-01) .
. (¢.0) @) = (Qw),-Qw)
System (5.6) can be written in the following compact form
A U(t)+ BU(t) + DU(t) + C + Q(t) = 0. (5.7)

Remark 2. The matrix M is nine-diagonal, while § is penta-diagonal. Conse-
quently, the matrices A, B, and D are sparse, which improves the conditioning
of the system (5.7). As a result, the disrete system can be inverted efficiently.

To calculate the numerical error, we introduce a source term g(z,t) = (g, (z,t),
gu(2,1))T on the right-hand side of (3.1). Denote

Gu(t) =(aa(t), Gas®), -, gan(t), - ana®), ans(E), - an N ()T,
Go(t) =(Gaa(t), gas(t), - Gan(t), - gna(t), gns(t), -+ gn ()"

with

N
Z gu LTms Yns )wkl (xm)ka (yn)amﬁnv

0

2
M=

gk17k2 (t) :(gu (Zv t)v ¢k1,k2 (

3
I
o

n

] =
] =

Jky ko (t) =(gv(2,1), Pk ko (2)) ~ 9o (Tms Yns 1) Vky (Tin)Vky (Yn) i B

0

3
I
=)

n

Then, we get
A U(t)+ BU(t) + DU(t) + C + Q(t) = G(1), (5.8)

where G(t) = (G, (t),Go(t))T.
We use the BDF2 scheme with time step 7 to discrete the above system
(5.8) in time as:

3U(tn+1) — 41;7(_ n) + Ultn) + BU(tn41) + DU(tp11)

+ C(tn1) + Q(tny1) = G(tny1), 1<n<Q—1,

A

(5.9)

where t, = n7 and @ is a positive integer. We obtain the following result for
the temporal convergence.
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Theorem 4. Let the time step size be T and t, = nt. Assume that the ezact
solution U(t) satisfies Uy € L°°(0,T; L*(82)). Then the local truncation error
satisfies

HA(gﬂ(th) - 427(_%) +U(tn1) —Uy(tns1)) H < Cut?, (5.10)

where C4 = C || Al ||ﬁtttHLoo(07T;L2(Q)) and || A|| denotes the norm of A.

Proof. The result (5.10) can be derived easily by using Taylor expansions with
integral remainders. O

We use the following L>—norm to describe the numerical error:

En-(t) = omax, og%XN{ |w(Zm, Yn, t) — WN, - (T, Yn, )]

Ezample 1. We choose the test function:

u(x = cos —z? —y?) sin(4nz) sin(4r
(,y,t) (t) (1 — %) (1 — y7) sin(4mz) sin(4dmy), (5.11)
v(z,y,t) = cos(t) (1 — 2?) (1 — y?) sin(4nz) sin(4ry).

Table 1. Temporal convergence test with test function (5.11).

T En.- Order
1/8 1.1732E-05 -
1/16 3.0883E-06 1.93
1/32 7.8266E-07 1.98
1/64 1.9492E-07 2.01
1/128 4.6613E-08 2.06

In Table 1, we report the errors Ey , and the corresponding temporal conver-
gence orders for scheme (5.9), using the test function (5.11) with parameters
N =28, T =1and 7 = 1/8,1/16,1/32,1/64,1/128. The results clearly
demonstrate that the method attains second-order accuracy in time.

Ezample 2. We adopt the following test function, which is modified from the
one proposed in [21]:

—dra? 6747ry2 (512)

w(z,y,t) = cos(t) sin(rz) sin(my) e 47" e=47v"
v(x,y,t) = —2cos(t) sin(rz) sin(7ry) e

To further illustrate the sharp-gradient behavior of the exact solution (5.12), we
extract two one-dimensional slices along the diagonal directions of the square
domain, namely

n={(z,y) rx=y}, L={(>y :z=-y}
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In Figure 1, we plot the profiles of u(z,y,0), u(z,y,0)|r, and u(z,y,0)|r,. Pro-
file (a) shows that there are two sharp positive peaks and two sharp negative
peaks near the origin (0,0). This indicates that the function oscillates vigor-
ously near the origin. Profile (b) shows that the slice decays rapidly around the
two positive peaks, while profile (¢) indicates that the slice increases rapidly
around the two negative peaks. Together, these profiles highlight the sharp
gradients near the origin and the fast decay away from the peaks.

(a) u(x,y,O) (b) u(x,y,0)|p1 (C) U((E,y70)‘1“2

Figure 1. Solution (5.12) and its two slices at ¢ = 0.
Figure 2 shows that the errors decay rapidly as N increases and 7 decreases.

For a fixed 7, the numerical errors are dominated by the spatial approximation
error and therefore decrease rapidly as N grows. However, when N becomes
sufficiently large, the total numerical error is dominated by the temporal ap-
proximation error and thus no longer decreases with increasing N. In this
regime, the curves exhibit a second-order convergence rate in time. Figure 3
illustrates that the errors vary between 3.67F — 08 and 5.86 F — 08 as the com-
putation time increases, indicating the stability of the long-time simulation.
Moreover, these results demonstrate that the proposed algorithm performs well
for problems involving sharp gradients.

1og,,(Ey, (0)

7

st/

5

0 10 2 3 40 s s 7 @ w0 10
t

Figure 2. Errors Figure 3. Errors
logig En,-(t) versus the logioEn,+(t) of test
modes N of test function function (5.12) with
(5.12) with T = 1, du = 1, N=32,7=001dy =1,
dv=1,F=1,k=1, and dy =1, F=1,k=1and

7=0.1,0.01,0.001. 0 <t < 100.

Example 3. We choose the test function:

u(x,y,t) = sin(t + g) sin(2mz)? sin(27y)?,
2 (5.13)
v(x,y,t) =sin(t + 5) sin(2mz)? sin(27y)?.

Figure 4 shows that the numerical errors decrease rapidly as the number of
modes N increases and the time step 7 decreases. For a fixed time step (e.g.,
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7 = 0.001), the errors exhibit exponential decay with respect to N over an
appropriate range (e.g., N < 26). When N exceeds this range (e.g., N > 26),
the error reduction becomes significantly slower or even stagnates, as the total
error is then dominated by the temporal discretization error. Moreover, the
curves clearly demonstrate a second-order convergence rate in time.

Figure 5 shows that the errors vary between 8.0FE —9 and 6.0E — 6 over the
computational time interval 0 < ¢t < 100. This indicates the stability of the
long-time computation.

)
log, Ey,. (0

Io

Figure 4. Errors Figure 5. Errors
log10EN,-(t) versus the logioEn,+(t) of test
modes N of test function function (5.13) with

(513) with T=1,dy, =1, N =28, 7=0.01,d, =1,
dy=1,F=1,k=1and dy=1,F=1,k=1and
various 7. 0<t<100.

To provide a meaningful comparison with existing numerical schemes, we
consider a classical finite difference (FD) method. Specifically, a second-order
central difference scheme with spatial mesh size h is employed for the spatial
discretization, while the backward Euler method with time step 7 is used for the
temporal discretization. The time step is chosen such that 7 = O(h?), which
ensures an overall convergence order of O(h?) for the FD scheme. The two
components of the numerical solution are denoted by up, - and vy, -, respectively.
The errors are measured by the following discrete L°°-error norm:

Enq(t) = max max {[v(@mnyn,t) = Vnr(@m, yn, 1)}
Ezxample 4. We consider the following test function, which is a modified version
of the one given in [18]:

u(t,,y) = (e_(F+d'”)t + 6_(k+d")t) cos(2mzy) (1 — 22)2 (1 — y?)?,

.14
v(t,z,y) = (F — k) e”FTd)t cos(2may) (1 — 22)2 (1 — y?)2. (5.14)

In Table 2, we report the discrete L™-errors En . (t), Ex..(t), and the
CPU times (in seconds) versus the modes N for the setting T = 1, d,, = 1,
dy, =1, F =1, and k = 0.1, using the SG method with 7 = 0.01 and the
FD method. The SG method exhibits exponential convergence as the number
of modes N increases, whereas the finite difference (FD) method shows only
algebraic convergence. For example, to achieve an accuracy of approximately
107°, the SG method requires only N = 12 modes, while the FD method
requires N = 224. The corresponding CPU times are 0.7802 seconds for the
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SG method and 3.0106 E 4 04 seconds for the FD method. These results clearly
demonstrate that the SG method significantly outperforms the FD method in
both accuracy and computational efficiency.

Table 2. Errors and CPU times for SG and FD methods versus varying N with test
function (5.14).

Errors CPU time (s)
Ex+ En+ SG FD

8 4.4348E-03 2.3077E-02 0.2990 0.3445
10 4.3922E-04 1.5351E-02 0.4511 0.9263
12 3.0409E-05 9.8306E-03 0.7802 1.8621
14 8.4330E-06 7.5949E-03 1.4100 3.3688
16 8.4566E-06 5.5574E-03 3.4340 5.1795
18 8.4589E-06 4.5628E-03 6.5547 7.9204

N

Ezample 5. We choose the initial state as (cf. [11]):
U(Jf, Y, O) =1- 2’0(1‘, Y, O)a

0, otherwise.

1 . | I 00 | @
; °° ;.:i i OO0 |\

t—O t = 1100 t = 1500

t = 2500 t = 3500 t = 3600 t = 5000

(z,y,0) = { i sin®(drx)sin®(dry), if —§ <z,y <1, (5.15)

Figure 6. Time evolution of the u-component of the system (3.3), subject to the initial
condition (5.15), for the parameter values N = 32, 7 = 0.01, d,, = 14 x 1075,
dy =7 %1075, F =0.024, and k = 0.06. Snapshots are shown at selected times.

In Figure 6, we plot snapshots of the u-component of (3.3) at selected
times over the spatial domain [—1,1]?, using the parameter values specified in
the figure caption. Initially, the u-component consists of four spots located
near the center of the domain. As time evolves, these spots undergo repeated
replication, leading to the formation of a spot pattern throughout the domain.

FEzxzample 6. We consider two block functions as the initial condition defined in
the domain [—1,1]? as in [25]:

0.5, —-02<x<02and —02<y<0.2

(z,y,0) = .
1, otherwise,

(5.16)

0.25, —02<z<02and —0.2<y<0.2,
(z,y,0) = :
0, otherwise.
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NN

t=60000 t=80000 t=100000

© @ &

t=600 t=1100

E E

B

t=600 t=1600 t=5000

Figure 7. Patterns of the u-component of system (3.3) with initial condition (5.16),
computed using N = 32 and 7 = 0.01. Panels (a)—(b) show the pattern evolution at selected
times for different parameter sets: (a) F = 0.05, k = 0.064, dy, = 4 x 1074, d, = 2 x 10~4;

(b) F =0.02, k =0.05, dy, = 1.2 x 1074, d, = 6 x 107°. (c) F = 0.02, k = 0.056,
dy =1.2x107%, d, =6 x 107%; (d) F = 0.024, k = 0.056, dy, = 1.2 x 10~*, d, = 6 x 1075.

Figure 7 clearly illustrates the pattern dynamics for different choices of
the parameter pair (F,k). In panel (a), a stripe-like pattern corresponding
o (F,k) = (0.05,0.064) is observed, which converges to its steady state more
slowly than the other patterns. In panel (b), for (F, k) = (0.02,0.05), no steady
stripe or spot pattern is formed; instead, a chaotic pattern emerges, exhibiting
certain symmetry properties. In panel (c¢), a spot-like pattern associated with
(F, k) = (0.02,0.056) develops and converges to a steady state more rapidly.
Finally, panel (d) shows a mixed stripe-spot pattern for (F, k) = (0.024,0.056),
which also reaches its steady state relatively quickly. The underlying mecha-
nisms of pattern formation are discussed in [15,20].

6 Conclusions

In this paper, we proposed a numerical approach for the two-dimensional GS
model by combining the spectral-Galerkin method in space with the BDF2
scheme in time. We introduce a class of generalized Jacobi polynomials, two-
dimensional projection for vector functions and some related approximation re-
sults. We construct a spectral scheme with detailed proofs of the boundedness,
the generalized stability, and the convergence. Abundant numerical results
demonstrate the spectral convergence rate in space, the stability of long-time
computation, and coincide with the theoretical analysis. This new approach
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has several advantages: (i) The use of the generalized Jacobi polynomials brings
great convenience to analyze the error and leads to a sparse discrete system
which can be inverted efficiently. (ii) The numerical solution achieves spectral
accuracy in space. The approximation results and the techniques developed in
this article are also applicable to other nonlinear systems.
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