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THE ENERGY STABLE SIXTH-ORDER IMPLICIT-EXPLICIT
SCHEME WITH SCALAR AUXILIARY VARIABLE METHOD
FOR THE SWIFT-HOHENBERG EQUATION

JUNDONG FENG, YUANYUAN KANG, AND YIN YANG*

Abstract. In the present work, we propose two kinds of sixth-order numerical scheme for the
Swift-Hohenberg (SH) equation. We adopt the implicit-explicit sixth-order scheme (BDF6) com-
bined with the generalized scalar auxiliary variable (GSAV) method for temporal discretization
and the Fourier spectral approach for spatial discretization. We rigorously prove the energy dissi-
pation law of our proposed scheme and the H? norm error analysis. Furthermore, we promote the
corresponding numerical scheme with the exponential scalar auxiliary variable (ESAV) method,
which satisfies energy dissipation law. Finally, we show the substantial examples that verify the
energy dissipation property and convergence of the two schemes.

Key words. Swift-Hohenberg equation, BDF6 scheme, energy stability, GSAV method and
ESAV method.

1. Introduction

The L? gradient flow models are remarkable for describing diverse phase tran-
sitions, with the Swift-Hohenberg (SH) equation [1] as a representative example.
This model is extensively used to simulate complex physical phenomena, including
interface dynamics, liquid crystals, and biological tissues [2, 3, 4, 5, 6, 7]. In this
paper, we consider the SH equation and derive its governing equation as follows.

(1) ¢t=—%=—(A2¢+2A¢+f(¢)),
(2) @(-,t) is Q — periodic, t € (0,7,
(3) ¢($70) = ¢0($)7 r € Q,

where (2 is a bounded closed domain in R? (d = 1,2,3), ¢(z,t) denotes density
fields and the function f(¢) = ¢* — 8¢ + (1 — €)¢, the parameters € and 3 are non-
negative constants relating to physical properties and A is the Laplace operator.
The energy functional is defined as

£0) = [ |51002 - (Vo + o - 2

Thus, it is evident that the energy functional is nonincreasing in time:

d€ 5E AN
P _— - — — < 0.
it = Jo 67 /Q(5¢> v =0

The SH equation is a fourth-order nonlinear partial differential equation. Due to
its high-order nonlinearity and parameter perturbations, finding analytical solutions
is challenging. Therefore, establishing stable and efficient numerical algorithms is of
great significance. In recent years, many scholars have conducted extensive numeri-
cal studies on the SH equation, with the energy dissipation property being regarded

¢* + 12_6¢2] da.
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as a crucial criterion for evaluating the accuracy of numerical algorithms. For in-
stance, Qi et al. [32] proposed the backward Euler scheme and the Crank-Nicolson
(CN) scheme based on the invariant energy quadratization (IEQ) theory for the SH
equation. Both schemes were shown to satisfy energy stability. Additionally, Hou
et al. [34] developed a linear CN scheme with two stabilization terms for the SH
equation. The authors provided a detailed proof demonstrating that the scheme
is energy-stable and achieves second-order accuracy in time. Lee [12] employed
the operator splitting method to construct first- and second-order Fourier spectral
schemes. The author verified the energy stability of the schemes through numerical
experiments. For other phase field models, Lee and Yoon [14] investigated the en-
ergy stability of the first-order convex splitting scheme. The models tested include
the Allen-Cahn (AC), Cahn-Hilliard (CH), and molecular beam epitaxy (MBE)
equations. In further research, Lee [31] proposed energy-stable first- and second-
order numerical schemes for the SH equation based on the convex splitting method.
Using the implicit-explicit Runge-Kutta (RK) method, Lee [15] developed first- to
third-order linear numerical schemes for the SH equation, all of which satisfy mass
conservation. Zhao et al. [19] investigated the BDF3 scheme of the SH equation,
and provided the L? norm error analysis and the energy stability. Kang et al. [35]
proposed the linear BDF2 scheme with a stabilization term for the MBE model
without slope selection, using variable time step, and the authors proved its modi-
fied energy stability and convergence. Wang et al. [33] studied non-uniform step L1
scheme for the time-fractional MBE model with slope selection, and showed the L?
norm error convergence of the scheme and energy stability. Zhang and Yang [24]
established the maximum principle and energy stability of the linear CN scheme
for the space-fractional AC equation. Zhang and Yang [25] proposed a first-order
linear scheme with a stabilization term for the space-fractional AC equation and
established the relevant theories of energy stability and the maximum principle.

The Scalar Auxiliary Variable (SAV) method was first proposed by Shen [11]
to solve nonlinear partial differential equations, preserving the energy dissipation
property. Many scholars have extended the SAV method to various phase field
models; see, for example, [10, 20, 21, 22, 30, 17, 36]. There exist high-order schemes
combined with the SAV method for gradient flow models. For instance, Huang et
al. [8] developed the BDFk (k from one to five) schemes with the GSAV method
for dissipative systems and analyzed the H? norm convergence of the AC and CH
equations. Akrivis et al. [30] studied the linear RK schemes (up to fifth order) based
on the SAV method for the AC and CH equations, proving the energy stability
and convergence of the AC equation. Liu et al. [23] conducted the H' norm
error analysis of the finite element method for the nonlinear subdiffusion equation.
Gong et al. [28] proposed energy-stable high-order (up to sixth-order) numerical
approaches using the Gaussian collocation method and the energy quadratization
(EQ) method for gradient flow models. In [27], the authors proposed a fourth-order
numerical scheme by combining the SAV method and the additive RK algorithm
to solve gradient flow models and rigorously proved the convergence and energy
stability of the proposed schemes. Based on the relaxed GSAV method, Zhang
and Shen [9] investigated energy-stable implicit-explicit schemes (up to fifth-order)
for dissipative systems and demonstrated that the modified energy more nearly
approximates the original energy through numerical experiments.

In this work, the main purpose is to design an unconditionally energy-stable lin-
ear BDF6 scheme combined with the GSAV method for the SH equation. Although
there exist some works on the SAV method for the SH equation, most of the existing
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works primarily focus on energy stability. Due to the lack of convergence theory,
we provide an H? norm convergence analysis for the proposed scheme. Zhou [13]
studied the stability of the BDF6 scheme using energy methods for parabolic equa-
tions and derived the corresponding multipliers. This work validates the feasibility
of the BDF6 scheme and supports error analysis. Furthermore, we implement the
BDF6 scheme with the ESAV method, which also ensures energy stability. We
discretize the spatial variable using the efficient Fourier spectral method and con-
duct numerical experiments to validate the stability and accuracy of the proposed
scheme.

The remainder of this paper is structured as follows in Section 2, we propose the
BDF6 scheme with GSAV method of the SH equation and prove that the scheme
is unconditionally energy stable. We present the H? error analysis of our proposed
scheme in Section 3. We present the BDF6 scheme with the ESAV method for the
SH equation and analyze its energy stability in Section 4. Substantial experiments
are executed to illustrate convergence and stability for the two schemes in Section
5.

2. The BDF6 scheme with GSAV method and energy stability

In this section, we introduce the GSAV method and devise the corresponding
BDF6 scheme for the SH equation (1). We also review the Sobolev spaces W*»
with norm || ||yyx.», where the space H*((2) denotes p = 2 where the corresponding
norm is || - || gx; L?(Q) denotes the space of k = 0,p = 2 with norm | - ||. Let (-,)
represent the L2-inner product. Let time step 7 = T/N and t,, = nr, for n < N,
where N is a natural number.

We firstly introduce an important lemma about the regularity condition of the
SH equation (see [16]) so that the exact solution is bounded.

Lemma 1. Assume the initial solution ¢po € H?(Q2) and the following holds
If'(z)] < C(|z|P + 1), forany p >0, if d=1,2; 0<p<4, if d=3,
1f"(z)| < C(|z|”" +1), forany p' >0, if d=1,2; 0<p <3, if d=3,

where d denotes the space dimension. Then for any T > 0, the SH equation exists
a unique solution ¢ € C ([0,T); H*(Q)) N L2 (0,T; H*(Q)).

From the above Lemma 1, we conclude that there exists a positive constant Cg
such that ||¢]|g2 < Cs for any solution ¢. For any ¢ € (0,7, we denote the lower
bound of the energy as follows:

1

e0) = [ |58 - (9o + 30" - o 4 -

b _€¢2} dx

P 3
3¢)+

2

1 1 16} 1—e¢
> 146072 = 1V8IZe + Zllolze — S161Ze + ——llllz:

1

1 1—e¢ ep 154
S 2 24 22, 1 b 4 2 _ Pz,
> 18613 + 5ol + (3 - 5 ) ol — IVl - Fo-lol

1 1—e¢ B2
> S[|Ad)7e + ——ll¢ll7: — max {1, -~ ¢ [6]l7n
2 2 9
2 1—
E_maX{la%7 2 e}H(b”%:ﬁv
38

where we use the inequality [, ¢3da < [|¢|74]|¢||2 and set e = 2=, On this basis,
we construct the auxiliary variable R(t) = E(¢)(t) := £(¢)+Co > 0, Cy > 0. Then
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the problem (1) can be rewritten as below
b =— (A% + 206 + [(9)),
dE R (6E(¢) 6E(¢))

dt — E(¢)\ 6 ' o
Now we present the BDF6 scheme with GSAV method for the problem (1) as
(0% - A n —n—+1 —n
(40) o8~ A8 _ (2 425 (),
(4b) R+l _ Rpn - Rl 5E(a”+1) 5E($"+1)
T E@™ 5p T 8¢ ’
" RnJrl
(4c) ¢ = —
E(@p )
(4d) ¢n+1 = nn+1$n+17 with 77n+1 =1- (1 - £n+1)77
where
49 15 6 1
_ =2 A _ n—1 n—2 n—3 Zon—4 _ — n—5,

Bs(@") = 68" — 156" + 20¢ - 15¢ heg g

Remark 1: To avoid affecting the overall convergence order of the BDF6 scheme,
we adopt the sixth-order implicit RK method to solve the numerical solutions for
the first 5 time steps.

Theorem 1. The scheme (/) satisfies energy dissipation law as follows
—n+1 —n+1
sB@) 65GTY _
dp T 09 -
Moreover, assume E(¢) = 5(A%p,¢) + E1(¢) and E1(¢) has a lower bound, there

exists a positive constant Cy makes

(5) Rn+1 — R" = _T£n+1 (

(6) (A2gmHL, gnHL) < C2.
Proof. As mentioned in the definition R = E(¢) > 0, we can infer R" > 0,
BE@"™) > 0, and we can obtain
R = - Rn, : >0
1ior (515(45”+ )76E(§5;+ )/E( n+1) =

and "1 > 0 from scheme (4c). Thus, the inequality (5) holds.
Denote R® = E(¢(-,0)), the formula (5) implies R < R°. Without loss of
generality, we suppose E1(¢) > 1, then from (4c) yields

Rl 2R
7 n+1 — <
( ) |€ | E(an-‘rl) — (A2¢n+17¢n+1)

So we can observe that "1 is bounded. According to the formula (4d), we get

[T =[£I P (€7F1)|, where Ps(x) denotes a polynomial of degree less than 6.
Therefore, we can deduce that there exists positive constant Cy > 0 such that
It < Co

RN



BDF6 SCHEME OF SWIFT-HOHENBERG EQUATION 465

and
n n n —n+1 —n+1
(A%, gt = ()2 (A% 6T ) < k.
The proof is completed. O
3. H? norm error estimate of the scheme (4)

In the section, we present the rigorous convergence analysis for the scheme (4).
We review stability of the BDF6 scheme (see [29]).

Lemma 2. The set of numbers kg = —%,m = 1—93,/12 = —%,Kg = %,m =
k5 = ke = 0 is a multiplier of the BDFG6 scheme, then there exists a positive
definite symmetric matriz G = {g;;} € R%% and real 6y, -- ,0¢ such that

3
agp™ T — Ag(¢™), 9" — Z K"t

j=1

6 6
_ Z gij(¢n+l+zfﬁ’¢n+1+]76) _ Z gij(¢n+176,¢n+jf6)

i,j=1 i,j=1

6 2
Z 9i¢n+1+i—6
=0

with 6 <n+ 1< N. Furthermore, the following inequality holds

(8) +

)

m 3 m
I T TR,
(9) E Pt ot — § T I 3 E o™ 2.
n=>5 j=1 n=3

Theorem 2. Given initial condition 30 = ¢ = ¢o(x) and R® = E(¢?), we

assume Lemma 1 holds and the exact function satisfies the following conditions
o a7

¢ € C([0,T], H*(2)), 8—;’.5 €L* (0,1 HA(), 1< <6, 57 € L*(0,T; H'()).

ks n : 1 A
Let ¢ and ¢™ be computed by scheme (4). Then, when 7 < min { TracT 5%, },
it holds
(10) 16" = &Co )2, 19" = & ta)ll =2 < CT°, n <N,

where positive constants C¢ and C are related to T', €.

N

Proof. We can get the numerical solutions of the first 5 time steps ak =oF (k

1,--+,5) by the sixth-order implicit RK method, which meets ||¢* — ¢ (t1)|/ 2 =

O(7°) and ||A2¢*|| < C. The corresponding R¥ = E(¢*) can also be calculated.
The main purpose is to prove

(11) 1 —-&" <Cer, Yn <N,

it is clear that inequality (11) holds for ¢* = Ek (k=1,---,5). Next, we adopt the
mathematical induction and suppose |1 —£"| < Ce7 holds for n < m, then we set
two parts to prove formula (11) holds for n = m +1 < N. According to assumed
condition |1 — £"| < Cer, n < m, we can get from formula (4d)

6 6
1= <<1+ 5. n<m,
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when time step 7 < min{ 1}. Combined with the inequality (6) yields

1
307
(12) 16" |2 < Coy 0" 2 < 2C,¥ 0 < m.

Step 1: Estimates for |[e"™!| > and |||+ for 0 < n < m. According to
the regularity result of Lemma 1, there exists a sufficiently large positive constant
Cg such that

(13) o) |2 < Cp, t < T
By the Sobolev embedding theorem H?(Q2) C L>(Q), we have
(14) 1fD @)~ < Cay t<T, [IfP(E")|1~ < Cp,¥n<m, i=0,1,2,3.
From scheme (4a), we can get error equation as

(15)  age" ™! — Ag(e") = Ag(¢") — Ag(¢") — T(A% +2A)e" T + Y™ + 7U™,
where e = ¢(t,) — &, Y™ denotes as

Y™ =ag(¢(tni1)) — As(O(tn)) — 7 (tni1)
w0l e S
with a; are relevant to the coefficients of Ag. U™ is given by

U" = f(Bs(8")) = f(6(tnt1)).

Taking the inner product of (15) with v ! := e+t — Lign 4 Zgn-1 _
using Lemma 2, we have

6 2

—n+1+i—6 —n+1+j5— 6 n+z 6 n+ 6
E gij (e , € I E i ] i ) +
7,7=1 1,7=1

= (A6(8") = As(0"), 7" ) = 7 (A + 28)" 1 7 H)
(17)
+ (Y™ ot + (U o).
Next, we analyze the estimates on right hand side of formula (17). Note that
I —1] <1 —¢€n7 < 0577'7, vV n < m, we have

[(46(@") — Aa(6m). 7)< 146(6") 2TA6 all +TZ||*"“ i

(18) <Ccir? +TZ [en 2.
i=0
Applying the Cauchy-Schwarz inequality, we obtain

3 3
(19)  7]((A%+ 28007 < 737 A 42 Y [ven i,
i=0 i=0
For term Y™, it follows from the Schwarz inequality

tnt1 a7¢ 2 tnt1
[Y™? < ort? 1-——(s)ds | dx<Cr'?
o \Jt o7

n—>5 tn—s

f )
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So we get the estimate

3

1 )
n —n+1 o ni2 Sn+1—1)|2
(Y7 ) < oYl +ZT§||e I
tn+1 87 2 3 .
(20) <Crt? W?(s) ds+27 Y [
tn75

=0
Noticing that ¢™, ¢(t) are bounded and citing formula (14), we have

U] = |£(Ba(3") = £(Bs(6(t:)) + F(Ba(@(tn))) = F(@(tar1))]
< CIBS (") + CIBs(6(t) ~ 9t

n+1 586¢
< C|Bs(@)| + C Zb / (s = 9)° 52 (5)ds
trg1—i

)

where bl— 5,,b2=??, b3= 5,,b4:??, b5=—% and bﬁzécan be
determined by Taylor’s formula. Combining the Cauchy-Schwarz inequality, we

can obtain

1 2 ’ 1—4 |2 12 [ 0%
()] < OrlBE )+ 2r Y e or [ 2 4
i=0 tn—s
: +1—iy|2 12 ¢
=N —1
(21) < CT;HG I“+Cr - %(s) ds.
In the light of the inequalities (18), (19), (20) and (21), we arrive at
6 6 2
Z gij(én+1+i—67én+1+j—6)_ Z gij(én+i—6,én+j 6 7n+1+z 6
i,j=1 i,j=1
(22)
o ; nt1 a7¢ tnt1 a6¢ 2
<CTZ|| +1— ”2 + 2 </ 8t7( )H+/ %(5) +C£14 ds.
tn—s5 th—5
Taking the sum for n from 5 to m for formula (22), we can get
(23)
m—+1 2
—m —n 57(25 9°¢
Aele™ > < o Z le™||%: + Cr'2 (H 07 H H@G(s) +C’§4 ds
n=0

where the matrix G is positive definite and the smallest eigenvalue Ag > 0.
Implementing the same procedure, we can get the estimates of ||[Ve™ ™| and
|Ag™*1||. Making the inner product on the both sides of (15) with
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73A%+1 =3 (Aé”JFl o L;Aén + %Aén72 - %Aénig)a we have
° A A 6 A A
33 gi (Ve HIH0 Ven i 6) L3 37 g (Ven i, verti o)
wI=t ij=1

2
T <A25n+1, AEH—H)

Za vfn—i-l—i-z 6
— 3 (A6(¢> ) = As(9"), ATH) =3 (v, AT — 37 (U", AT )
(24) + 67 (Ae"T, Ap"TY)

The estimates of the right-hand terms in formula (24) coincide with those in in-
equalities (18), (20) and (21), then taking the sum for n from 5 to m and combining
the formula (9), we can obtain

)\G||Vem+1||2+37_z vAfn+1 VAﬁn—H)

12 I, TN S o2
(25) <Crt H 57 (8 ‘ %(s) +C¢* | ds+Cr Z g™ 1 5=
n=0

Taking the inner product of (15) with A2p"+! := A%g" ! — BAZen 4 ZAZen ! -
$A%"2, one can get

6 6
Sn+1+i—6 Aznt1+j—6 Sn+i—6 Azntj—6
E Gij (AT TR AT TR — E gi,j (A" 0 A" TP
i,j=1 4,J=1
2

6
G_AénﬁLlJrifﬁ T (A2En+l A2@n+l)
§ i ’
i=1

_ (Aﬁ(an) . A6(¢n)’A2§n+l> + (Yn,A25n+l) 47 (Un,A2En+1)
(26) + 27 (VA" VAT ).

Next, we estimate the right-hand side of formula (26). By using the formula (18),
we get

3
(27) ‘(Aﬁ(an) _ A6(¢”),A2@”+1>’ < CC14 13 375 ; IV A+,

According to the Cauchy-Schwarz inequality for terms Y™ and U™, we have the
estimate

n -n C n n 7
|, A% )| < 29y P+ 384Z||me 2

n+1
(28) < Cr'? /

tn—s

87¢ n+1—1i(|2
rd (ds+ —ZHVAe 12,

(s ) 384
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and
(U™, A% | <Crl| VU + ZHVA et
- 384
9 12 tn41 86¢
<C7||Bs(@")||7: + CT %(s) ds
th—s H!
7n+1 (12

Using the inequalities (27), (28) and (29), and summing n from 5 to m for formula
(26) yields

)\GnA§m+1”2+TZ A2fn+l A27n+1)

87¢ 86¢ m+1 .
<o [ ([l <[5, vex)oreor S e
n=0
m—+1
(30) Z ||VAe"||2+27'Z (Vae" ! vAp ).
n=>5

Adding the formulas (23), (25) and (30), and combining the formula (9), we derive

m—+1
Aalle™ s + o Z azen)?
87¢ 86¢
12 14
m—+1
(31) +CT Y 3.
n=0
By referencing the discrete Gronwall inequality, we have
m—+1
—m—+1 2 " 2
7 3o 1
2 37¢ 36¢ 14
SEOQXP(O—T) (H o7 (8 H 576 (8 +C¢ | ds

(32) =Cy (1+CY) 72

when time step 7 < mm{ 58 2} Cs is mdependent of 7 and denotes as

37¢> 3%
Cy = —Cexp(QT max{ (H 577 (8 H 576 ds,2,T 3.

In particular, the relation (32) implies

(33) €™ g2 < (/Ca(1 + CE°

m-+1 2
(34) <T > ||A2e”||2> < \/32AgC2(1 +CMT°, V1I<m+1<N,
n=>5




470 J. FENG, Y. KANG, AND Y. YANG

Combined with condition ||¢(t)|| gz < Ce, we further derive

16" me < \/Co(1+ CH)70 + .

Note that H2(€2) € L>=(Q), we can get the terms || f(¢ )HLOO and || f'(¢
are bounded.
Step 2: Estimate |1 — ¢™T1|. By direct calculation, it is clear that

(35)
Rut = /Q (1AG2 + AdAGy — 2V[2 — 2V6 - Ve + /()62 + F(9)der) du

—m-+1
ML

From (4b), the error equation is

n+1 1
(36)  wtl—wt =7 <||F(¢(tn+1))||2 - FE >||2) LQmH,
EG

where w™ = R™ — R(t,,), V(¢) = %; = (A% +2A)¢ + f(¢) and

tnt1
Q" = R(tn) — R(tn+1) + TRi(tns1) = / (s = tn) Rirds.
t

n

Summing equation (36) over n from 0 to m with w® = 0, we have

w™ Rn+1 n+1 n
(37) = TZ <|V tnr)I? = ——= V(6 ||2> + ZQ .
E(p )
The first term of the right-hand side of the formula (37) has
Rn+ n+1
IV (@t )I* = == V(6™ I
E(¢ )
, R R , —_—
<SIV(@Ene I |1 = —57 P ‘HV () = V(@™ )P
E(p" )| E(9

(38) 5221 + ZQ.
For Zy, due to ¢(t) and R"*! are bounded, it follows

Zy <Cl1— E]Z;:::l)
R(tny1) Rt Rntl - Rl
<0 | Bty ~ Bty | | Fd) BE)
(39) < C (Jw™ |+ |B((tarn) — BGE ).

According to the bounded conditions (12) and (13), we can get
B@(tns)) ~ B@E)| <5 (180(n 0l + 185" 1) A6 (1) - 45
+ (196t )l + 191 | Vo (tnsn) - V3

—n+1
+ [ [P @t = FE
(40) <C (Jlag" | + Ve | + [[e" ) -

n+1 —n—+1
)| < H

n+1H

dx
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Thereby, we have Z; < C||e" ™| gz + [w™*1|. For Z,, we can obtain
)2
n+1 —n—+1
< C||V(@(tar) = VE || (IV@ sl + IV E 1)

< C (a4 ae | + | f(ottarn) - £
(41) < C (JA% | 4 AT + o)

w+1

ZQ < C ’”V n+1))||2 - ||V

From the formula (35), we get the estimate of Q" as

tnt1 tnt1
@) 1@< or [ Rulas <0 [ (ol + lu(s) ) ds

n tn

Thus, it follows from the formulas (39), (40), (41), (42), (33) and (34) that

m RnJrl —n+1 m n
I <TZ IV (@) = == IVE I + D 1™
E(¢ ) n=0
<Cr Z |wn+1| +Cr Z ||ETL+1||H2 +Or Z HAQETL—HH
n=0 n=0 n=0

T
+0r [ (10 + 6u(s)ln)

(43) <Cr Y|t + C’\/32/\002(1 +Cl4)rS 1 C,
n=0

where it follows from the Holder inequality, the formula (34) and the assumed

condition ||A%e*|| < C,k =1,---,5, we have
m+1 m+1 ‘l m—+1 %
<TZ ||A26”||> < < Z |A%e ”||2> <TZ 1) < c\/32AG02(1+Cg4)T6
n=1 n=1

By referencing the discrete Grénwall inequality with 7 < é yields |w™t1| < Cr.
Furthermore, using the formulas (4c), (39) and (40), we obtain

1= <O (|B((tms)) - BE™)] + w7+
(44) <C(le gz + ™)) < O,

In the view of formula (4d), we get
|,'7’m+1 _ 1‘ S ‘1 _ §7n+1|7 S CT7

—m+1 +1
g™ =" gz < [yt =116

2 < 2C5Clp™ 1 1],
and easily infer that
m 1
lem™ 3 < [ 13 + (6™ = 3™ 3 < Ca (14 CH) 712+ O™,

The proof ends here. O
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4. ESAV method

In this section, we present the BDF6 scheme combined with the ESAV method
for the SH equation.

Defining auxiliary variable R(t) := exp(E(¢(t))), and we can reformulate the
problem (1) as

¢ = —(A% +24)¢ — f(9),

AR _ o (9€ 5¢
dt 56 66 )

Analogously, the BDF6 scheme with the ESAV method as follows
g™t — Ag(¢")

(150) A (a7 an)gn Y f(Bo(97),
RV RY oy (5E(Bo(9) GE(Bu(6"))
o) e (R ),
c n+1 _ RnJrl n+1 — o _ en+1N\7
W S @Gy T e

Remark 2. It is noted that the exponential function is a rapidly growing function,

which can lead to the numerical result. So we select the modified scalar auxiliary
variable R = exp (%?), where Cj is enough large positive number (see Example
3).

Theorem 3. The scheme (45) meets energy dissipation law

6E(Bs(¢™)) 55(Be(¢”)))
56 06

<0.

(16) R R = e esp((Balon) (
Moreover, we have
(47) In(R"*) — In(R™) < 0.

Proof. Tt is evident that R™ > 0 from formula R = exp (£(¢)). According to the
scheme (45b), we have

RTL

R = , > 0,
147 (65<B§;¢ ), 9E(Bo(s )))
and £"t1 > 0. Thus, formula (46) holds. Formula (47) holds because the natural
logarithm function is increasing O

5. Numerical experiments

In this section, we provide numerical examples to illustrate convergence and
energy stability of the schemes (4) and (45).

Example 1. We consider convergence orders with GSAV method and ESAV
method for the SH equation. Add a function g such that the exact solution of
problem (1) is

$(a,,1) = exp (sin(e)sin(y) cos(t),
where the domain [—m, 7] and € = 0.1.

We use Fourier spectral methods to discretize spatial variables and set 1282

Fourier modes. In Table 1 and Table 2, we show the errors in the H? norm and L?

norm for GSAV method and ESAV method for the SH equation, respectively. Sixth-
order convergence for both methods is verified. When using the ESAV algorithm
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TABLE 1. The errors of H2 norm and L? norm (GSAV) for Exam-
ple 1 with h = 7/64.

T ¢ — oM = | Rate | @™ — ¢™M|[[2 | Rate
1/16 5.4347e-007 - 2.7702e-007 -
1/32 | 7.6237e-009 | 6.1556 | 4.1726e-009 | 6.0529
1/64 1.1351e-010 | 6.0696 | 6.2674e-011 | 6.0569
1/128 | 2.8470e-012 | 5.3147 | 9.4294e-013 | 6.0546

TABLE 2. The errors of H? norm and L? norm (ESAV) for Exam-
ple 1 with h = 7 /64.

T ¢ — oM |2 | Rate | [¢™ — @M= | Rate
1/16 6.1579e-007 - 3.3809e-007 -
1/32 9.3844e-009 6.0360 | 5.3102e-009 | 5.9925
1/64 1.4176e-010 | 6.0487 | 8.1464e-011 | 6.0265
1/128 | 3.1195e-012 5.5060 | 1.2325e-012 | 6.0465

and GSAV algorithm, the error results of H? norm and L? norm showed similar
convergence effect, and with the time step 7, the errors of both algorithms decrease
significantly, exhibiting a sixth-order convergence rate.

Example 2. We present numerical simulation results for the classical SH model
and choose the initial data

9(,,0) = 0.1+ 0.02c0s (75 ) sin (70 ) +0.05c0s (5 ) sin (57

where € = 0.25 and the domain is [0,100]?. By using the sixth-order implicit RK
method to solve the numerical solutions for the first five layers, we are able to
provide highly accurate initial values for subsequent time steps, thus guaranteeing
the stability and reliability of the numerical simulation.

In Figure 1, for the fixed parameter 5 = 0, we simultaneously present phase
transition process of GSAV method and ESAV method at different time points
t = 0.3,16,32,64. Likewise, Figure 2 shows the evolution of numerical solutions
with parameter 5 = 1. It is observed that both methods can effectively simulate
the SH equation, and different parameters 3 lead to different numerical results for
the SH equation. Figure 3 presents the modified energy dibbipation curves (solid
lines) of two BDF6 schemes under different parameters: § = 0, é, 5 and 1. It can
be seen that this curve maintains a high degree of consistency with the reference
energy (red dashed lines) of the first-order scheme [14]

‘f’nﬂ ¢" 1 2 1 3 2
=—(1 =" = A" — ((¢")” = B(¢")7) — 244",

-
We find that all the energy functional values are non-increasing in time for all time
steps tested, for both proposed algorithms, which confirms the proposed schemes
have unconditional energy stability, as predicted by Theorems 1 and 3.

Example 3. We examine the phase evolution process of the SH equation from a
randomly perturbed unstable state to the steady state with 2D and 3D initial data.
For 2D case, the initial solution is ¢(z,y,0) = 0.07rand(z, y), where rand(x,y) is
the random number in (—1,1) and the spatial domain is (z,y) € [0,100]2. We

employ the scheme (45) and set the scalar variable R(¢) = exp (%), where

E(¢") denotes the energy value in initial solution. In Figures 4 and 5, we show the
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FicURE 1. Snapshots of GSAV method and ESAV method for
t=0.3,16, 32,64 with 8 = 0.

GSAV

ESAV

FIGURE 2. Snapshots of GSAV method and ESAV method for
t =0.3,16,32,64 with 5 = 1.

FIGURE 3. Energy values of GSAV method (left) and ESAV

method (right) for different 5 =0, %, %, 1.

phase transition states of scheme (45) with adaptive time stepping (Tmax = 1074,
Tin = 10710) and compare them with the first-order scheme employing a fixed time
step 7 = 104, for different 8 and €. It reaches a steady state as time increases.
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FIGURE 4. Snapshots of ESAV method (First line) and first order

convex splitting scheme (Second line) for ¢ = 1,20, 40,100 when

€e=0.3,8=0.
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FIGURE 6. Energy values and time step curves of 2D random ini-

tial solution (e = 0.3,

B=0).

and 7 (left), by comparing the evolution curves of

the modified energy of the BDF6 scheme and the reference energy of the first-

left)

(

As shown in Figure 6

order scheme over time, it can be observed that the two remain highly consisten-

and Figure 7 (right

Figure 6 (right)

)

t.Meanwhile
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FIGURE 7. Energy values and time step curves of 2D random ini-
tial solution (e = 0.1, 8 = 1).

FIGURE 8. Phase-field evolution for time ¢ = 0, 10, 50, 100, 250, 500.

graphs. These graphs show that the time steps undergo rapid initial changes, driv-
en by the nonlinear evolution of the phase field model and the algorithm’s error
control mechanism. Subsequently, the step sizes gradually stabilize, with minor
fluctuations reflecting the adaptive strategy’s dynamic balance between accuracy
and efficiency throughout the simulation.

For 3D case, the initial data is ¢(x,y,2,0) = rand(z,y,z) + 0.5, where the
parameters are 3 = 1 and € = 0.35. We use 403 spatial modes to discretize the
spatial domain (z,y, 2) € [~10, 10]? and set Cy = 400. In Figure 8, we use adaptive
time step (maximum time step Tmax = le — 4, minimum time step 7, = le — 10)
to show the states of phase transition in different time ¢ for the scheme (4), which
validates that the scheme can lead to the intended state. The adaptive algorithm
improves the computational efficiency by dynamically adjusting the calculation grid
and time step.

Figure 9 (left) demonstrates excellent agreement between the modified energy
and the reference energy curves, confirming the superior stability of the BDF6
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FIGURE 9. Energy values and time step curves of 3D random ini-
tial solution (e = 0.35, 5 = 1).

scheme in three-dimensional simulations. The time step curve in Figure 9 (right)
exhibits a consistent trend: rapid initial adjustments in response to the phase field’s
nonlinear dynamics and error constraints, followed by steady stabilization.

6. Conclusion

In this study, we investigate numerical approaches for the SH equation using the
BDF6 scheme with GSAV and ESAV methods, and obtain high-order convergence
and energy dissipation. The scheme can be extended to AC equations and obeys an
energy stability law. However, for the MBE model, CH equation, and PFC model,
a complex problem arises: the expression ABg(z) fails to properly compute the
nonlinear term involving the Laplace operator A. This will be addressed in future
work.
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