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Abstract. In this paper, a linear second order numerical scheme is developed and
investigated for the Allen-Cahn equation with a general positive mobility. In partic-
ular, our fully discrete scheme is mainly constructed based on the Crank-Nicolson
formula for temporal discretization and the central finite difference method for s-
patial approximation, and two extra stabilizing terms are also introduced for the
purpose of improving numerical stability. The proposed scheme is shown to un-
conditionally preserve the maximum bound principle (MBP) under mild restric-
tions on the stabilization parameters, which is of practical importance for achieving
good accuracy and stability simultaneously. With the help of uniform boundedness
of the numerical solutions due to MBP, we then successfully derive H'-norm and
L*®®-norm error estimates for the Allen-Cahn equation with a constant and a variable
mobility, respectively. Moreover, the energy stability of the proposed scheme is also
obtained in the sense that the discrete free energy is uniformly bounded by the one
at the initial time plus a contant. Finally, some numerical experiments are carried
out to verify the theoretical results and illustrate the performance of the proposed
scheme with a time adaptive strategy.
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1 Introduction

In this paper, we study numerical solution of the following Allen-Cahn equation with
a general mobility M(¢) > My > 0:

%4; = -M(@)(—EAp+F(9), (xt) €eQx(0,T],

$(x,0) = ¢o(x), x € Q),

(1.1)
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which often arises from modeling of phase transitions and interfacial dynamics in
materials science. Here, () is a bounded Lipschitz domain in R4 (d=1,23),T>0
is the terminal time, ¢(x, t) is the unknown phase function, the positive parameter ¢ is
called the diffuse interface width parameter, and F(¢) = (1 — ¢?)? is the double-well
potential function. We also assume that the problem is subject to suitable boundary
conditions such as the homogeneous Neumann, the periodic, or the homogeneous
Dirichlet boundary condition. The Allen-Cahn equation (1.1) can be viewed as the L?
gradient flow of the energy

E@) = [ (51907 + Fig))ax, 12

which leads to the dissipation of the free energy E(¢) over time, that is

th(qb) =- /Q M(¢)p*dx < 0. (13)

Another intrinsic property of the Allen-Cahn equation (1.1) is the maximum bound
principle (MBP), i.e., if |¢(x,0)] < 1 for all x € Q then |p(x,t)| < 1forall x € Q
and t > 0, and one can refer to [29] for more discussions. To numerically investigate
the Allen-Cahn equation (1.1), it is essentially important for the numerical schemes to
preserve these physical properties in the discrete level, particularly the preservation
of MBP, otherwise it could encounter the negativity of the mobility M(¢$) which may
lead to failing of the numerical schemes.

Over the past few decades, a great deal of works [9,29,31,35,36] has been devoted
to developing structure-preserving time-stepping schemes for the Allen-Cahn equa-
tion, particularly for the models with constant mobility. Among the existing works,
first order (in time) liner stabilized semi-implicit schemes combined with the central
finite difference method for spatial discretization were proposed for the Allen-Cahn
equation (1.1) in [31] and the generalized case with a advection term in [29]. These pro-
posed schemes unconditionally preserve the discrete MBP in both cases and the ener-
gy stability in the constant mobility case. A nonlinear second-order Crank-Nicolson
scheme for the space-fractional Allen-Cahn equation was developed in [14], in which
the convex splitting approach was taken to deal with the nonlinear term. This scheme
was proved to conditionally preserve the discrete MBP and the discrete energy dissi-
pation law, and some corresponding error estimates were also obtained. A nonlinear
two-step second-order backward differentiation formula (BDF2) scheme with nonuni-
form grids for the Allen-Cahn equation was studied in [26], in which the nonlinear
term was treated fully implicitly. The MBP preservation and energy stability of the
developed scheme were obtained under some constraints on the time step size and
the ratio of two successive time steps. Recently, Hou et al. [13] proposed a linear sta-
bilized second-order Crank-Nicolson/Adams-Bashforth scheme for the Allen-Cahn
equation. It was shown that the numerical scheme preserved the discrete MBP and a
modified energy stability conditionally. Very recently, a linear stabilized BDF2 scheme
with variable time steps was numerically studied for the Allen-Cahn equation (1.1)
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in [12], and the discrete MBP of the developed variable-step scheme has been rig-
orously obtained with certain constrains on the time-step sizes and the adjacent time
step ratios. We would like to remark that there is no linear second-order unconditional
MBP preservation scheme among the above existing works.

A series of structure-preserving exponential time differencing (ETD) and integrat-
ing factor Runge-Kutta (IFRK) methods were also investigated for a class of semilinear
parabolic equations in [3,7,16,17,20,23,24,27], all of them unconditionally and condi-
tionally preserve the discrete MBP. In recent work [8], Du et al. established an abstract
framework of MBP investigation for problem (1.1), where sufficient conditions on lin-
ear and nonlinear operators are given such that the equation satisfies MBP and the cor-
responding MBP preserving first-order ETD and second-order ETDRK schemes were
developed and analyzed. It was proved in [10] that the stabilized first and second or-
der ETD Runge-Kutta schemes unconditionally preserve the discrete energy dissipa-
tion law for the Allen-Cahn equation. By combining the scalar auxiliary variable (SAV)
approach with linear stabilized ETD methods, some novel SAV-EI schemes for the
Allen-Cahn equation were proposed [18,19] which satisfy both the energy dissipation
law and MBP in the discrete level. Several third- and fourth-order MBP-preserving
schemes [5,24,37-39] were developed and analyzed for the Allen—-Cahn equation us-
ing the integrating factor Runge-Kutta approach. An arbitrarily high-order multistep
exponential integrator method was given in [22] by enforcing the maximum bound vi-
a a cut-off operation. Due to that fact that these high-order MBP-preserving methods
are derived from either the variation-of-constant formula or an exponential transfor-
mation of the solution, it seems not easy to extend these approaches to the Allen-Cahn
equation (1.1) with a general variable mobility.

The goal of this paper is to propose and analyze a linear second-order, uncondi-
tionally MBP preserving scheme for the Allen-Cahn equation (1.1) with a general mo-
bility, based on the Crank-Nicolson time-stepping formula and the linear stabilizing
approach. The novelties and significance of this paper include: first, a linear doubly
stabilized Crank-Nicolson scheme for the model is constructed for the first time, which
is of second order accuracy and possesses the property of unconditional MBP preser-
vation; second, energy stability of the proposed scheme is established in the sense that
the discrete energy at all time steps is uniformly bounded by the initial one; third,
error estimates for the proposed scheme with nonuniform temporal mesh are success-
fully established in the H!-norm for the case of constant mobility and in the L*-norm
for the case with variable mobility, respectively; fourth, the proposed scheme is very
efficient (there are only two Poisson-type equations to be solved at each time step) and
can be easily adopted with existing time adaptive strategies.

The rest of the paper is organized as follows. In Section 2 , we present the fully-
discrete linear doubly stabilized Crank-Nicolson scheme for the Allen-Cahn equation
with ageneral mobility (1.1) and prove its unconditional preservation of discrete MBP.
Some fully-discrete error estimates in the L* and H! norms and energy stability are
then derived for the propose scheme in Section 3. In Section 4, various numerical
experiments are presented to verify the theoretical results and demonstrate the per-
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formance of the proposed scheme. Finally, concluding remarks are drawn in Section
5.

2 The fully-discrete linear doubly stabilized Crank-Nicolson
scheme

Without loss of generality, the two-dimensional problem (d = 2) with the homoge-

, £ ‘ao = 0 is considered in what follows. We
also note that it is straightforward to extend the proposed scheme and correspond-
ing analysis results to the cases of higher dimensional spaces and/or other boundary
conditions.

" .2
nous Neumann boundary condition, i.e.

2.1 Spatial discretization by central difference

We use the notations and preliminary results of the central difference function spaces
and operators reported in [1,2,15, 25,30, 32-34]. For more complete details, one can
refer to these works. For simplicity, we consider a square computational domain () =
(0,L) x (0,L), and the uniform spatial grid spacing i = L/M. Define the following
discrete function spaces:

Ch={U:CyxCy—R|Uyj1<ij< M},
i ={U:EyxCy—R|U,:,0<i<M 1<j< M},

2’
e, ={U:CyxEy = R|U 1, 1<i<M, 0<j< M},

ij+37
— X _ - .
e ={U ey |Uy;=Uy,;=0,1<j< M},
U y _ B .
eo,h—{UGEh \ UZ-,% —UZ-,MJF% =0,1<i< M}

where the two types of point sets Ej and Cy; are given by

Ey={x,1=ih|i=01--- ,M}, Cy={xi=(G(—-3h|i=1---, M}
2

Then, we define the discrete gradient operator V), = (V,V7) : C, — (€50 eg/h) by
Uiy1,; — Ui . .
(Vil)iz; = — 5 1<i<M-1,1<j<M, (2.1)
Uij+1 — Ui . ,
(Vil);joy = —F5—, 1<i<M 1<j<M-1, (2.2)

for any U € Cj,, and the discrete divergence operator V- : (¢}, e]) — C; by

x T Uy Ui, uiﬁl_ufy,ji .
(V- (Ur,UY)" )i = —2—2+ —4—*%, 1<ij<M (2.3)
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for any (U*, UY)T € (e}, e)). Note that the above discrete gradient and divergence op-
erators are compatible with the homogeneous Neumann boundary condition. Then,
we use the discrete gradient and divergence operators to obtain the discrete LapLacian
Ay : Cp — Cy, given by

(ApU)i; = (Vi - (VpU))ij, 1<4,j <M. (2.4)

Next we are ready to define the following discrete inner-products:

(u,vy, =n Z U;Vij, YUV EC,
i,j=1
(U, V¥, = (ax (U*V¥), 1), VU, V¥ eef,

[, v, = (a,(WVY),1),, VU, VY ee,

[(ux, uy)T’ (Vx, Vy)T]Q — [ux, Vx]x + [uy, Vy]y,
where a, : ¢f — C; and ay : e‘Z — Cy, are the two average operators defined by
(axU)ij = (Uiz1/2; +Ui—12)/2 and (ayU)i; = (Uijr12 + Uij1/2)/2 for 1 < i,j <

M, respectively. Then, for any U € Cy, its corresponding discrete L2, H! semi-norms
and norms, and the L*-norm are respectively given by:

ujz = (U, U, VU7 = [Val, ViUl = [d:U, d. U], + [d,U,d, U]y,

1y = UG+ VU, Ul = Oglag;vz U

From these above definitions, we obtain the following results.

Lemma 2.1 ( [25,32]). Forany U,V € Cy, it holds

—(AMU, V), = [V, Vi V]q. (2.5)

2.2 Time integration by linear Crank-Nicolson scheme

Let0 =ty < t; < tp < --- < ty = T be a general partition of the time interval [0, T|
with time step size 7, = t, —t,—1 forn = 1,2,--- ,N. We denote the maximum time
step size of such time partition by T = maxj<,<n Ts, and the operator pointwisely
limiting a function onto Cj, by Il¢,. Let u= (U, -, Uiy 5 Upa, -, UM,M]T S
RM’ be vector form of U € Ch.

The fully-discrete linear stabilized first-order BDF scheme for solving the Allen-
Cahn equation with general mobility (1.1) reads as follows, seeing also [29,31]: given
PO = Il¢,¢o, forn =0,1,--- ,N —1, find ®d"t1 € ¢, such that

ch+1 — P

- — & M(P") AP+ F(P") + S (D" — ") =0, (2.6)
n+1
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where f(¢) = M(¢)F'(¢) and S; is a nonnegative stabilizing parameter. Hereafter,
we call the above scheme BDF1 and denote it as ®"! = BDF1(®", 7,,,1). Moreover, it
also can be rewritten in vector form as follows:

C_I')n-i-l _ C_I')n

= — EA"Dy®@" L 4 (D) 4 Sy (D" - D) =0, 2.7)
n+1

where D), = I® G, +G,® 1 € RM**M? Here, [ denotes the identity matrix (with the
matched dimensions) and G, is a diagonally dominant tridiagonal Matrix, given by

=1/ ym
The matrix f(®") is defined elementwise, that is f(®") = /\’1((&)”)'3 + &D”) with a
diagonal matrix A" = diag(M(®")).
From the definition of the free energy E(¢) in (1.2), we define an analogous discrete
energy E;(®") in the form of

B(@")= & [V,0", V"] + (F(@"),1)

h2€2 H\T BH ZMZ H
:—T(CD) Dy®" +h gF(cpi).
1=

Q
(2.8)

As reported in Theorem 3.2 in [29] and Theorem 3 in [31], the fully-discrete BDF1
scheme (2.6) is unconditionally energy stable and MBP preserving in the discrete sense
with a mild restriction on the stabilizing parameter S, stated in the following lemma.

Lemma 2.2 ( [29,31]). Assume that | ®°||e < 1and the stabilizing parameter Sy satisfies

S12 max (M'(p)F'(p) + M(p)F"(p))- (29)

For the BDF1 scheme (2.6), it holds that HCTD’“rl |l <1forn=0,1,---,N —1. Furthermore,
in the case of the mobility function M(¢) = 1, we have

E,(®") < Ej(®"), Yn=0,1,---,N—1, (2.10)
provided that Sq > 2.

W are now ready to present a fully-discrete linear second-order Crank-Nicolson
(CN) scheme with two stabilizing terms for the Allen-Cahn equation with general
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mobility (1.1), which reads: given PO = Il¢,¢o,and forn =1,2--- ,N —1, find Prtl ¢
Cj, such that

@2 = BDFL(®", Ty11/2), (2.11a)
(I)”+1 i q)n q)11+1 q)n
@ - SZM(CDIH%)Ahi—'_ _|_f(q>”+%)
Tn+1 2
q>n+1 o
(T ) s e -, ity

\

where the constants S; and Sy are two nonnegative constant stabilizing parameters.
The linear doubly stabilized CN scheme (2.11) also can be rewritten in the following
vector form, as follows:

&1 = BDFI(®", Ty41/2) (2.12a)
FHn+1 H Hn+1 P
Tt £2A”+%Dh7¢ P + f(@rt)
Tn+1 2
q)n-i-l (_I')n o - -
+51( 2+ ~ &) 4 5y, (31 - B7) =0, (212b)

2.3 Discrete maximum bound principle

Let us first recall some useful lemmas needed for the analysis of the discrete MBP for
the proposed scheme (2.11).

Lemma 2.3 ( [14,26,31]). Suppose that B = (b; ;) is a real P x P matrix satisfying

bi,i <0, ‘bll‘ > max Z]Pyéz |bl,]‘

1<i<P

Let A = al — B where a > 0 is a constant, then

IAU |l > a| Ulloy ¥ U € RF.

Lemma 2.4 ([12,31]). If the stabilizing parameter Sy satisfies (2.9), then it holds
|S1p— f(p)| < S, Vpe[-11]. (2.13)

Next, we study the MBP preservation of the proposed CN scheme (2.11) in the
following theorem.

Theorem 2.1. Assume that the stabilizing parameter Sy satisfies (2.9) and ||®°|| < 1. When
S» =0, the CN scheme (2.11) is conditionally MBP-preserving in the sense that if

2

< - 2.14
Ry Y% @19
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with L := maxye(_11] M(p), then |®" Y| < 1foralln =0,1,--- ,N — 1. When
51 L82 2
> (2L = .
S22 (F+77) (2.15)
the CN scheme (2.11) is unconditionally MBP-preserving.
Proof. For any 1 < n < N — 1, we assume ||i>kHOo < 1lfor1l < k < n. Using

"tz = BDF1(®D", Ty41/2), || "]l < 1, and Lemma 2.2, we obtain ||®""2 ||, < 1.
Thus, together with (2.12b), Lemmas 2.3 and 2.4, we have

51
(- + 2 4 om0 ) 19 o
Tn+1 S 5
& 1 -
< 21 _ & antl n+1H
H( Tt + 5 —|—52Tn+1)1 ZA ZDh>CD

= Q1S + 5,82 — F(B"1) |

- 1 2 1
< [1Q" o[P[0 + H51¢”+2 — F(@"72) |
< Q" o[ " [|eo + 51,

[ee]

(2.16)

where

Qn+1 .

(TM -2+ SzTn+1>I + S A"D, 2.17)

If S, = 0, it follows from (2.14), (2.17), and the definition of A"2 and D, that

Qn—i-l >0
which means that all the entries of Q”‘Jrl are nonnegative. If S, satisfies (2.15), we can
use (2.17) and the definition of A"2 and Dy, to obtain

21Le?
Q'+l > (\/ >1+2A"+2Dh> hf [+& A”+2Dh>0

Thus, it follows for both of the above choice of S, that

1 S
Q" o < T ?1 + 52Tt 1, (2.18)
+
where we have used the fact Z]Aizl (A”Jr%Dh)i,j = 0 forany 1 < i < M2. Combining

(2.16) and (2.18) gives

1 S = 3
(== + 3+ 82501 ) 18" o < Q" |8 o+ 51
T+ 2
<1 + &l + 521
~ Tort > 2tn+1,

which leads to || ®"+1|| < 1
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Remark 2.1. Th requirement (2.15) implies that the selection of the stabilizing parameter Sy
depends on the size of spatial mesh size h. For practical simulation problems, the interface
width parameter € is rather small and h is usually set to be the same level of € to capture the
phase interface, i.e., ¢/h = O(1), thus S, needs not be too large.

3 Error analysis and energy stability

In this section, we perform error analysis and energy stability of the proposed CN
scheme (2.11) for the Allen-Cahn equation (1.1) with a general mobility. Note below
that C and C; denote some generic positive constants independent of & and T,.

3.1 Discrete H! error estimate and energy stability for the constant mobil-
ity case

In this subsection, the discrete H! error estimate and energy stability of the CN scheme
(2.11) are investigated for the constant mobility case. Without loss of generality, we
assume M(¢) = 1, which leads to f(¢) = F'(¢) = ¢ — ¢, the condition (2.9) being

2
S1 > 2, and the condition (2.15) being S, > (% + Z—i) .

Define the error functions ¢" = ®" — ®(t,) and "2 = P2 — Ot 1 ) with

®(t) = Il¢,¢(t). Then, a discrete H' error estimate for the CN scheme (2.11) is estab-
lished in the following theorem with a reasonable regularity requirement on the exact
solution ¢.

2
Theorem 3.1. Assume that S; > 2, Sy > (% + ;—i) , and

¢ € W0, T; L*(Q)) N L*(0, T; W+ (Q))).
Then it holds for the CN scheme (2.11) in the constant mobility case that
(Vi 2+ S1lle 2 < Crexp(CT) (74 + 1) (3.1)

forall0 <n < N-1

Proof. We use | ®|lw < 1, ||®"|l < 1 (by the discrete MBP stated in Theorem 2.1),
and f(-) € C}(R) to obtain that

max{ [[£(@)llee, [1f (@) oo, |F(@") oo, £ (@")]loc} < C3 (32)

forallnm = 0,1,---,N. It follows from (1.1) and (2.11)that the error equations of enta
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and ¢"*! read

et — et 1
 — A2 4 Gt
Tn+1/2 " !
= S — Sl(d>(tn+%) —D(ty)) —|—f(q)(tn+%)) — f(@H+ T+ TY, (3.3a)
n+1 _ ,n n+1 n n+1 n
8 2t e Slﬂ + STy (" — o)
Tn+1 2 2
1 D(t + O(t
= 51e"t3 =5 ( ( ”“)2 () _ o(t,.,)) (3.3b)

= S2Tus1 (P(tun) = (b)) + f(D(t, ) = F(PF2) + T§ + T

forn =1,2,---,N — 1. Let us denote the righthand sides of the above two equalities
as R} and R}, respectively. For simplicity of expression, we also define the following
error terms {T"}%_;:

n <I>(tn+%)—<l>(tn) n 2 2
T3 q)t( %) _ q>(t;z+;3;q>(tn)’ Til — 82A®(tn+%) _ EZAhqD(thrl);"q)(tn),

Taking the discrete L? inner products of (3.3a) and (3.3b) with Tn+1e”+% and 2(e"t1 —
e"), respectively, and using Lemma 2.1 and the identity 2a(a — b) = a® — b> + (a — b)?,
we obtain

1 1 1 1
le" 217 = lle" |7 + T | Ve 2[5 + TuaSalle" 2|17 < T (RY, €"2),,  (3.5a)
2)|emtt — el

Tn41
+ Satypalle"™ —e"|lh < 2(RET, M — o) . (3.5b)

e[ Ve G = I19ne™ 7] + S1[lle" 15 — lle”|I7]

From (3.2), it follows that

1f(@(t,11)) — FIOMD)|E < (Ca) [ 2.
Then we obtain the following estimate for the righthand side of (3.5b) by using Cauchy-
Schwarz inequality and Young's inequality
2<R§+1, el _ en>0
Tt [R G | 2fle ™ — eI

<
f L sl
1 1Pl w2 (0,10 (00)
< <5%|’en+2”%+ 64 ) n+1+5 ’Q|H(P”W1000TLOO(Q))T3+1 (3.6)
CO2llem 3112 & (T2 4 (772 Totd 2jertt —en||2
+(C)"lle™ 2[5 + | T3 {5 + (1 T4 1I3 > T -
n+1
Tn+1 2)|emtt —em|2

1
< Gy lle" 2|7 + 5= (I T + ITEI7) + CsTq +

Tn+1
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where Cy := (57 + (C3)?)/2 and

I T2 — sio

Therefore, we deduce from (3.5b) and (3.6) that
E[[IVne" HIE = 1IVae" 5] + Stllle" 7 — lle”|I3]

+12 Tn+1 (3.7)
< CaTypa "2 + (ITEIG + I TENE) + CsTay
Similarly, we can obtain the following estimate from (3.5a)
1 1 1
le" 2115 — lle"lI5 + T Vie™ 21§ + TusaSalle™ 21
T2 [SZ ( ) ”Q‘H(Ptleoo()TLwQ
< (153 + (Co)Pllle"1F + . D, G

TR+ T3 I) + 3llem2 3
where we have used
IF(@(t,11)) = F(@I7 Hf(<1>(fn+;)> = f @7+ ILf (@(ta)) = £(@")]I5
(Cs (HCI>(fn+; @(tn) [ + lle"[7)
< (G)*(* ”*Hnuwnwmom oy + 1€ 1)-
Then it follows from (3.8) and the definition of Cy in (3.6) that

le" 2117 < 2lle” | + i1 (2Calle” [ + Comas + ITY 7 + 1 T3117) (3.9)

<
<

with Cg := %\Q]H(])tﬂz

Wi(0,T:L ()" Substituting the estimate (3.9) for "1 into (3.7),

we have
e[ Ve = IVre 7] + Sa[lle" 5 — lle™[17]

< Crtuple™||i 4 (Cs + CaCo) T g + Cati (I TG + 1 T2 13) (3.10)
| Tt
n+ (TENG -+ 1TE7),

where C; := 2C4(1 + C472). For the truncation errors T',i = 1,2,3,4, we have the
following estimates (see [25,26]):
(8]

1T} I; < 16 Tas1 1912 0 11 (2))-
O 4,02
36 h ||(P|| °° 0,T,'W4'°°(Q))’
Ot gl
oa2 Tt Pllwse(o0,mi1(2))7

IT3115

| /\

(3.11)

| /\

IT3115

) 0] lo]
IT712 < € | b lolm o rmemiay + 5o 191w mamsma |
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Thus, we sum up the inequality (3.10) from 0 to 7 to derive that

n
2V 2 + Sl E < Cr Y e lleFlF + Cor + Cot. (3.12)
k=1

where

C4|Q [e]

H‘PHWZOO (o,1.L2(Q) T 2 % 242 H4)|‘%\/3'°°(0,T;L°°(Q))

Cs := T[c5+c4c6+
[e]
+7€4||(PHW300 OTWZN(Q))1|’

" 190,12
Coi=¢ T[C4T+ 2} [l
Using (3.12) and the discrete Gronwall’s lemma, we then obtain the desired estimate
(3.1).

The energy stability of the proposed CN scheme (2.11) is established in the follow-
ing theorem by using its the MBP property (Theorem 2.1) and the discrete H! error
estimate (Theorem 3.1).

Theorem 3.2. Under the assumption of Theorem 3.1, the CN scheme (2.11) in the constant
mobility case satisfies

Ep(®"H) — Ey(@") < Crppa (h* + 70, (3.13)

and consequently,
Ep (@™ < Ef(@°) + CT(h* + 1) (3.14)

forall 0 < n < N —1, i.e., the discrete free energy is uniformly bounded by the enerqy at the
initial time plus a constant.

Proof. We take the discrete L2-inner product of (2.11b) with ®"*1 — ®", to obtain
that

1
[+ Satut] @ — @2+ 5 (HWCP”“IIh IV ®"[|7)
Tnt1 (3.15)

n+1 n
_ _<f(q)n+%),q)n+1 . CI)”>Q _ Sl<¥ _ q)n+%,q)n+1 . ch>Q.
Noting that
(a® —a)(a—b)=a*(a—b) —a(a—Db)
> —— 5@ =+ (a-b)?) (3.16)
@1 (P12 (e
- 4 4 2 7
we deduce

(F(@") — F(®"),1),, < (f(&"1), 0" — @) + |01 — @[ (317)
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From (3.15), (3.17) and the definition of Ej,(®"), it follow that

Ep(®"1) — Ep(@")

2

&

E(thd)”“Hh IVa®"[17) + (F(@"*1) = F(@"), 1),
< <f(q)n+1) _f(q)n+%) Pl _ (Dn> _s <CI)"+1 + @" o q)n+% Pl _ q)n>
_— 4 Q 1 2 7 Q

ol

Furthermore, using the Cauchy-Schwarz inequality and Young’s inequality, we obtain

1
S = (Dn-l-l o q)n 2.
Tt + 92Tu41 2] | Il

(q)n+1> (q:,n)

(Dn—i-l P 2
< (C3) T +1H(Dn+1 s Hh + SlTrH—lH% _ Pt \
Hq)n—i-l q)th 1
o S = q)n—‘rl — P 2
0 [Tn+ - SaTu z]nH+1 n 17 2 (3.18)
) + & 1
= (G [ 074! — & E | 4 S | ——— — @™
1
. SoT - cDi’lJrl — P 2‘
By the triangle inequality, we obtain that
D" — DR = (|t + Dty 1) — D, ) — "2
2
< [l + e 312 + 2429112 g 110
n+1 n 1 2 n+l, n q)(t )+<I)(t ) 2 (319)
H‘P 2"1“1) _¢n+§ — |le 2+€ _|_ n+12 n _@( n+1)+en+2 \
1 11
< e R+ llet 15 + lle™* 2|15 + %II(PtHzoo(o,T;Loo(m)-
Thus, it follows from (3.18) and (3.19) that
E (")) — E (¢") < C n2 n+1{2 n+3 (12 2
(@) = En(¢") < CroTura ([le” i + el + e 2l + Tiya)
(3.20)

1 1
—[——+5 — ||t — "2,
[ZTn+1 + 52T 41 2]” I

with
1l

Gs)?| Q]
ClO = maXx {(C3)2, Sz, ()4| H(Pt ||%°°(O,T}L°°(Q))/ H(Pt ||%°°(0/T;Loo(0)) }
Furthermore, since S; > 2 and S, satisfying (2.15) in the constant mobility case, we
get

1 1 1
+ ST — = >2 & —=>0. (3.21)
2Ty41

2~ 2 2



14 Dianming Hou, Lili Ju and Zhonghua Qiao
Together with (3.1) and (3.9), we then obtain

1
En(¢"*") = En(@")< CroTusa (le" 17+ le"HIE + lle" 2 [1f + 7741)

(3.22)
< Crup (K +12).

Summing up the above inequality from 0 to n gives the desired result (3.14).

3.2 L% error estimate and energy stability for the general mobility case

In this subsection, the discrete L* error estimate and energy stability of the CN scheme
(2.11) are investigated for the case with a general mobility M(¢) > My > 0.

Theorem 3.3. Assume M(-) € C}(R), Sy satisfies (2.9), Sy satisfies (2.15), and
¢ € W0, T; L®(Q)) N L*(0, T; W+ (Q))).
Then it holds for the CN scheme (2.11) in the general mobility case that
1€ oo < Crexp (CoT) (72 + H?) (3.23)
forall0 <n < N-1

Proof. The exact solution ®(-) satisfies

‘D(t"“Ti; PUn) 4 A@(t,, ) (- 20, PP | i@, )
+ T4+ AL, ) Th =0

forany 1 < n < N — 1, where A(®(t,41,2)) := diag(M(®(t,41/2)) and ? 4 and ?

are the vector forms of T3 and T} in (3.4), respectively. Moreover, T} can be expressed
as

- o
Ty = —2Ad(t,, 1)+ Dy il ”“); (ta) (3.24)
Furthermore, it is easy to verify that
1
| T4l ﬂ s oo,
(3.25)

T8 ”“||4>||W3w o1wee(@) + = 010 T |
6 ( (Q))

Together with (2.12b), the error equation of " reads as

—n+1 —n

7 _Z —»1’l+1 +

2

gl an
Tn+1 + Sl( 2

= 5Bty 1) — Pf ) Gy (B(byn) — B(t)

— NP — F(®(t,,))]

— (A =A@t )] [~ DBl 1)+ F (Bt 1)) + T4+ AD(E

—n+1 - - e"
—e”+2) + SoTuq (B"T ") — 2A"1D,°

)T

n+%
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Let us denote the right-hand side term of the above equality as R". Then, the above
equality can be rewritten as:

é»n—&-l

p 2 ol
- n 21 s 59Ty 118 Sl %An-i-%DhE»nJrl = Qg 4 Slen+§ +R",  (3.26)
n+

where Q"*! is defined in (2.17). Using the estimate for the matrix Q"*! in (2.18), we
deduce that

1 s 1 S
n+1zn < 1 —n < 21 —n
Q" "l < (?H +52Tn+1>He oo < (—Tn + +52Tn+1)He o (3.27)

From the definition of F(p) = (1 — p?)?, it follows that max,c(_q 1 F'(0) = 3\[ and
max,¢(1,1) F”(p) = 2. Moreover, we derive that

o 1 - n+1
IF'(@"72) = F'(®(t,, 1)) oo < 208" |co- (3.28)
Furthermore, we can use (3.24) and (3.25) to obtain
| = @Dty + F(B(t,,)
= |~ Ead(t,,y) — T§+F(P(t il
< 29l mmemiy + 1 Tllo + 525 6.29)

< 2[9ll o rwes) + 525

2 2
+82(%||4)||W3r°°(0,T;W2f°°(Q)) + %||¢H200(0,T;W4,oo(0)))
= Cg.

The definitions of A"*1/2 and A(-) give us

AT - A(D(t o < M'(p)|||e"*? 3.30
I (Bt )l < max [M (P[]} o (3.30)

Multiplying (3.26) with 1,11, and combining it with (3.25) and (3.27)-(3.30), we deduce
from Lemma 2.3 that

"+ <2

2 —]
n+1 + S1 Tn+ n+1 + SzT +1€n+1 € Tn+1 An+2Dh n+1H

= T | QHE" + 518" + R
on+1
< He H00+Tn+1[(7+52’(n+1)8 —I—SlHe”+2Hw
Sllpll w20 (g 7,100
+ w 8(0,T,L (0)>T3+1+52||47||W1,oo(0/T;Lw( )) n+1+2LH€n+2H (3‘31)

L
+C3maxye 11 |[M'(p) |\|e"+z\|m+||?3uoo+L|l?4l|oo}
<" oo + Tt [CallZ" oo + C5 1172 o

2
+CoTyiq + 565 Lh 1Pl e 0,78 (0)) ]
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where Cy = 51/2+ 5,7,Cs5 = S1 4+ 2L+ C3 rr[lalxl] ’M’(p)
pe[~1,

Sillpllwa (0,71 [ pllwaeo(o,;L
Co— Pllw 8(0,T,L @) Sall oy + Pllw Z((ZT,L Q)

L[| ¢pllws=(0,r;w2 ()
2 .

Following the similar process of deriving (3.26), we can easily obtain the error equa-
tion of "2 from (1.1) and (2.12a):

(3.32)

é»ﬂ-i-%
+ S é»n+2 _ EzAnD E»n+2
Tn+1 o
= ST 5B, ) ~®(ty) - A"[F(@") - F(@(t,.1)]  (333)

][~ e2Dud(t, y) + F(B(t,,4)]

where ?'1‘ and ?5’ are vector forms of T]' and T}, respectively. Moreover, we have

T "
I T < 22 @llweoraniy, I TR < E 1 lmoraim@y. B34

Using the triangle inequality we get
IF/(®") — F/(D(t,,, 1)) [l
= [[F(@") = F(@(tn)) + F/((t)) = F(D(t, 1))l

< 2([e"loo + I llwres(0,7;(C2)) Ta1/
- u 039

< [JA" = A@ ()|, + [[AB(E)) = AD(E,0)) ]
Tn+1

1@l wiee(o0,7:0 ()]

pel-1,1
Multiplying (3.33) with 7,41, and using Lemma 2.3, (3.34), and (3.35), we obtain that

S max | M (p)| [1Ie" leo +

H n+2|| < Hgnﬂ + S17, +1en+2 —¢ Tn+lAnDhen+2H

S14+2L+Csmax,ei_1 1) | M (p)
<18 floo + CsTura | ||oo + - zpe[ = ‘ ‘ ||¢HWL°°(O,T;L°°(Q))T5+1
2 27 1,2
T 1 e“Lh
+L2 1w o,150(02)) T Tl =g 1l Lo (0,5 (02))-

Therefore, we obtain

2Lh2
||e”+2|| < C7l|e" oo + CsTppq + Tus1—— ¢ [l Lo (0,5m (02)) (3.36)
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where C; = 1 + Cs71, and

S1 4 2L 4 Csmax,e|_q 17 |M'(p)]| 1
g = 5 pelLl 1w 0,750 (02)) + 1||4’||W2/°°(0,T;L°°(Q))-

Substituting the estimate (3.36) for |¢"*1/2| into (3.31), gives
12" oo < 118" oo + Tara [(Ca + C5Cr) 8" [|eo + (C5Cs + Co) T

e2Lh? (3.37)
+(CsT+ 1)T||47HL°°(O,T;W4/°°(Q))] -
<[ loo + Tus1 [CollE" o + Ca (T2 + H2)],

where C; = max {C5Cg + Ce, (C5T + 1)€2L||(P||Loo(0,T;W4,oo(Q))/6} and C; = C4 + C5Cy.
Summing up (3.37) from 0 to n, and together with the discrete the Gronwall’s Lemma,
the desired estimate (3.23) can be derived, which completes the proof.

Theorem 3.4. Under the assumption of Theorem 3.3 and the additional condition Sy > 12/8,
the CN scheme (2.11) in the general mobility case satisfies

Ep (@) — Ey(@") < Crypa (h* + 1), (3.38)
and consequently,
Ep(@") < Ep(@°) +CT(h* +1%), 0<n<N-1, (3.39)

forall 0 < n < N —1, i.e., the discrete free energy is uniformly bounded by the energy at the
initial time plus a constant.

Proof. From 0 < My < M(p) < L for p € [-1,1] and the definition of A"*1/2 in
(2.12b), it follows that the matrix A"*1/2 is invertible. Moreover, we get

1/2\-1 _ 3; 1 1 1
(At = dlag(M@f“/z)’ M@y ’M(é“?”))'
M:

(3.40)

and 1/L < 1/M(®"/2) < 1/My fori = 1,2, , M2 Therefore, we multiply both
sides of (2.12b) with (A"*1/2)~1 to obtain that

. . &)nJrl _{_é')n .
— + S2Tn+1] (An—&-%)—l(q)n—&-l — ) — 2D — = 4 F(q)”"‘%)
n
S (Dn-i-l + D" B Sarl)
51 (A"D) (72 & z) =0,
Furthermore, multiplying the above equality with (®"! — ®")7, gives
2
_%(i’)n+l _ ch)TDh(chJrl + C_I')n) + (q>n+1 o &)n)TFl<é’>n+1)
_ (a’)nJrl . i’)n)T(F/(ciSnJrl) . F/(&’)nJr%))
(3.41)

+ SZTn-H] ((‘I’)nJrl . (‘I‘)n)T(An+%)fl (C‘I‘)n+1 o C‘I’)n)

FHn+1 4
_Sl(c_ﬁnJrl_(‘I‘)n)T(AnJr%)fl(q) 2_|_q>n _&’)n+%)‘

Tn+1
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Due to (3.16), we have
MZ
Hnt+1 BH Hn+1 FHNT ! (GHn+1 1 Hnt+1 FH |2
Y (F(@)1) — E(@1) < (&1~ &)TF(@) 4 @1 &2 (342)
i=1
Using the fact max_1<,<1 F’(p) < 2, the Cauchy-Schwarz inequality, and the Young's
inequality together with (3.40), we deduce that

(&)nJrl o (‘I‘)n)T(F/((‘ISnJrl) - F/(CT>”+%))
|C‘I’)n+1 _ Cf)”|2
47, 1L
+ ST ] (P! — &‘)n)T(An—O—%)—l(&‘)n-i—l — )
|1 — |2 (3.43)

4

< 4Tn+1L|(‘I‘)n+1 _ C‘I‘>n+%’2 +

<-

Tn+1

S
Ty + ZTn—&-l] I

-$ (én-&—l _ EI’)n)T(An—i-l)—l (&’)nJrl + P

<5 <2 P s

— Prd)
‘Cf)”"'l _ (_1511|2
4Tn—ﬁ—lL

Combining (3.41) with (3.42) and (3.43), together with the definition of E,(®") in (2.8),
we obtain

Ep(@"*1) — Ep(®")
— 2= (@ DB — @D, LI (@) @)
< W[ S (&" - &)TDy (S + D)
+(&')n+1 _ én)TF/<c_I’>n+1) + %’&')nﬂ _ &')nIZ] (3.44)

ST, 2

- — 1 Hn+1_ @ n = 1
< 12 [4Tn+1L|q>n+l _ Ptz |2 lMZ QT 4O Hnts
0

2

~ (2o + S2Tus1 — Lyeoery,

Similar to derive (3.19), we can use the triangle inequality to obtain that
h2|é’)n+1 _ i’)n+% |2

2
—n+1 el 5 ,4]Q)|
<[P+ 18" 2] + el s o1 ()

4
n+12 n-+ Tyl
< |Q[ffle" |5 + IIg 2“ |+ TH‘PtHLw(o,T;Lw(Q))/
hz‘q)n+12+ q>” B én«k% 2 (345)
27zn+112 | (3112 (gt 3+1|Q|
g i e e e e e 3 2” 1 el L= 0,72 (2))
Tl

<O + 2713, + ™2 2] + 1 Illi=o 1)
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Thus, we deduce from (3.44), (3.45), (3.23) and (3.36) that

Hn+1l__ G Hn|2
En(@"1) — En(¢™)< CoTupr (* + 12,1) — (5 + SaTen — &) 220
< C9Tn+1 (h4 + T3+1)/

where we have used

1 1 S, L
T, —— > — ——>0.
52T 2 2 2 2 0

2Ty 41

for any S; > L?/8. Summing the above inequality up from 0 to n gives the desired
result (3.39).

4 Numerical experiments

In this section, some numerical experiments are presented to validate the theoretical
results of the proposed CN scheme (2.11) in terms of accuracy and preservation of
the MBP. Throughout the numerical tests, the models are subject to the homogenous
Neumann boundary condition, and the central finite difference method is exploited
for the spatial discretization.

4.1 Temporal convergence

We consider the Allen-Cahn equation (1.1) with the parameter ¢ = 0.01, the initial
value
¢o(x,y) = 0.1(cos 3x cos 2y + cos 5x cos 5y),

and two types of mobility functions: one is the constant mobility M(¢) = 1 and the
other is the nonlinear degenerate mobility M(¢) = 1 — ¢*. The computational domain
is set to be () = (0,1)? and the terminal time is chosen to be T = 1. We fix the uniform
spatial mesh size h = 1/1024 which is small enough so that the spacial discretization
error is negligible compared to that by the temporal discretization. The stabilizing
parameters are chosen to be S; = S, = 2. Due to no analytical solution available for
this numerical experiment, we evaluate the numerical solution errors in the discrete
L® and H'! norms, respectively, as follows:
ew(N) = [|ON — @V|l, epn(N) = [|@N — @[],

where N denotes the number of subintervals for the time domain [0, 1] and ®V is the
corresponding numerical solution at the terminal time T = 1.

Firstly, we test the convergence rate of the CN scheme (2.11) on the uniform tem-
poral meshes with time step size T ranging from 1/10 to 1/320 (i.e., N changes from
10 to 320). In Fig. 1, we present the H! and L™ errors at T = 1 as functions of the
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time step sizes in log-log scale. It is shown that the CN scheme (2.11) achieves the ex-
pected second-order temporal accuracy for both mobility cases. Next, we numerically
investigate the error behaviors of the CN scheme (2.11) with a sequence of nonuni-
form temporal meshes, which is produced by 40% perturbation of the uniform ones
{tw = n/N}\_,. We denote by {7, = T/ Tu_1 }nsz the adjacent time-step ratios. col-
orredOnce again the observed error behaviors in Table 1 achieve the desired second
order accuracy in time for all cases.

-0.5 T T T T T T T -0.5

log ,,(Error)
log ,,(Error)

55 . . . . . I I 55 . . . . . I I
-2.6 2.4 2.2 -2 -1.8 -1.6 -1.4 -1.2 -1 -2.6 2.4 2.2 -2 -1.8 -1.6 -1.4 -1.2 -1

log () log ()

Figure 1: The error behavior with respect to the time step size for the CN scheme (2.11) with uniform time
steps. Left: M(¢) = 1; right: M(¢) =1 — ¢°.

Table 1: Numerical solution errors and convergence rates of the CN scheme (2.11) with nonuniform time
steps.

Time steps M(p) =1 M(p) =1—¢?

N T max{y,} eIT{}l Order en Order eﬁi Order e Order
10 1.629%e-1 4.322 9.236e-2 - 1.090e-2 - 7.823e-2 - 7.927e-3 -
20 8.254e-2 4.660 2.768e-2 177 | 3.198e-3 1.80 | 2.334e-2 1.78 | 2.310e-3  1.81
40 3.953e-2 4.950 6.721e-3 192 | 7.659e-4 194 | 5657e-3 193 | 5511e4 1.95
80  2.105e-2 6.901 1.933e-3 198 | 2.184e-4 199 | 1.625¢-3 198 | 1.56%-4 1.99
160 1.075e-2 6.997 4.562e-4 215 | 5.141e-5 215 | 3.838e-4 215 | 3.68%-5 2.15
320 5.546e-3 8.084 1.119e-4 212 1.26le-5 212 | 9517e-5 211 8.980e-6  2.14

4.2 MBP preservation

To test the MBP preservation of the proposed CN scheme (2.11), we consider two well-
known benchmark problems governed by the Allen-Cahn equations. One is the grain
coarsening dynamic process and the other is the shrinking bubble problem [4].

The grain coarsening dynamics In this numerical experiment, we investigate the
coarsening dynamics governed by the Allen-Cahn equation (1.1) with a nonlinear de-
generate mobility M(¢) = 1 — ¢? and a random initial data ranging from —0.1 to 0.1.
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The domain is set to be Q) = (0,1)? with the width parameter ¢ = 1/256 ~ 3.91¢-3,
and the uniform spatial mesh with h = 1/256 is used for spatial discretization. In par-
ticular, for such a nonlinear mobility function, it is of essential importance to preserve
the numerical solution¢ € [—1, 1] in the numerical algorithm. Otherwise, it may lead
to the ill-posedness of the proposed numerical scheme, and the numerical solution
blowing up during the time simulation, as shown in Fig. 2 (a).

The MBP preservation of the proposed CN scheme (2.11) is investigated for this
example through a long time simulation up to T = 3000 using the CN scheme (2.11)
with several large time step sizes. We set S; = 4/5 satisfying the condition (2.9), and
choose two values for the stabilizing parameter S;: one is the case of Sp = 0 leading

to the conditional MBP preservation of the CN scheme, the other is S; = (% + %)2
satisfying (2.15) to guarantee the unconditional MBP preservation of the CN scheme
(2.11) as stated in Theorem 2.1. The evolutions of the supremum norm and energy of
the simulated solutions for both cases are presented in Fig. 2. We observe that the CN
scheme (2.11) with S, = 0 and T = 2 preserve the MBP, and the numerical solutions
blow up at a finite time about t = 30, see 2-(a). It is also seen in Fig. 2-(b) that the CN
scheme preserve the MBP under all tested time step sizes when the two stabilizing
parameters S1 and S satisfy the conditions (2.9) and (2.15), respectively; furthermore,
it also achieves energy dissipation for all cases in the sense of Ej,(¢" ') < E;(¢") for
n=0,---,N-1
One of main advantages of the unconditionally stable schemes is that it can be eas-
ily adopted by an adaptive time strategy. This is particularly useful for the long time
simulation of the coarsening dynamic process, in which the phase transition usually
goes through several different stages within a long period: changes quickly at the be-
ginning and then rather slowly until it reaches a steady state. Thus we will exploit the
use of the following robust time adaptive strategy with he CN scheme (2.11), which
is based on the energy variation [28] to efficiently simulate the coarsening dynamic
process:
Tmux
Tyt1 = max (Tpin, = 06|E/(f)|2)/ (4.1)
where T,in, Tnax are the predetermined minimum and maximum time step sizes, and
« is a positive constant parameter. Obviously according to this type of time strate-
gy, the numerical scheme will automatically select large time step sizes when energy
variation is big and a small ones otherwise. The parameters are set to be 7, = 1075,
Tuaxr = 0.1, and &« = 10° in this test. In the simulation, we choose S; = 4/5 and
Sy = (% + Lh—g;)z such that both of the conditions (2.9) and (2.15) are satisfied. As
shown in Fig. 4-(a), the CN scheme always preserves the MBP property during the
simulation up to T = 150000. Moreover, we also display several snapshots of the
simulated phase structures (around the times ¢ = 500, 1000, 5000, 10000, 13000, 15000)
in Fig. 3, and the evolutions of the energy and the adaptive time step sizes in Fig.
4-(b)&(c). As shown in Fig. 4-(b)&(c), the computed energy is always dissipative in
time and the adaptive time stepping strategy scheme automatically select the time step
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sizes according the changing rate of the free energy, which demonstrates the efficiency
of our proposed scheme adopted with the time adaptive strategy (4.1).
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Figure 2: The evolutions in time of the supremum norm (left) and the energy (right) of the simulated
solution produced by the CN scheme (2.11) with some uniform time steps for the grain coarsening problem

with the degenerate mobility.

The shrinking bubble problem We

next use the shrinking bubble problem [4] to test

the performance of the proposed CN scheme (2.11) again with the time adaptive strat-
egy (4.1). The shrinking bubble problem is driven by the Allen-Cahn equation (1.1)
with M(¢) = 1and ¢ = 0.01 in a rectangular domain (—0.5,0.5)2. The initial bubble is
a sphere of radius Ry = 0.2 located at the center of the computational domain, given

by

Po(x) =

1,
-1,

x|2 < 0.2%,
x|2 > 0.22.



A linear doubly stabilized Crank-Nicolson scheme for the Allen-Cahn equation 23

Figure 3: Snapshots of the simulated phase structures around the times t = 500, 1000, 5000, 10000, 13000,
and 15000 produced by the CN scheme (2.11) with the time adaptive strategy (4.1) for the grain coarsening
problem with the degenerate mobility.

1 025 o1
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(a) the supremum norm (b) the energy (c) the time step size

Figure 4: The evolutions in time of the supremum norm, the energy, and the time step sizes produced by
the CN scheme (2.11) with the time adaptive strategy (4.1) for the grain coarsening problem (4.1) with the
degenerate mobility.

As stated in [6,11,21], such a bubble is not stable and will shrink and finally disappear
due the interface driving force. Moreover, with assumption of a sufficient small ¢, the
radius of the circle at time t can be approximately expressed as follows

R(t) = \/R3 — 2¢2t. (4.2)

We perform the simulation by combining the CN scheme (2.11) with h = 1/512
and the time adaptive strategy (4.1) with 7, = 1072, Tyax = 0.01, and & = 10°. Sever-
al snapshots of the computed bubble at the times ¢ = 0, 20, 80,120, 180, 200 are plotted
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in Fig. 2, showing that the bubble disappears at t = 200 as predicted. Moreover, it
is observed in Fig. 6 (a) that the simulated radius of the bubble is monotonously de-
creasing with a rate almost identical to the theoretical prediction (4.2). Furthermore,
we present the evolution of the supremum norm of the numerical solutions along with
the time in Fig. 6-(b), which shows the MBP preservation of the proposed CN scheme
(2.11) during the whole simulation. In the last line of Fig. 6, we plot the evolutions
of the energy and the adaptive time step sizes to numerically demonstrate the energy
dissipation and the efficiency of the proposed CN scheme (2.11) adopted with the time
adaptive strategy (4.1).

Figure 5: Snapshots of the simulated phase structures at the times t = 0, 20, 80, 120, 180, and 200 produced
by the CN scheme (2.11) for with the time adaptive strategy (4.1) for the shrinking bubble problem.

5 Concluding remarks

A linear doubly stabilized CN scheme is constructed for the Allen-Cahn equation with
general mobility in this paper. The resulting fully-discrete system is formed by apply-
ing the central finite difference method for spatial discretization, and requires two
Poisson-type equations to be solved at each time step. Two stabilizing terms are in-
troduced to unconditionally preserve the discrete MBP of the proposed scheme. The
discrete H! and L* error estimates are rigorously derived for the constant mobility
case and the general one, respectively. Furthermore, the corresponding energy sta-
bility of the proposed scheme is also established for both cases. Finally, a series of
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Figure 6: The evolutions in time of the radius, the supremum norm, and the energy of the simulated solution
and the time step size produced by the CN scheme (2.11) with the adaptive time stepping approach (4.1)
for the shrinking bubble problem.

numerical experiments were carried out to verify the theoretical claims and illustrate
the efficiency of the doubly stabilized CN scheme with a time adaptive strategy. It
remains interest to further theoretically explore the unconditional energy dissipation
preservation of the proposed scheme, which has been numerically observed in our
numerical experiment.
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