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Abstract Efficient and energy stable high order time marching schemes are very important
but not easy to construct for the study of nonlinear phase dynamics. In this paper, we propose
and study two linearly stabilized second order semi-implicit schemes for the Cahn—Hilliard
phase-field equation. One uses backward differentiation formula and the other uses Crank—
Nicolson method to discretize linear terms. In both schemes, the nonlinear bulk forces are
treated explicitly with two second-order stabilization terms. This treatment leads to linear
elliptic systems with constant coefficients, for which lots of robust and efficient solvers are
available. The discrete energy dissipation properties are proved for both schemes. Rigorous
error analysis is carried out to show that, when the time step-size is small enough, second
order accuracy in time is obtained with a prefactor controlled by a fixed power of 1/¢, where &
is the characteristic interface thickness. Numerical results are presented to verify the accuracy
and efficiency of proposed schemes.
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1 Introduction

In this paper, we consider numerical approximation for the Cahn—Hilliard equation

b =yAu, (x,1) € 2 x (0, T],
;L=—8A¢+§f(¢), (x,t) e 2 x(0,T], (1.1)
li=0 = ¢o(x), x e,

with Neumann boundary condition
¢ =0, du=0, xecaif2. (1.2)

Here 2 € R?,d = 2,3 is a bounded domain with a locally Lipschitz boundary, n is the
outward normal, 7 is a given time, ¢ (x, ) is the phase-field variable. Function f (¢) = F’(¢),
and F(¢) is a given energy potential with two local minima, e.g. the double well potential
F(¢) = %(qbz — 1)2. The two minima of F produce two phases, with the typical thickness of
the interface between two phases given by ¢. y, called mobility, is related to the characteristic
relaxation time of the system.

The Cahn-Hilliard equation originated from the work by Cahn and Hilliard [6], in which
a diffusive model of interfacial energy is built to describe the phase separation and coarsening
phenomena in non-uniform systems. If the term A in Eq. (1.1) is replaced with —u, one
get the Allen—Cahn equation, which was introduced by Allen and Cahn [1] to describe the
motion of anti-phase boundaries in crystalline solids. The Cahn—Hilliard equation and the
Allen—Cahn equation are two widely used phase-field models. In a phase-field model, the
information of interface is implicitly determined by a smooth phase function ¢. In most parts
of the domain §2, the value of ¢ is close to local minima of F. The interface is a thin layer of
thickness ¢ connecting regions of different local minima. It is easier to deal with dynamical
process involving morphology changes of interfaces using phase-field models due to the
good mathematical properties that phase-field equations have. For this reason, phase field
models have been the subject of many theoretical and numerical investigations for several
decades(cf., for instance [5,9,10,12,13,15,16,18,21,30,34,38]).

But, numerically solving the phase-field equations is not an easy task, especially for
the Cahn—Hilliard equation. Firstly, the small parameter ¢ requires very high spatial and
temporal grid resolutions. Secondly, the small parameter ¢ in the nonlinear bulk force f(¢)
and the bi-harmonic operator makes the equation very stiff, which make it very hard to solve.
Nevertheless, lots of numerical schemes have been proposed to solve the Cahn-Hilliard
equation based on its mathematical properties. Two most important properties of the Cahn—
Hilliard equation are the volume conservation property

fqﬁ(x,z)dx:f ¢o(x)dx, Vit >0, (1.3)
Q Q

and energy dissipation property

t t
Ea(¢(~,t))—Ee(¢o)=—)//O /lemzdm—yfo I6 2 dx, Vi=0, (14)

where E, is the free energy functional defined as
e 1
Ec(@) :=/ (51V0F + - F@))dx. (1.5)
0 &
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Here the H~! norm || - |1 is defined in Sect. 2. Since the nonlinear bulk energy F is neither
a convex nor a concave function, treating it fully explicit or implicit in a time discretization
will not lead to an efficient scheme. In fact, if the nonlinear force f is treated fully explicitly,
the resulting scheme will require a very tiny step-size to be stable (cf. for instance [38]).
On the other hand, treating it fully implicitly will lead to a nonlinear system, for which the
solution existence and uniqueness requires a restriction on step-size as well (cf. e.g. [18]).
One popular approach to solve this dilemma is the convex splitting method, which appears to
be introduced by Elliott and Stuart [14] and popularized by Eyre [16]. In a convex splitting
approach, the convex part of F is treated implicitly and the concave part treated explicitly. The
convex splitting scheme given in [14,16] is of first order accurate and unconditional stable.
In each time step, one need solve a nonlinear system. The solution existence and uniqueness
is guaranteed since the nonlinear system corresponds to a convex optimization problem. The
convex splitting method was used widely, and several second order extensions were derived
in different situations [3,8,10,25]. Another type of energy stable schemes is the secant-line
method proposed by Du and Nicolaides [12]. It is also used and extended in several other
works, e.g. [3,4,10,17,21,22,31,50]. Like the fully implicit method, the usual second order
convex splitting method and the secant-type method for Cahn—Hilliard equation need a small
time step-size to guarantee the semi-discretized nonlinear system has a unique solution (cf.
for instance [2,12]). To remove the restriction on time step-size, diffusive three-step Crank—
Nicolson schemes coupled with a second order convex splitting were introduced in [25] and
[11], In which, the time semi-discretized system is a nonlinear but unique solvable problem.

Recently, a new approach termed as invariant energy quadratization (IEQ) was introduced
to handle the nonlinear energy. When applying to Cahn-Hilliard equation, it first appeared in
[23,24] as a Lagrange multiplier method. It then generalized by Yang et al. and successfully
extended to handle several very complicated nonlinear phase-field models [27,46—48]. In
the IEQ approach, a new variable which equals to the square root of F' is introduced, so
the energy is written into a quadratic form in terms of the new variable. By using semi-
implicit treatments to all the nonlinear terms in the equations, one get a linear and energy
stable scheme. It is straightforward to prove the unconditional stability for both first order
and second order IEQ schemes. Comparing to the convex splitting approach, IEQ leads to
well-structured linear system which is easier to solve. The modified energy in IEQ is an
order-consistent approximation to the original system energy. At each time step, it needs to
solve a linear system with time-varying coefficients. To avoid the variable-coefficient system,
a new approach called scalar auxiliary variable (SAV) was introduced by Shen et al. [36,37]
recently. The methodology of SAV is very similar to IEQ, but at each time step, only systems
with constant coefficients need to be solved.

Another trend of improving numerical schemes for phase-field models focuses on algo-
rithm efficiency. Chen and Shen [7] and Zhu et al. [51] studied stabilized semi-implicit
Fourier-spectral method for Cahn-Hilliard equation. The space variables are discretized
using a Fourier-spectral method whose convergence rate is exponential in contrast to the
second order of a usual finite-difference method. The time variable is discretized by using
semi-implicit schemes which allow much larger time step sizes than explicit schemes. Xu
and Tang [44] introduced a different stabilized term to build large time-stepping stabilized
semi-implicit method for a 2-dimensional epitaxial growth model. He et al [28] proposed a
similar large time-stepping methods for the Cahn—Hilliard equation, in which a stabilized
term B(¢"H — ™) (resp. B(¢"t! —2¢" +¢"~ 1)) is added to the nonlinear bulk force for the
first order(resp. second order) scheme. Shen and Yang applied similar stabilization skill to
Allen—Cahn equation and Cahn-Hilliard equation in mixed formulation [38], which leads to
unconditionally energy stable first-order linear schemes and second-order linear schemes with
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reasonable stability conditions. This idea was followed up in [20] for the stabilized Crank—
Nicolson schemes for phase field models. Another stabilized second-order Crank—Nicolson
scheme with a new convex-concave splitting of the energy is proposed for a tumor-growth
system by Wu et al.[43]. Those time marching schemes all lead to linear systems, which are
easier to solve than nonlinear systems resulting from traditional convex-splitting schemes, in
which the nonlinear convex force is treated implicitly. On the other hand, when the nonlinear
force is treated explicitly, one need to introduce a proper stabilization term and a suitably
truncated nonlinear function f (¢) instead of f'(¢) to prove the unconditionally energy stable
property with a reasonable stabilization constant. It is worth to mention that with no trunca-
tion made to f(¢), Li et al [32,33] proved that the energy stable property can be obtained as
well, but a much larger stability constant need be used. The stabilization skill has also been
used in constructing higher order schemes, for example the exponential time differencing
(ETD) scheme [29] and Runge—Kutta scheme [26,40].

In this paper, we study the stability and convergence properties of two new second-order
semi-implicit time marching schemes. One uses second-order backward differentiation for-
mula (BDF2) and other one uses Crank—Nicolson approximation. In both schemes, explicit
extrapolation are used for the nonlinear force with two order-consistent extra stabilization
terms added to guarantee the energy dissipation. We also give an optimal error analysis
in 1°°(0, T; H~') N 120, T; H') norm. The new methods have several merits: (1) They
are second order accurate; (2) They lead to linear systems with constant coefficients after
time discretization; (3) Discrete energy dissipations are proved. The proofs base on Galerkin
formulation. Both finite element method and spectral method can be used for spatial dis-
cretization to conserve volume fraction and satisfy discretized energy dissipation law.

The remain part of this paper is organized as follows. In Sect. 2, we present the two
second-order stabilized schemes for the Cahn—Hilliard equation and prove they are energy
stable. In Sect. 3, we present an error estimate for the BDF2 scheme to derive a convergence
rate that does not depend on 1 /¢ exponentially. Implementation details and numerical results
for a test problem in a 2-dimensional square domain are presented in Sect. 4 to verify our
theoretical results. We end the paper with some concluding remarks in Sect. 5.

2 The Two Second Order Stabilized Linear Schemes

We first introduce some notations which will be used throughout the paper. We use || - [|u, p
to denote the standard norm of the Sobolev space W™?(£2). In particular, we use || - ||z» to
denote the norm of W07 (§2) = LP(§2); || - ||lm to denote the norm of W"2(§2) = H™(§2);
and || - || to denote the norm of W%2(2) = L2(£2). Let (-, -) represent the L? inner product.
In addition, define for p > 0

H™P(2):= (HP(2))", Hy"(2):={ue HP)]| (1), =0},

where (-, -) , stands for the dual product between H”(£2) and H ~7(£2). We denote L(z)(.Q) =
HJ($2). Forv € L§(£2),let —A~'v := v; € H'(£2) N L}(£2), where v; is the solution to

. vy
—Av; = v in §2, o =0onos2,

n
and [|v]_1 =/ (v, —A~1v).

For any given function ¢ (¢) of #, we use ¢" to denote an approximation of ¢ (nt),
where 7 is the step-size. We will frequently use the shorthand notations: §,¢"t! :=
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¢n+l _ ¢n 5zt¢n+1 — ¢n+1 _ 2¢n _,’_(pn—l Dr¢n+1 — 3¢”+1_;¢n+¢n—1 _ l(St(j)”'H n
’ . ’ ° T T
8t (jA)”*% = 3¢" — 1¢" ! and "t = 29" — ¢"~!. Following identities will be

used frequently as well
2(hn+] _ hn, hn+]) — ”hn-H ”2 _ ||hn||2 + ”hn—H _ hnHQ’ (21)
1
(DR 0 WD) = = (U2 128 — 2 — R = 28"
— R 18 BT, 22)

To prove energy stability of the numerical schemes, we assume that the derivative of f in
Eq. (1.1) is uniformly bounded, i.e.

max lf (Pl =L, (2.3)

where L is a non-negative constant.

Note that, if the phase-field system satisfies the maximum principle, then (2.3) is satisfied
for any smooth f. Although the Cahn-Hilliard equation does not satisfy the maximum
principle, it has been shown that in [5] that for a truncated potential F with quadratic growth
at infinities, the maximum norm of the solution to the Cahn—Hilliard equation is bounded. On
the other hand, for a more general potential F', Feng and Prohl [19] proved that if the Cahn—
Hilliard equation convergence to its sharp-interface limit, then its solution has a L°° bound.
Therefore, it has been a common practice (cf. [10,30,38]) to consider the Cahn—Hilliard
equations with a truncated double-well potential F such that (2.3) is satisfied.

2.1 The Stabilized Linear Crank—-Nicolson Scheme

Suppose ¢ = po(-)and ¢ ~ ¢ (-, 7) are given, our stabilized liner Crank—Nicolson scheme
(abbr. SL-CN) calculates qb"'“, n=1,2,..., N =T/t — 1 iteratively, using

¢n+1 _ ¢n _

T

y A1, 2.4)

gty 1 /3 1
= —8A(¢+¢) + gf(§¢n _ 7¢nfl) _ ATA5,¢'I+1 +B<3n¢n+l,

2
(2.5)

MnJr

=

where A and B are two non-negative constants to stabilize the scheme.

Theorem 1 Assume (2.3) is satisfied. Under the condition
L2
A>—sy, B> _—,
= Tee2” ~ 2

the following energy dissipation law

A L B L
< g o (2 Z ) s n+12_(7_7)8 2 vy > 1, 27
¢ =< E¢ (Jy 2£>II "l 7 " 1a 180" 717, V0 = 2.7

holds for the scheme (2.4)—(2.5), where

(2.6)

L B
B = Eo@™ ) + (4 + 5 ) Iog™ 1% 2.8)
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Proof Pairing (2.4) with ‘L'erH—%, (2.5) with —8,¢"t!, and combining the results, we get

f n+1)2 _ ny2 1 4t n+1
SV 2 = V9" + - (£(3"2). 69

1
=~V 2| — Ac||VE" T2 — B(Suap" T, 89" ).

(2.9)

Pairing (2.4) with 2\/5 78,¢" 11, then using Cauchy-Schwartz inequality, we get

2/ A1 P = 2/ Ay T (Vi Vo) <y VTR + AT Va6,
(2.10)
To handle the term involving f, we expand F(¢"*!) and F(¢") at ¢?”+% as
A Ao A 1 A
F@") = F@"0) + f@ D)@ = "2 4+ 2 " =27,
~ A ~ 1 ~
F@") = F@") + f@")(@" = ") + 2/ 6@ = ")

. [T B Apal .
where &' is a number between ¢" 1 and ¢" 2, £/ is a number between ¢" and ¢" 2. Taking
the difference of above two equations, we have

F(¢n+1) _ F(¢n) _ f(én+%)(¢n+1 _¢n)
1 ) A X A
= EN @ = =@ = DR - S e - e - ¢y

=~ fI(EN8P" T8, — (f’(Eé’)—f’(SI’))(w”)z

hw~

L
= U89 P 189" ) + 189"

1
Multiplying the above equation with —, then taking integration leads to
e

1 Al L
E(F("’”H) — F(¢") — f(@"TD)8,¢" T, 1) < @na@"“ 12+ 180" T I + 118, 0™ 12).
(2.11)
For the term involving B, by using identity (2.1) with 2"*t! = §,¢"*1, one get
— B(Su¢" !, 8"t = — ||6,¢"+1 I+ = ||6,¢”|| ||6n¢"+1 II%. (2.12)
Summing up (2.9)-(2.12), we obtain

1 B B
%(Mvw“nz —[IVe"1?) + ;F(«p”*‘) — F(¢"), 1)+ Enatcp"*‘nz - Enaz«p"nz

5—2,/ |I5z¢"+1|| t ||51¢"+1|| t ||51¢> > - ||5n¢>"+lll t L ||5n¢"“||

(2.13)
which is the energy estimate (2.7). O
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2.2 The Stabilized Linear BDF2 Scheme

Suppose qbo = ¢o(-) and ¢1 ~ ¢ (-, T) are given, our stabilized linear BDF2 scheme (abbr.
SL-BDEF2) calculate (b”“, n=1,2,...,N =T/t — 1 iteratively, using

1 -1
3¢n+ — ;¢n + ¢n _ yAMn+15
T

1
w'th = —eAg" T 4+~ f 29" — ¢" ) — AT AS 9" + BS,e" T, (2.15)
&

(2.14)

where A and B are two non-negative constants.

Theorem 2 Assume (2.3) is satisfied, and

1 / 1 1 0
— ) dx:—/ ¢ dx = my. (2.16)
2] Jo 12 Jo
Then under the condition
L y L? £
B>—; A>— —ajz—, 0<o =1, O<a =<1, (2.17)
e an 1662 27

the following energy dissipation law

1 e 1
Ept' < Ej - —nsnas"“n%l = (I =a) S [V8e" |2 = (1 — a2 — 16" 112,
2 13%

e B L
= —(A e e | L R o [ S SR T S B e AT
2¢e 2 2¢

holds for the scheme (2.14)—(2.15), where

B
Eft = B¢+ — ||5¢"+1|| ()1 @19)

2e

Proof (1) Integration both sides of Eq. (2.14), then using the Neumann boundary condition
of 1 and property (2.16), we get

1
@/ " ldx =mg, n=1,...,N. (2.20)

Thus 8,¢" ! € L forn =0, .
(2) Pairing (2.14) w1th (—A)~ 18@”*‘ /y plus (2.15) paired with —8,¢"+!, we get

<;DI¢H+1’ (_A)718t¢n+l) 8(A¢n+l y ¢n+l (f(¢n+l) S ¢n+1)

— AT||V8¢"T? — B(m"“, 8",

2.21)

By integration by parts and applying (2.1), (2.2), following identities hold
1
—(S D™t (— )10
14
1 1
18" R — — (180" U2, — 180" 121 + 186" 1 112) . (2.22)
Ty 4ty
&
e(AQ" T, 8, = = (IV"IP = IV" 2 + V8,6, (2.23)

B B B
—B(8u ", 89" = —Enw“ I+ EIIM"IIQ —~ Enans"*‘ 1. (2.24)
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To handle the term involves f in (2.21), we expand F(¢" ') and F(¢") at "' as
. . . 1 .
F(¢Vl+l) — F(¢Vl+1) + f(¢n+1)(¢n+l _ ¢n+1) 4 5f‘/(é_lrl)((pl’l-‘rl _ ¢n+1)2’
~ ~ ~ 1 ~
F(@") = F@"™) + f@")e" — ") + 5@ @" - ¢"th?2,

where ¢! is a number between ¢" ! and ¢"*!, ¢ is a number between ¢" and ¢"*!.

Taking the difference of above two equations, using the fact ¢"+! — ¢" 1 = §,,¢"*! and
¢" — "t = —5,¢", we obtain

o 1 1
F(¢"™h — F(¢™) — f(¢"THs9" ! = Ef’(;{‘)(anas"“f - Ef/@;)(s,w)z

(2.25)
L L

=18 n+1,2 18, 0™ 2.
2| n®" T+ 2| 19"

IA

Taking inner product of the above equation with constant 1 /¢, then combining the result with
(2.21), (2.22), (2.23) and (2.24), we obtain

1
~(F(@"™) = F@"). 1) + §<||V¢"+‘ 12— V")

1 n+12 ny2 L B n+12 ny2
oy U39 = 188"+ (5 + 5 ) U8 IP = 10" 1P)

| | . (2.26)
< —— 8™ T2 — — 189" T2, = S 1IVE "2 — AT || V80" T
4ty 19% 2
L B L
+ 18" THE = 18" T IR+ 118" T2
2¢e 2 2¢
Combining the above equation and the inequality
(0%) X0
XNV T2+ == 118,012, =2 [ 2= 18,¢" 112, (2.27)
Ty Ty
with x = At + % 0<a; <1,0 <ay <1, we get the energy estimate (2.18). O

Remark 1 The discrete Energy Ep defined in Eq. (2.19) is a second order approximations
to the original energy FE, since 18: 0™ 112, 116, ! ||271 ~ 0(1t?) provided that the schemes
converge. On the other side, summing up the Eq. (2.18) withoy = ap = 1forn=1,..., N,
we get

N
1
EyTt 4+ (—4 180" 2y + Billdig™ 1% + BallSrg™ ! ||2> <Ep  (228)
n=I 24

where g =2 /3 + 355 — £, B =4 — L. By taking N — oo, we get §,¢" 1 — 0 and
8,,¢N 5 0if B1 > 0 and B> > 0, which means the system will eventually converge to a
steady state. By Eqgs. (2.14) and (2.15), this steady state is an extreme point of the original
energy functional E. Same argument applies to the LS-CN scheme and similar second order
stabilization schemes for the Allen—Cahn equation [42].

Remark 2 The constant A defined in Eqgs. (2.6) and (2.17) seems to be quite large when ¢
is small, but it is not necessarily true. Since usually y is a small constant related to €. For
example, it was showed in [35] that, the Cahn—Hilliard equation coupled with the Navier—
Stokes equations have a sharp-interface limit when 0@ < y < O(e), while y ~ 0(e?)
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gives the fastest convergence. A similar resultis obtained for the Cahn—Hilliard Navier—Stokes
system with a more general boundary condition [45]. On the other hand, the numerical results
in Sect. 4 shows A can take much smaller values than those defined in (2.6) and (2.17) when
nonzero B values are used.

Remark 3 From Eq. (2.17), we see that the SL-BDF2 scheme is stable (Eq. (2.18) holds with
o] =ap = 1) withany A > 0, if
8e3

T< —

If 7 small enough, the combination of the term % 8: "1 ||2_] and term % 1V8:¢" 1|12 controls
the term ||8;,¢" " ||% as well, since

18::¢™ 11> < 2018,0" 1% + 2018,:0" I17.
A direct calculation shows that the SL-BDF2 scheme is stable with any A > 0, B > 0, if

83

< .
t=2512,

(2.29)

3 Convergence Analysis

In this section, we shall establish the error estimate of the semi-discretized scheme SL-BDF2
for the Cahn—Hilliard equation in the norm of [*°(0, T'; H -1 yni 2 O, T; H 1 ). We will shown
that, if the interface is well developed in the initial condition, the error bounds depend on %
only in some lower polynomial order for small €. Similar error estimate result can be obtained
for the SL-CN scheme but the analysis is more involved, we put it into [41].

Let ¢ (") be the exact solution at time ¢ = ¢" to equation (1.1) and ¢" be the solution at
time ¢t = t" to the time discrete numerical scheme (2.14)—(2.15), we define error function
e" :=¢" — ¢ (1"). Obviously ¢ = 0.

Before presenting the detailed error analysis, we first make some assumptions. For sim-
plicity, we take y = 1 in this section, and assume 0 < ¢ < 1. We use notation < in the sense
that f < g means that f < Cg with a positive constant C independent of 7, .

Assumption 1 We assume that f either satisfies the following properties (i) and (ii), or (i)
and (iii).
(i) F € C*(R), F(£1) =0, and F > 0 elsewhere. There exist two non-negative constants
By, Bj, such that

¢> <Bo+BIF($), VéeR 3.1)
(ii) f = F'. f"and f"” are uniformly bounded, or, f satisfies (2.3) and
" < Lo, 3.2
glgﬁclf (Al =L (3.2)
where L, is a non-negative constant.
(iii) f satisfies for some finite2 < p < 3—1—3(‘;{7_2) and positive numbers¢; > 0,i =0, ..., 5,
GBI = < [1(9) < &dlP T + &, (3.3)
~ _3)t+ ~
|f"(@)] < &lglP™)" + 65, (3.4)
where for any real number a, the notation (a)* := max{a, 0}. ]
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Note that Assumption 1 (ii) is a special case of Assumption 1 (iii) with p = 2. The
commonly-used quartic double-well potential satisfies Assumption (i) and (iii) with p = 4.
Furthermore, from Eq. (3.3) we easily get

— (f/(Pyu.u) < Gollull®, Yue L*(). 3.5)
Assumption 2 We assume that ¢° is smooth enough. More precisely, there exist constant

mo and non-negative constants oy, . .., 0¢, such that

1
mo = —/ #°(x)dx € (=1, 1), (3.6)
12| Jo
e 1 _
E.(¢°) = 5||Vc/>°||2 - g||F(¢>°)||L1 Se o, 3.7)
g1, < e 2, (3.8)
g1 < &7 (3.9)
1 _

eIVOLIZ + —(f @9, o) S ™, (3.10)
AT g1 S e, (3.11)
g 1%, < e7. (3.12)

[m}

Given Assumption 1 (i)(iii) and Assumption 2, we have following estimates for the exact
solution to the Cahn—Hilliard equation. The proof is given in “Appendix”.

Lemma 1 Suppose Assumptions 1 (1)(iii) and 2 are satisfied. We have following regularity
results for the exact solution ¢ of (1.1) with y = 1.

() fo liell? dr + ess sup Ec(¢) Se M, and @7 S e @D,
t€l0,

(ii) ess sup llge %, +ef0 ||V¢,||2dz<s P2,

t€[0,00]

(iii) ess sup e l1* + & [5° 1 Agyl|1dr < eP3;
t€[0,00]

(V) Jo || dt ess supanmn2 Sehy

t€[0,00]

(v) ess SUP A= puelI* + Efo lle l12dr < &5,
t€[0,00]

(vi) fo A~ 1¢ttt||2 dt +ess Sup5||¢tt|| | S ey

t€[0,00]

where p| = o1 and
p2 = max{o] + 3, o2},
p3 = max{(o1 + 1)(p —2) + p2 + 4, 03},
ps = max{p2 +2+ 303+ (01 + D(p — 3", 04},
ps =max{py + ps + 1+ (o1 + D(p — 3", (o1 + D(p — 2) + p4 + 3. 05},
pe = max{(o1 + 1)(p —2) + p5 + 3, 06 — 1}.
O

To get the convergence result of the second order schemes, we need make some assump-
tions on the scheme used to calculate the numerical solution at first time step.

@ Springer



J Sci Comput (2018) 77:1185-1209 1195

Assumption 3 We assume that an appropriate scheme is used to calculate the numerical
solution at first step, such that

my = ﬁ/g@(x)dx = my, (3.13)
Ec(¢") < Ec(¢") S, (3.14)
%W — %%, e, (3.15)
lgt -9 S e, (.16

and exist a constant 0 < 61 < max{ps + 4, p4 + 6, p2 + 9} and constant C; independent of
7, &, such that

le' %, + ze|| Ve |> < Cre 17, (3.17)
O

Following volume conservation property is easy to prove but important to the error esti-
mate. Because of the integration of ¢" is conserved, §;¢" and e” belong to L%(.Q) such that
we can define H~! norm and use Poincare’s inequality for those quantities.

Lemma 2 Suppose (3.6) and (3.13) holds, then the numerical solution of (2.14)—(2.15)
satisfies

1
—/ ¢"(x)dx =mg, n=1,...,N+1, (3.18)
121 /o
and the error function e" satisfies
/ '(x)dx =0, n=1,...,N+1. (3.19)
2
]

Now, we present our first error estimate result, which is a coarse estimate obtained by a
standard approach.

Theorem 3 (Coarse error estimate) Suppose Assumptions 1 (1)(ii), 2 and 3 hold. ThenV t <
1, following error estimate holds for the SL-BDF2 scheme (2.14)—(2.15):

le" 12, + 112e" T — e |12, + 2473 Ve T
+2A7%8,Ve" TP + zel| Ve T2 + (18" T2, + 4BT e T2
< lle™12y + 112¢" — " M2, + 2473 Ve |
+Cote32e" — "2 4 Cartem Mol antI k0l oy > g (3.20)
and

max {lle" 2, +112¢" T — e |12, + 2472 Ve T}
1<n<N

N

+ > (A28, Ve + te|| Ve P + (18" |12 + 4Bl %)

n=1

< exp(C2e73T) (C3g—max{p6+1'f)4+3’/’2+6} 1O+ 2As—1r)e—5') 4, (321

where Cy, C3 are two constants that can be uniformly bounded independent of € and t.
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Proof The following equations for the error functions hold:
Dr€n+l — A(Mn-f-l _ 'U,([n+l)) + Ril’l+1’

n+1

1
T — et =—£Ae"“+g[f(2¢” " — fleE™)]

— At A" 4+ Bse" — AARYT + BRI,

where the residual terms are
R ="t — Degp (",
RIT =84 (t" ) = (") = 20 (") + ("),
Ry =18,0(") = 1@ — o (t").
Pairing (3.22) with —A~!e"T! adding (3.23) paired with —e" !, we get
(Dre"'H, _A—leVH—l) + gllven+1”2 + Ar(StVen_H V€n+1)
— (R;z+l’ _Aflen+l) _ B(Rn+l n+l) A(VRnJrl ven+l)
—B(8 ", " (f(2¢ —¢" ) = f@a"T), ")
= J1+]2+J3+J4+.15.
First, for the terms on the left side of (3.24), we have

1
(Dye" !, a7l = (e 2+ 112e" 2y
1 nn2 —12 1 1,2
—— (€™ + 112" — "HI2 ) + — 18" T2,

2ol IZ 120+ - l18ue™ I,

and
1
AT(5, Ve verth) = 5Ar<||Ve"“ I = IVe™ |2 + 118, Ve TH1).

Then, we estimate the terms on the right hand side of (3.24).

- [ n
Jl — (Rllq+l,—A ]el’l-‘r]) < 7”A IR;’H-IHZ_I 4 Z”Ven-i-l”Z.

m
12 —B(R;+l n+1) < ”Rn+1 ”21 4 Z”Ven-'rl ”2

3= —A(VR, Ve"“) < ||VR"+‘|| + Vet
Jy = —B(ye" e = —B(e”“ — (2" — "1, e
n+1,2 Bz n n—1y2 n n+1,2
< =Bl 4 o 2e” — T 4 Vet
Js = (f(2¢ — F@@E™Th), et
L
< = (129" — " — " TH, "))
&
L
N (|2€n _ En_l _ 8[[¢([”+1)|, |en+1|)
&

2

—1,2 +1 m 12
52 2¢" — "2, + IIR" % 1+7||V€"+ 1.
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Combining (3.24)—(3.31) together, yields
1 1
(e 2+ 26" — €2 ) + S AT Ve
4T 2
1 1
+§AT||6,Ve”+] 12 + el Ve 12 + E”‘S”em 12, + Bl |2
1 1
= U2y 112" — e HIZ) + S AT| Ve

Lo =1t y2 2 YL e AR 2
+—1A" R, + | B + = — IR IZ + — VRl
m € m m
2, LN e 3 12
+ B+ — ) 2" =" N2 + omlIVe |17 (3.32)
e~ ) m 2
By using Taylor expansions in integral form, one can get estimates for the residuals
g1
IATIRYZ) < et / I8 A™ ()12 dr, (3.33)
In—1
Int1
IR 2 < ot / @112, dt, (334)
th—1
2 3 [ 2
IVR3 ™ I” < e3t 19 Ve (1) [”dt, (3.35)
In

where ¢, ¢> and c3 are three constants.
Taking 1 = ¢/2 in (3.32) and combining the residual estimates (3.33)—(3.35) and
Assumption 1,3 with Eq. (3.32), we get estimate (3.20) with

Cr =8L*> +8B%?, C3=28ci +8c2(L? + B%e?) + 8c3A%*.
By using a discrete Gronwall inequality, we obtain (3.21). O

Theorem 3 is the usual error estimate, in which the error growth depends on 1/¢ exponen-
tially. To obtain a finer estimate on the error, we need to use a spectral estimate of the linearized
Cahn-Hilliard operator by Chen [9] for the case when the interface is well developed in the
Cahn-Hilliard system.

Lemma 3 Let ¢ (t) be the exact solution of Cahn—Hilliard equation (1.1) with interfaces are
well developed in the initial condition (i.e. conditions (1.9)—(1.15) in [9] are satisfied). Then
there exist 0 < g9 < 1 and positive constant Co such that the principle eigenvalue of the
linearized Cahn—Hilliard operator Lcy = A(e A — %f’(qb)]) satisfies for all t € [0, T]

ellVull? + L@, D), v
e = inf Vol - (f (ff( v, v) _—n (3.36)
0£veH! (2) IV el
Ap=v

forall e € (0, &9).

Theorem 4 Suppose all of the Assumptions 1(1)(ii), 2, 3 hold. Let time step T satisfy the

following constraint
1 &b

4(Co + L?)7 12(B%e% + L2’

r < min { CseBt3 max{p6+4,p4+6,p2+9}+%)18%d} ’

(3.37)
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where Cs is a constant can be bounded uniformly independent of T and ¢. Then the solution
of (2.14) (2.15) satisfies the following error estimate

lmax {”en+l” 1+||2€n+1 en||2_1+2A‘E2||Ven+1||2}

+ Z <2Ar 16, Vet 2 + o5 ||Ve"+1|| ) (3.38)

n=1
< g~ max{pe+4,04+6,024+9) L4

Proof We refine the result of Theorem 3 by re-estimating J4 in Eq. (3.24) as
n+1 n+l B? n+12 m n+12
Jy=—B(6ye" ") < " 18" 112y + vae | (3.39)
1

and rewriting J5 as

Js = Jo + J7,
(3.40)
Js (f(2¢ — f@"Th, ")
S *(|8 t€n+1| 4 |Rn+l| |en+1|)
L2 n+1 n+1 M1 n+1)2
< 2 (1w I+ NRETZ, ) + 9, (3.41)
1
J=—c (f@"™) = f(@")), ")
1 L
< — (f@E et Y £ et (3.42)
& &
The spectrum estimate (3.36) give us
1
e Ve 1P + = (f' (@ Tt et = —Colle" 2. (3.43)
&

If the entire || Ve 1|12 term is used to control the the term involving f’ in J7, we will not
be able to control the | Ve" || terms in Ji, . .., J4 and Js. So we apply (3.43) with a scaling
factor (1 — n) close to but smaller than 1, to get

1
-(- n)g(f’(fb(t”“))e"“, "y < (1= Colle" 12, + (1 — el Ve 2,

(3.44)

On the other hand,

2
(f (@t ety < = L pentty2 4 112 ||V 2, (3.45)
772
Combining (3.42), (3.44) and (3.45) together, we have
L? na

J < Co1 = = ) e t? n+1 1— Vet |2

7_( o n)+82n2>lle 21+ 221+ (- e+ T2) vertty
(3.46)
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Substituting the estimate of (3.25)—(3.29), (3.39)—(3.41) and (3.46) into (3.24), we get
1 1
—(le" 2+ 12¢" T — "2 ) + S AT Vet
4t 2

1 1
+ 5Ar||5,Ve"“ 12+ el Ve |12 + 4—||ane"+‘ 12,
T

1 B 1
< E(Ile"llil + 12" — " HE) + 7Af||wn||2
1 —1 pn+12 2 L2 n+1 n+1
+H”A R, +|B +87 IIR 1> 1+ IIVR |12
2 L\ 1 n+1,2 n+1)2
+ | B 4+ — | —lldue ||_]—|—fm||Ve I
& N1 2

L? L»
+ (Co(l—n)—l—8—2%> le™ 2, + =2 = I+ (1= e + ""2) Ve 2.

(3.47)

We now estimate the L3 term. By interpolating L? between L2 and H ' and using Poincare’s
inequality for error function, we get

13 1,4 1,54
lle" I3 < K[IVe" 2 [le" |2

where K is a constant independent of € and . We continue the estimate by using ||"T!||? <
Ve | - fle" 1] to get

Ly B 6-d
223, < LoKe Vet S et T = 6 Vet 12, (3.48)
6—d
where G"+! = LoKe~|[ Vet | T ||e”+1|| :
Now plug Egs. (3.48) into (3.47), and take m = &n = &3, n = 84/3 and T <
86/12(3282 + L?%), such that
%—I—(l—)e—l—@ 8—184 BQ~I—L2 1.1 L—zl—Lz
2 4 4 2 ) m T4t 2 ’
we get
1 n+1,2 n+1 nn2 1 n+1,2
—([le"TNZ Fl12e" T =€ IZ)) + AT Ve
4t 2
1 1,2 gt 1,2
+ AT,V + — |V
2 4
1 1
< E(Ile”llz_l + 12" — "2 + fAIIIVe"IIQ
3 L? 3A
+ 504 1R1’+1||2_]+(Bz+ = ) IR, + = ||VR"+1||
+ (Co(1 —m) + L) le" 12, + G" T ve ™12, (3.49)

If G"*! is uniformly bounded by constant £*/8, then we can get a finer error estimate for

T < 1/8(Co + L?) by using discrete Gronwall inequality and the assumption of first step
error (3.17):

@ Springer



1200 J Sci Comput (2018) 77:1185-1209

jmax {lle" )+ [2¢" — €2, + 2477 | Ve 7

N
+ > (A28, Ve P + et 2| Ve T 1?)

n=1

3
= SCiexp((Co+ L?)T)e~maxlpotdpst 694 - N > (3.50)

where Cé =C3+C1(5+424s7 7). We prove this by induction. Assuming that the above
estimate holds for all first N — 1 time steps. Then the coarse estimate (3.20) leads to
M2+ ze VeN P < V2 + (1 Core T 2eN — M2,
+2AT2(| VeV | + Carte Ml lat3mtol (3 51)
Then by induction assumption (3.50), we get

||€N+1 ”2_] + 'E€||V€N+1 “2 < C45—max{ﬂ6+4,p4+6,p2+9}r4 (352)

where C4 = 3C5(1 + Cote™3) exp(8(Co + L*)T) + C3&’. Thus, if

LyKe '[Che max{p6+4,p4+6,p2+9}—113]% [Che™ max{p6+4,p4+6,p2+9}f4]% < &4/8,
(3.53)
we get GV < 84/8. Solving (3.53), we get
< C55(5+%max{p6+4,p4+6,p2+9}+%> = (3.54)
1\~ 18-d
where Cs = <8L2K C 42> . The proof is completed. O

Remark 4 Different to the related work [18], we did not take = 8 in Eq. (3.47), this allows
us to maintain the full order about 7. Besides, our induction method to handle L3 term is
much simpler than the method used in [18] and [30], where first-order schemes are studied.

Remark 5 Theorem 4 and its proof is valid for the special cases A = 0 and/or B = 0, since
the condition (2.17) is not used in the proof.

4 Implementation and Numerical Results

In this section, we numerically verify our schemes are second order accurate in time and
energy stable.

We use the commonly used double-well potential F(¢) = %((ﬁz — 12 It is a common
practice to modify F'(¢) to have a quadratic growth for |¢| > 1 (since physically |¢]| < 1),
such that a global Lipschitz condition is satisfied [10,38]. To get a C* smooth double-well
potential with quadratic growth, we introduce F(¢) € C®(R) as a smooth mollification of

L@o-22+6(0-2+7. ¢>2
F@p)=1{1@* - 12, ¢ €[-2.2], 4.1)
B@+22+6@+2)+7, ¢<-2.
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with a mollification parameter much smaller than 1, to replace F (¢). Note that the truncation
points —2 and 2 used here are for convenience only. Other values outside of region [—1, 1]
can be used as well. For simplicity, we still denote the modified function F by F.

4.1 Space Discrete and Implementation

To test the numerical scheme, we solve (1.1) in a 2-dimensional tensor product domain
2 =[—1,1] x[—1, 1]. We use a Legendre Galerkin method similar as in [39,49] for spatial
discretization. Let Ly (x) denote the Legendre polynomial of degree k. We define

Vi = span{ g (x)@;(»), k, j =0,...,M —1} € H (),

where ¢o(x) = Lo(x); 1(x) = L1(x); (x) = Li(x) — Liga (), k = 2,..., M — 1, be
the Galerkin approximation space for both ¢”+! and p"*!. Then the full discretized form
for the SL-BDF2 scheme reads:

Find (¢"t!, u"*!) € (Vjr)? such that

1
E(3¢"“ — 49" +¢" " w) = —y (V" Vo), Yo e Vy, 4.2)

1
W @) = (Vo Vo) + S(fQ¢" - "1, 9)

+ AT(V8¢" T, Vo) + B(Su¢" T, 9), Yo e V. 4.3)

This is a linear system with constant coefficients for (d)"“, p,”“), which can be efficiently
solved. We use a spectral transform with double quadrature points to eliminate the aliasing
error and efficiently evaluate the integration ( f (2¢" — ", ¢) in Eq. (4.3).

We take ¢ = 0.05 and M = 127 and use two different initial values to test the stability
and accuracy of the proposed schemes:

(1) {go(xi, yj)} € RZ2MX2IM with x;, y; are tensor product Legendre-Gauss quadrature
points and ¢o(x;, y;) is a uniformly distributed random number between —1 and 1
(shown in the left picture of Fig. 1);

(ii) The solution of the Cahn—Hilliard equation at 1 = 64> which takes ¢q as its initial
value (Denoted by ¢; shown in the middle picture of Fig. 1).

%

-1
-1

0 1 -1 0 1

-1 0 1

Fig. 1 The two random initial values ¢, ¢; and the state of ¢; evolves 0.2 time unit according to the
Cahn—Hilliard equation (1.1) with y =1
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Table1 The minimum values of A (only values {0, 21 Ji==7,...,1}x 4]//82 are tested) to make SL-BDF2
and SL-CN scheme stable when y, B and t taking different values
T SL-BDF2 SL-CN

y = 0.0025 y=1 y = 0.0025 y =

B=0 B =10 B=0 B =10 B=0 B =10 B=0 B =10

10 1 0.5 12.5 12.5 1 0.25 12.5 12.5
1 2 0.5 25 25 1 0.5 25 12.5
0.1 1 0.25 200 100 1 0.25 200 50
0.01 0 0 400 200 1 0.25 400 100
0.001 0 0 800 200 0 0 400 100
0.0001 0 0 200 0 0 0 400 100
1E—05 0 0 0 0 0 0 400 50
1E—06 0 0 0 0 0 0 0 0
Table 2 The minimum values of B (only values {0, 2i, i = —3,...,4} x 2/¢ are tested) to make scheme
SL-BDF2 and SL-CN stable when y, A and t taking different values
T SL-BDF2 SL-CN

y = 0.0025 y =1 y = 0.0025 y=1

A=0 A =0.0625 A=0 A=25 A=0 A =0.0625 A=0 A=25

10 320 40 >640 O 320 20 > 640

1 40 40 >640 O 80 20 > 640

0.1 20 20 > 640 40 20 20 640 20
0.01 0 0 40 40 20 20 320 20
0.001 0 0 40 40 0 0 40 20
0.0001 0 0 10 10 0 0 20 20
1E-05 0 0 0 0 0 0 20 20
IE-06 O 0 0 0 0 0 0 0

Given ¢y, to start the second order schemes, we use following first order stabilized scheme
to generate ¢

n+l _ n

$ i

1
= Ao™!, "t = —8A<p”+1 + gf((p”) + S(Stgz)"H, n=0,...,m-—1,
“4.4)

s
where S = 1/¢ is a stabilization constant, s is the time step-size, (po = ¢po. To get an accurate
@', welets = t/m withm = 10, and let ¢! = ¢™.

4.2 Stability Results

Tables 1, 2 show the required minimum values of A (resp. B) with different y, B (resp. A)
and t values for stably solving (the increase of discrete energy in each time-step is less than
1010 for 1024 time steps) the Cahn—Hilliard equation (1.1) with initial value ¢g. The results
for the initial value ¢ are similar. From the two tables, we observe that:
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1203

12 o 12 O
\ \ N A\ \
10 h 10 .
> >
=2 =)
[0) [0]
C c
w g w g
\
6| — 8 —1=0.8 i 6t| — 8 —1=0.8 N
—O—1=0.2 ~O— 1=0.2
—6—1=0.1 —6—1=0.1
107" 10° 10" 10° 107" 10° 10’ 10°

t

t

Fig. 2 The discrete energy dissipation of the two schemes solving the Cahn—Hilliard equation with initial
value ¢, and relaxation parameter y = 0.0025. Stability constant A = 0.25, B = 20 are used. Left) result of
SL-CN scheme; Right) result of SL-BDF2 scheme

1. For smaller 7 values, the SL-BDF2 scheme need smaller A, B to be stable comparing to
the SL-CN scheme, while both of them are stable with A = 0, B = 0 when 7 is small
enough. On the other hand, for larger v, SL-BDF2 schemes need relatively larger A and
B than SL-CN scheme. This might due to the fact that the SL-BDF2 scheme has larger
diffusion and splitting error than SL-CN scheme.

2. The existence of a non-zero B remarkably reduce the values of A needed for the scheme
to be energy stable, especially when y = 1 and 107 < t < 0.1. On the other hand, a
non-zero A remarkably reduce the values of B needed for the scheme to be energy stable
when 7 is large.

Figure 2 presents the discrete energy dissipation of the SL-CN and SL-BDF2 scheme
using several time step-sizes. We see the energy decaying property is maintained.

4.3 Accuracy Results

We take initial value ¢ to test the accuracy of the two schemes. The Cahn-Hilliard equation
with y = 0.0025 are solved from ¢+ = 0 to T = 12.8. To calculate the numerical error,
we use the numerical result generated using = 1073 as a reference of exact solution. The
results are given in Tables 3 and 4. We see that the schemes are both second order accuracy
in H!, L% and H! norm.

5 Conclusions

We propose two second order stabilized linear schemes (SL-BDF2 scheme and SL-CN
scheme) for the phase-field Cahn—Hilliard equation. In both schemes, the nonlinear bulk
forces are treated explicitly with two additional linear stabilization terms: —At A8;¢" ! and
B&;¢" . In particular, the introduction of a H I stabilization term At A8,;¢" 1! enables us
to prove the unconditionally stability results. We also give a rigorous optimal error analy-
sis of the SL-BDF2 scheme. This error analysis holds for the special case A = 0 and/or
B = 0 as well. Numerical results are presented to verify the stability and accuracy of the
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Table 3 The convergence of the SL-BDF2 scheme with B = 40, A = 0.25 for the Cahn-Hilliard equation
with initial value ¢1, parameter y = 0.0025. The errors are calculated at 7 = 12.8 for both schemes

T H~! Error Order L2 Error Order H! Error Order
0.16 3.32E—-02 2.63E—01 3.49E4-00

0.08 9.71E-03 1.77 8.02E—02 1.72 1.10E4-00 1.67
0.04 2.54E—03 1.94 2.10E—02 1.93 2.89E—01 1.93
0.02 6.38E—04 1.99 5.25E—-03 2.00 7.21E—02 2.00
0.01 1.58E—04 2.02 1.30E—-03 2.02 1.78E—02 2.02
0.005 3.80E—05 2.05 3.14E-04 2.05 4.30E—03 2.05

Table 4 The convergence of the SL-CN scheme with B = 20, A = 0.25 for the Cahn—Hilliard equation with
initial value ¢1, parameter y = 0.0025. The errors are calculated at 7 = 12.8 for both schemes

T H~! Error Order L2 Error Order H! Error Order
0.16 3.26E—02 2.58E—-01 3.42E4-00

0.08 9.32E—03 1.81 7.64E—02 1.76 1.04E+4-00 1.71
0.04 2.41E-03 1.95 1.98E—02 1.95 2.71E-01 1.95
0.02 6.06E—04 1.99 4.96E—03 2.00 6.77TE—02 2.00
0.01 1.50E—04 2.01 1.23E—-03 2.01 1.68E—02 2.01
0.005 3.64E—05 2.05 2.97E—-04 2.05 4.06E—03 2.05

proposed schemes. By combining nonzero values of B and A, the two schemes can obtain
better stability results than the cases use only one stabilization term.

Acknowledgements The authors would like to thank Prof. Jie Shen and Prof. Xiaobing Feng for helpful
discussions. This work is partially supported by NNSFC under Grants 11771439, 11371358, 91530322.

Appendix: Proof of Lemma 1

Proof We first write down some inequalities that will be frequently used. The first one is the
Holder’s inequality

1 1 1
luvwllzs < llullprllviielwler, VY p,q.re(0,00], —=—+—+—. (A.1)
s p q r
The second one is the Sobolev inequality
lulle < Csllull, (A.2)

where g € [2,00) ford =2;q € [2, %] for d > 2; C; is a general constant independent
of ¢. We can further use Poincare’s inequality to get

lvllze < CllVoll, Vv € L§($2). (A3)

Forv e L%(Q), we also have following inequality

_ )
vl? = (Vv, V(=4)"'v) Vol + Envn’il, (A4)

1
< |
28

where § > 0 is an arbitrary constant.
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Now, we begin the proof.

®

(i)

(i)

When y = 1, we have Cahn-Hilliard equation
1
¢ +eA’p = S Af@). (A5)
Multiplying (A.5) by —A~ !¢, and using integration by parts, we get
2 ed 2 1 1d /
- V e p—— s = —— — F d . A6
el =y + 5 -1Vl S (@) 40) cdi Jo (P)dx (A.6)

After integrating over [0, T'], we obtain

T
/0 e 1 1de + Ec(@(T)) = Ec(¢") (A7)

Taking maximum values of terms on the left hand side for T € [0, oo], we get the first
part of (i) from (3.7). From the definition of E.(¢), and assumption (3.1) we know

1612, < Bol2| + Bie™*! < gm@ =7, (A8)
Combining above estimate with the fact %HV(]&H2 < e7%, we get
IglIT < et (A9)

We formally differentiate (A.5) in time to obtain

1
b + AP = SA (@) (A.10)

Pairing (A.10) with —A~ !¢, and using (A.4), yields

1d 1 ¢
5l 2+ elVeil2 =— = (F @) 1) < 2
€ € (A11)

2. % 2
<1Vl +g||¢z||_1-

N ™

Integrating (A.11) over [0, 7] and taking maximum values for terms depending on T,
we get

2 o 2 5(2) e 2 02
eSSSUP||¢z||_1+€/0 IV, drsgfo I 2, dt + 16012, (A12)

t€[0,00]

The assertion then follows from (i) and the inequality (3.8) of Assumption 2.
Testing (A.10) with ¢;, using (A.1) and (A.2) with Poincare’s inequality, we get

1ill(ﬁ 1>+ ellAg|I* = l(f’(clﬁ)tb Agp) < lIIf/(<13)|| ldell Lol Ayl
2dl‘t & t =z 1y t_e L3Pl e t

IA

1
§||A¢t||2 + 53 I @I N9 (A.13)
CZ
§||A¢t||2 + 55 I @IV,

IA

which leads to

esssup il + e [ 1agi1%ar £ 5 esssupl @R [ 19017+ 1001
0 €7 tel0,00] 0

t€[0,00]

(A.14)
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On the other hand side, by assumption (3.3), the Sobolev inequality (A.2) and estimate
(A.9), we have

~ 2(p—2 ~ ~ 2(p—2 ~ _ —
L @I2: S @l 5+ S algli?™? +6 < em@e=2 (A 15)

The assertion then follows from (A.14), (A.15), (ii) and assumption (3.9).
(iv) Testing (A.10) with —A~!¢,,, we get

d 1
e 12 + %EIIV@II2 = —g(f/(¢)¢za b11)

_ 1 d / 1 /" 2
= _%E(f (D)1, P1) + ﬂ(f (L)

IA

1d 1, ,
_%E(f (@)br, Pr) + Ellf lslldy a1l

1 d

/ Cx‘z 1
5 2 L@ 00 + 220 sl Vel

(A.16)

Integrate (A.16) over [0, T'], we continue the estimate as
T
2/0 612 d + £V, (T2 — Vg0

1 ’ 1 7¢ 40y 20 40 Ci " ’ 2
=== @, o)li=r + = (f(@)¢;, @) + —esssup{ll [l psllgell} | IVel~de
£ € € 1€[0,T] 0
=2
0

1
IV, (TP + ;?n@mnil + ('@ 9

=

| ™

2

o) , r
+ —= ess sup{|l /[l .6 [l b II}/ NCARIE (A.17)
€ tel0,T] 0

i.e.

’ 1
2 /0 9012101 + S1VE DI < eI VI + (' @) ¢)

E(% 2 Cs2 " T 2
+ 55l (D2 + — ess sup{|[ f7 [l Lol I} IV l=dz. (A.18)
2¢ € 1e]0,T) 0

On the other hand, by (3.4), the Sobolev inequality (A.2) and estimate (A.9), we have
~ —3)*t ~ —3)*t _1 _
I s S Gl >+ SNl ™ S e @t he=9" (A19)

By taking maximum for terms depending on 7 in (A.18) and using (A.19), (ii), (iii) and
the inequality (3.10) of Assumption 2. we obtain the assertion (iv).
(v) We formally differentiate (A.10) in time to derive

1
Gure + APy = A (f" @) (@) + £ (@) ) - (A.20)
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Testing (A.20) with A~2¢;;, we obtian
1d 1
EEIIA’I%IIZ + el = " (f" @) @) + ' @, A bur)

€ 2 4 1 -1 2 1 2 -1 2 € 2
< Ellf”(fi))llell@llLe + QIIA Guellye + ﬁllf/(fi))lng A" ¢ull7e + §||¢n||

E Ay 2 s, C} 2 C: 0 2 | € 2
< ECS @721Vl +ﬁ”¢””*1 + Ilf (¢)||L3||¢n||71+§||¢n|| .

2¢3
(A21)

After taking integration from [0, 7'] and taking maximum for terms depending on T,
we have

o0
esssup |47 gy 1> + & f lee 1> dt
0

t€[0,00]

o0
Seesssup (I @71Ve %) / AR
te[0,00] 0

1 oo
+3 (esssup||f<¢>||p+1) /0 el de + A7 P12 (A22)

t€[0,00]

The assertion then follows from (A.15), the following estimate

~ 3 2 3 — _3)t
1712, < Eallgl o + 65 S gl 7T S e @bt (a03)

(ii), (iv) and the inequality (3.11) of Assumption 2.
(vi) Pairing (A.20) with —A_3¢,,,, we obtain

IA™ Grrel|* +f—||¢n||2

- (f”(q>)(¢t>2 + (D) Prrs A rr)

Cc? _
<5 (LF" @il T + 1LF @7 5 lber 1) + sezlla 2Gutll7 6
N
Qf 4y prr 2 4 ’ 2 2 1 -1 2
= 5 (GO @IV + 17 @7 lu1?) + 5147 12
(A.24)
Integrating (A.24) from [0, co), we have
o0
f I AT pyeeI” (dt + ess sup ey ]|*
0 te[0,00]
2 /7 e 2
< SClesssup (ILF" @IV N?) | IVl dr
& r€[0,00] 0
2 o]
/ It + £l6012,.  (A25)
te[0,00] 0

The assertion then follows from (A.23), (A.15), (ii), (iv), (v) and the inequality (3.12)
of Assumption 2.

[}
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