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ON SECOND ORDER SEMI-IMPLICIT FOURIER SPECTRAL METHODS FOR 2D
CAHN-HILLIARD EQUATIONS

DONG LI AND ZHONGHUA QIAO

ABSTRACT. We consider several seconder order in time stabilized semi-implicit Fourier spectral schemes
for 2D Cahn-Hilliard equations. We introduce new stabilization techniques and prove unconditional
energy stability for modified energy functionals. We also carry out a comparative study of several
classical stabilization schemes and identify the corresponding stability regions. In several cases the
energy stability is proved under relaxed constraints on the size of the time steps. We do not impose any
Lipschitz assumption on the nonlinearity. The error analysis is obtained under almost optimal regularity
assumptions.

1. INTRODUCTION

In this work we consider numerical schemes for solving the Cahn-Hilliard (CH) equation:

{atu = A(—vAu+ f(u), (x,1) € Qx(0,00), (1.1)

u = Ug-

t=0

The CH equation was originally introduced by Cahn and Hilliard in [4] to describe the phase separation
and coarsening phenomena in non-uniform systems such as alloys, glasses and polymer mixtures. Here
we consider dimension two and take the spatial domain € to be the usual 27-periodic torus T? = S! x St,
S! = R/27Z. The equation (1.1) in its present form is already non-dimensionalized. The function
u = u(z,t) is real-valued and typically represents the difference of the concentration of one of the phases.
The term f(u) = F'(u) with F(u) being a given double-well potential as

Fu)==w?-1)7? f(u)=u®—u.

The minima v = +1 is connected with the formation of domains. In the fourth order dissipation term,
the constant v > 0 is the diffusion coefficient. Since the equation is already non-dimensionalized, the size
of v controls the competition between the nonlinear coarsening effect and the linear smoothing effect.
The CH equation can be alternatively viewed as the gradient flow of the Ginzburg-Landau type energy
functional

E(u) := /Q(%IAVU\Q + F(u))dx (1.2)

in H~!. For smooth solutions the basic energy identity takes the form

%E(u(t)) + /Q |V(—vAu+ f(u))*dz = 0.
Consequently E(u(t)) < E(u(s)) for any 0 <t < s < co. By using this a priori H! bound and the fact
that the critical space in 2D is L?, one can deduce global wellposedness in H*® for any s > 0.

There is an extensive body of bibliography on the numerical simulation and analysis of the CH equation
and related phase field models (cf. [3, 5, 6, 13, 20, 23, 25, 33, 8, 9, 14, 18, 19, 27, 32] and the references
therein). In [10] Feng and Prohl first obtained the error analysis of a semi-discrete in time and fully discrete
finite element method for CH. In [26], Sun derived a second order accurate finite difference scheme and
obtained the error bound O(Axz? 4+ Ay? + At?) in discrete L?-norm. It is well known that explicit schemes
usually suffer from very severe time step restrictions and do not obey energy conservation. Therefore in
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practice one usually resorts to semi-implicit or even fully implicit numerical schemes. In [5] Chen and
Shen considered a semi-implicit Fourier spectral scheme for the CH equation (1.1). The numerical scheme
is forward in time with the linear part treated implicitly and the nonlinear part evaluated explicitly, which
is a typical feature of semi-implicit (linearly implicit) schemes. On the other hand, it is known that due
to truncation errors semi-implicit schemes can lose energy stability for large time steps. As a result
smaller time steps are usually enforced in practice. To resolve this problem, a new class of stabilized
semi-implicit methods were introduced in [11, 18, 27, 31, 32]. A remarkable feature of these new schemes
is that (in practice) larger time steps can be taken whilst not losing energy stability. Roughly speaking,
for a p'" order (in time) method, the basic idea is to add an additional O(A#?) well-chosen auxiliary
term (henceforth called “stabilizing term”) to the numerical scheme in order to alleviate the time step
constraint. Formally speaking the O(At#?) term vanishes as At — 0 and numerical solution is expected
to converge to the true PDE solution. In [32] the authors considered the modified Cahn-Hilliard-Cook
equation of the form

9C =V -(1-aC*)V(C?-C - krV?0)). (1.3)
In the Fourier spectral approximation, they adopted a stabilization term as
—AN(CMH - O™,

where C"™ is the numerical solution at time step t,. Concerning the CH model (1.1), He, Liu and Tang
in [18] introduced a semi-implicit Fourier spectral scheme with an O(At) stabilization term

AA (U™ — ™).

To prove energy stability E(u"*1) < E(u™), they imposed a condition on the stabilization parameter A
which reads as
1 1 1
A>max{fu”x 24 Sl z) + u(x 2}—7, Vn>0. 14
> max{ 2" (@)? + " (@) + (@)} - > (1.49)
This bound is conditional since it depends on the numerical solution itself which implicitly could also
depend on A.

In order to obtain energy stability without any a priori assumption on the numerical solution, Shen and
Yang [27] developed a novel idea of using effectively Lipschitz nonlinearities. The remarkable observation
is that in practical numerical simulations the numerical solutions always stay well bounded and the
nonlinear term effectively coincides with a truncated nonlinearity. More precisely, by assuming

f! <L
l}llgg\f (u)| < L,

where f(u) is a suitable “modification” of the original function f(u), Shen and Yang proved unconditional
energy stability for both Allen-Cahn and CH equations. This idea was followed up recently in [11] for
the analysis of stabilized Crank-Nicolson or Adams-Bashforth scheme for Allen-Cahn and CH equations.

The main drawback of the aforementioned analytic developments is that to obtain energy stability,
one either makes a Lipschitz assumption on the nonlinearity, or one assumes some additional L> bounds
on the numerical solution. An important problem is to remove these technical obstacles and prove energy
stability for a large class of stabilized semi-implicit numerical schemes for general phase field models. In
our recent work [22] by using harmonic analysis in borderline spaces (see for example [1, 2, 21]), we have
obtained a result of this kind for 2D phase field models such as CH and thin film equations. We considered
a first order in time stabilized semi-implicit Fourier spectral scheme and proved unconditional energy
stability when the stabilization parameter is sufficiently large depending only on the diffusion coefficient
and the initial data. In recent [24] we have settled the 3D CH case by a novel bootstrapping argument
(to overcome the issue of uniform L* bounds). Note that all these results are restricted to the first order
in time methods where the energy can be shown to decrease monotonically in time. The situation with
higher order in time methods are far more complex since it is known that energy is only approximately
preserved over moderately long time intervals. This brings the question of how to design robust stabilized
high order in time methods with good energy conservation. A further problem is to investigate the issue
of conditional or unconditional energy stability, characterize the stabilization parameter and identify the
stability region in various situations. The purpose of this work is to analyze a family of second order in
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time semi-implicit Fourier spectral schemes for the 2D CH equation (1.1). Perhaps a surprising result
is that by choosing a good stabilization term we can prove unconditional energy stability albeit for a
modified energy functional. Moreover for several classical second order schemes we have refined results
which remove the Lipschitz assumption on the nonlinearity.

We now state the main results. Consider the following second order in time semi-implicit Fourier
spectral scheme:

3untl — 4y !
2T

where 7 > 0 denotes the time step. This scheme combines second-order backward differentiation (BD2)
for the time derivative term with a second order extrapolation (EP2) for the nonlinear term. In order
to start the iteration, we take u® = IIyug, and compute u! according to the following first order in time
scheme:

= A%y — Ar(uT —u™) + ATy (2 (u") — f(u™TY), n>1, (1.5)

1 0

u-—ut a2 1 0
—— vA*ut 4+ Ally f(u?), (1.6)

u¥ = I yuo,

where 71 = min{Té, 1}. The choice of 7; is such that the error after one iteration is O(72) in accordance
with the second order in time nature of the main scheme. We briefly explain the reason for this choice
as follows. Roughly speaking, an error estimate on (1.6) (see Lemma 2.2) gives

u' —u(r)|3 SN~ + 7 - 77,

where u(71) denotes the true PDE solution at 71 and N~2¢ is due to Fourier truncation of initial data.
This then gives

3
lut = u(ry)lla S N7+ 77

From this it is evident that we need 7, < 5.

For any k = (ki, ko) € Z?, define
|kloo = max{|ki[, |k2|}.

For each integer N > 2, we introduce the space Xy as
Xy = span{cos(k cx),sin(k-x): Jkleo < N, k € ZQ}.
The L? projection operator Il : L?(Q) — Xy is defined by the requirement
(Myu —u, @) =0, Voe Xn, (1.7)

where (-, -) denotes the usual L? inner product.

Note that in (1.5), the stabilization term is of the form Ar(u"*! — ™) which is formally of O(7?)
thanks to the prefactor 7. The initial data ug will be assumed to have mean zero. It is easy to check
that u = I yug, and u™, n > 1 all have mean zero. For L? functions with mean zero it is then possible
to define |V|* = (—=A)*/2, s < 0 as a Fourier multiplier |k|*. The particular case we shall often need is
|V|~! which has smoothing effect of order 1. To this end, define for n > 1 a modified energy functional:

n n 14 n n— 1 — n n—
Bu) = B(u") + 1" — a3+ V] =B, (18)
where

E(u) = /Q(g|Vu|2 + i(u2 —1)?)dx.

Theorem 1.1 (Unconditional stability for (1.5)). Consider the scheme (1.5)~(1.6) with v > 0, 7 > 0
and N > 2. Assume ug € H*(T?) with mean zero. Denote Eq = E(ug) as the initial energy. There exists
a constant B > 0 depending only on Ey and ||ug|| g+, such that if

A= B(1+v ¥logr|'%), B> B,
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then
E(@"™) < E("), VYn>1,
where E(-) is given by (1.8).

Remark. Tt is expected that if the L? projection operator Iy in (1.5) (similarly also in (1.9),(1.10) and
(1.12)) is replaced by a (more computationally efficient) point-wise interpolation operator, one can also
conduct a similar energy stability analysis. Some aliasing error control techniques have been developed
for the Fourier pseudo-spectral method in recent years [15, 16]; similar ideas could also be applied to
our proposed numerical scheme. Yet another issue is the generalization to 3D Cahn-Hilliard and similar
phase-field models for which the main difficulty is the L™ control of the numerical solution. In [24] we
have made some progress in the stability analysis of a class of first order numerical schemes by establishing
some novel discrete smoothing estimates. We plan to address the more challenging 3D higher order cases
elsewhere.

Remark. There have been many works on the second order accurate energy stable numerical schemes for
the Chan-Hilliard equation, such as [12]. An alternate variable is used in the numerical design, denoted
as a second order approximation to v = ¢> — 1. A linearized, second order accurate scheme is derived
as the outcome of this idea, and an unconditional energy stability is established in a modified version.
However, such an energy stability is applied to a pair of numerical variables (¢,v), and an H! stability
for the original physical variable ¢ has not been justified. As a result, the convergence analysis is not
available for this numerical approach.

In addition to [12], there have been a few other related works for the Cahn-Hilliard model, such as
the Crank-Nicholson version, cf. [7, 17]. In these approaches, the energy stability for the original phase
variable has been established at a theoretical level. As a result, this energy stability enables one to
derive the H! numerical stability and the convergence analysis for the numerical schemes. Our proposed
numerical scheme shares a similar merit as in [7, 17], so that the convergence analysis is available, which
turns out to be a key advantage, in comparison with [12]. In addition, our scheme uses a purely explicit
treatment of the nonlinear term, which makes the computational effort much simpler.

We have a slight variant of the scheme (1.5) which exhibits slightly better dependence on the parameter
v (for the stabilization parameter A). The scheme takes the form
3un+1 — Yy + unfl
2T

= —vA%u" L ATAUT —u™) + ATy (2f (™) — f(u™TY), n>1,  (1.9)

where u° = I yug and u! is computed via the same first order scheme (1.6). The main difference between
(1.5) and (1.9) is that the stabilization term — A7 (u"*! —u™) is now replaced by a “higher order” analogue
ATA(u™ —ym).

Theorem 1.2 (Unconditional stability for (1.9)). Consider the scheme (1.9) together with (1.5) with
v>0,7>0and N > 2. Assume uy € H*(T?) with mean zero. Denote Ey = E(ug) as the initial energy.
There exists a parameter 3. > 0 depending only on Eg and ||ug||ga such that if

A= B (L+v Plogv]?), B2 B,
then
E(u"“) < E(u"), Vn>1,
where E(-) is given by (1.8).

Our next two results are on the more “classical” second order schemes which have been often used in
CH and Molecular Beam Epitaxy (MBE) models. Consider the scheme

3un+1 _ 4un + un—l
27

+ A% — AA (T = 20" 4w ) = ATy (f(2u™ —u™TY)), n> 1. (1.10)
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This scheme was first introduced by Xu and Tang in [31] for the 2D MBE equation. For the MBE model
therein, the main unknown is the height function h(z,t) and the scheme takes the form

3hn+1 _24Ah: + hn_l + 6A2hn+1 _ AAhTH—l

= —24AhW™" + AAR" =V - (1 = |V(2R" — K" HP)V(2R™ — b)), VYn > 1.

Denote
. 1 1 1) A
Enthn—hn712 - hn2_12 *Ath 7th_hn71 2.
=l I3+ ZNVA"2 = 113 + Sant |3 + 29 ( )IB
Under the assumption that
1
Az sup [[VERR" = hHF = 14 SV (AT 4 20" = B P o,
n>1
Xu and Tang proved
E"TL < E" + O(A#?),
and
E(h™) < E(h') + O(1)At,
where the O(1) term is given by

Rt — po|?

Al +§At

0(1) = ‘

A HV(h1 1)

+ZAtH hl O’

Our next result removes the a priori assumption on the numerical solution. Furthermore we have
energy conservation for a modified energy functional for moderately small time steps. To state the result,
we need to complement the scheme (1.10) with a carefully chosen first order scheme (to compute u') as
follows

2 2

1 0

u ;1“ = —vA%! + Ally (f(u)), (1.11)

u® = M yuy,

where

71 = min 1,7’

0
The choice of such 71 is to guarantee the error estimate O(72) (as explained before) and further to ensure
the modified energy functional to be controlled by the initial data. The stability theorem below roughly
states that we have energy decay under a very mild condition 7 < 8v.

Theorem 1.3 (Case A > 0). For any 0y > 0 the following holds: Consider the scheme (1.10) coupled

with (1.11). Let v > 0, 7 > 0 satisfy
2 1
,/V>2+%

Let ug € HY(T?) with mean zero. There exists a constant 3. > 0 depending only (0o, E(uo), ||uo||gs) such
that if

AZB-(1+v (1 +v)%logv*), B> B,

then

Bl ) + V] @ = ) B+ S — a3
< B + LIV @ —w B+ St — R, Yz
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Remark. Although the condition on A in Theorem 1.3 is very stiff especially when 0 < v < 1, it is
independent of the time step 7. Since the stabilization term is of the form AA(u"* —2u™ + u"~1), the
local truncation error is bounded by

2
C, -4,

where C, > 0 is a constant depending on v (and also on the Sobolev norms of the nearby exact PDE
solution). If one insists on having v-uniform error bounds, the aforementioned upper bound can be quite
inferior as can be seen by taking 7 ~ v and sending ¥ — 0. On the other hand it is a well-known open
problem to extract v-independent L> upper bounds even for the PDE solution of CH for which maximum
principle is no longer available. In general the constant C), depends on v and we did not optimise this
dependence here in order not to overburden the analysis. This issue of v-dependent truncation error is
also common for many other existing numerical schemes for phase field type models, since the rigorous
analysis all involves bounding the various Sobolev norms of the solution which in turn implicitly depends
on v. We hope to investigate this important issue in the future.

For comparison we state the following theorem for the case A = 0, i.e. when the stabilization term
is absent. In this case as expected the time step constraint is much more stringent than the case with
stabilization.

Theorem 1.4 (Case A = 0). Consider the scheme (1.10) with (1.11). Set A =0. Let ug € H®(T?) with
mean zero. There exist constants C; > 0, Cy > 0 depending only on (E(ug), ||uo||gs) such that if

9

Cl 9

r< 1—|—|1_03gy\4
oY

1+ [logv[*’

when 0 <v <1,
when v > 1,
then for allm > 1,

E@"™) + VI @ = w3 + g lle T =t

n 1 — n n— 1 n n—
< E@") + VT " =" H5 + S llu® = w3
4t 2

Our next result is concerned with the scheme:
3untl — 4y L
2T

+ A%y AA (T = 20" 4w ) = ATy (2f (u”) — f(u™TY), n> 1.
(1.12)

Note the subtle difference between (1.10) and (1.12). Namely the nonlinear term is now replaced by
2f(u™) — f(u™1). One should note that from the computational efficiency point of view, the treatment
f(2u™ —u™~1) is better than 2f(u™) — f(u™~'). Somewhat surprisingly, the latter also turns out to have
inferior stability properties due to some spurious terms in the stability analysis.

In [27], Shen and Yang considered the scheme (1.12) for a suitably truncated nonlinearity satisfying

!
< L.
max |f'(u)| < L

Under a condition on 7 (which depends on L and v) they proved energy stability. However the stability
analysis therein is valid for all A > 0 and it was not known whether the scheme (1.12) with A > 0 has
better stability than the case A = 0. See Remark 2.2 in [27] and the numerical experiments mentioned
therein for more in-depth discussions.

The next theorem removes the Lipschitz assumption on the nonlinearity. Furthermore we discuss the
case A = 0 versus the other case A > 0. Our analysis suggests that in the regime v — 0 the scheme with
A > 0 has better stability property than A = 0.

Theorem 1.5. Consider the scheme (1.12) with (1.11). Let uy € HS(T?) with mean zero. There are
constants C; > 0, i =1,2,3,4 depending only on (E(uop), ||uo||gs) such that the following holds:
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Case 1: A=0. If
9

v
Ci——, hen 0 < v < 1;
11+|1og1/\4 when v

TS 1/73
Co—m——— h >1
21+|10gu\4’ when v > 1,

then for anyn > 1,

E@"™) 4+ VI @ —umllE + e =t

< B(u®) + V] Hu" —u 1)H§+§I|u —u" 3.

Case 2: A = const-(v~*+v?). If

5

v
Cy—m hen 0 < 1
31+|1ogy\2’ when v<l1,
T< i
Co—m— h >1,
41+|1ogy\2’ when v =
then for anyn > 1,
Bu™™) + —(IVIT @ = a3+ ——u" T - w3
4T 2
n 1 — n n— A+1 n n—
< Bu”) + IV =3+ et =

We now turn to the error analysis. We shall choose the representative case: the scheme (1.5) together
with (1.6).

Theorem 1.6 (L? error estimate). Let v > 0. Let ug € H®, s > 8 with mean zero. Let u(t) be the
solution to the 2D CH equation (1.1) with initial data ug. Let u' be defined according to (1.6) with initial
data u® = M yug. Let u™, m > 2 be defined according to (1.5) with initial data u®, u'. Assume A satisfies
the same condition as in Theorem 1.2. Define to =0, t1 =11, t,, = 11 + (m—1)7, m > 2. Then for any
m>1,

[u(tm) = u™[l2 < Cy - e - (N2 4 72),
where C; > 0, Cy > 0 are constants depending only on (ug,v, s, A).

Remark 1.1. Similar error analysis results hold for the other schemes mentioned above. We omit such
statements since the proofs are minor variations of the theme.

The rest of this paper is organized as follows:

§1. Introduction and preliminary results.
§2. Estimate of the first order scheme (1.6).
§3. Unconditional stability for the scheme (1.5) (Theorem 1.1).
§4. Unconditional stability for (1.9) (Theorem 1.2).
§5. Stability results for the scheme (1.11) (Theorem 1.3 for A > 0 and Theorem 1.4 for A = 0).
§6. Stability results for (1.12) (Theorem 1.5).
§7. Discretization lemma for the PDE solution.
§8. Error analysis for the scheme (1.5) (Theorem 1.6).
§9. Concluding remarks.
We end this introduction by collecting some notation and preliminaries used in this paper.
We denote by T¢ = R%/27Z¢ the 2n-periodic torus. For any x = (x1,---,24) € R? we use the
Japanese bracket notation (z) = /1 + 27 + -+ + 22.
Let = T¢. For any function f: Q — R, we use || f||» = || f||Lr() or sometimes || f||, to denote the
usual Lebesgue LP norm for 1 < p < co.
For any two quantities X and Y, we denote X <Y if X < CY for some constant C' > 0. Similarly
X Z2Yif X >CY for some C > 0. We denote X ~Y if X <Y and Y < X. The dependence of
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the constant C' on other parameters or constants are usually clear from the context and we will often
suppress this dependence. We denote X <z, ... z Y if X < CY where the constant C' depends on the
parameters Zq, -+ , Zp,.

We use the following convention for Fourier expansion on 2 = T¢:

—'Lw 1 R ik-x
FENE) = 1) = [ e o, f@) = g 3 FR)e.
kezZd
The usual Parseval takes the form

1 o
29 2
[ is@Pds = s 3 1t
kezd
For f: T — R and s > 0, we define the H*-norm and H*-norm of f as

11157 = " D A+ RP)IFR)P,

kezd

£ = @ > kPIf (k) (1.13)

kezd

provided the above series converge. In particular for s =1
£l = IV fl2-

If f has mean zero, then f(0) = 0 and clearly

1l ~ (3 K1)

kezd

Nl

For f with mean zero, one can define the H*-norm for s < 0 by

1= (gmz 3 WPI70)

0£keZd

Nl=

provided the series converges.
For mean zero functions, we can define the fractional Laplacian |V|* = (=A)*/2, s € R by the relation

VI f(k) = KI*f(k),  0#kezZe

The mean zero condition is only needed for s < 0. We shall also define (V)* for any s € R as the Fourier
multiplier (k)* = (1 + |k|?)%/2.

In later sections, we will often use without explicit mentioning the following interpolation inequality
on T?: for s > 1 and any f € H*(T?), we have

[fllLoe(m2) Ss 1+ HfllHl(W)\/log 3+ 1 F e (r2))- (1.14)

We include an elementary proof of (1.14) for the sake of completeness. Let R > 2 be a number whose
value will be chosen later. Then

1flleo S > 1F(R)

keZ?
1 s
SO EPIFEP) 2] R+ (RIS ae
[k|I<R [k|I<R |k|>R

S Al viog R+ B2 fl o

Choosing R = 3 + || f|| - then yields the result.
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Remark 1.2. An alternative version of (1.14) is

[/ 1|2z
[fllLoe(r2) Ss 1Flar(r2) log(?) + N TH=(T2) )
[l

Note however that the constant term 1 needs to be present in (1.14). If this term is absent, one can take
a sequence f, = €,¢ with ¢ fixed and €, — 0 to arrive at a contradiction.

‘We shall need the following simple inequality when we extract the conditions on the stability parameter
A. The typical condition on A takes the form:

A > const -v%(|logv|® + |log A|® + 1).
It is then routine to derive the condition on A as
A > const -(v*|logv|® +1).
The following lemma clarifies this “routine” estimate.
Lemma 1.1. Let a > 0 and C > 0. There exists a constant ¢y > 0 depending only on « such that if
X >0, with

C
X <e¢g-
=<0 max{|log C|*, 1}’

then
X|log X|* < C.
Similarly let « € R, 8 >0, C >0, v > 0. There exists a constant C; > 0 depending on (C,«, ), such
that if
X > C (v logv|? +1),
then
X>C-v* (|logr|]® + |log X|° +1).

Proof. We shall only prove the first inequality. The argument for the second inequality is similar and
therefore omitted. Consider first the case |log C| > 10. Set

B C
~ TlogC
where 77 > 0. Then
[ log X|* Sa |log C|* + [logn|®.
Thus

X|log X|* < C-(n+ |1 0|a -n|logn|®)

<C-(n+nllogn|*) <C

if n is sufficiently small. On the other hand if |log C| < 10, then C' ~ 1 and just need to take ¢ to be a
sufficiently small constant.
O

2. ESTIMATE FOR THE FIRST ORDER SCHEME (1.6)

In this section we gather estimates for the first iteration u! defined according to the scheme (1.6).
More specifically Lemma 2.1 will be used in the stability proof later. Lemma 2.2 will be used for the
error estimate later.

Lemma 2.1. Consider (1.6). Assume ug € H4(T2) with mean zero. Then

vfl 1_,0
1

HVU 13 SEGuo)fluoliga L
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Proof. First we estimate ||u'||o. Write

1 1 AIL
1 _ 0 1 N 0
Y _1+T11/A2u +1+71VA2fu).

Clearly

1
1 <___—- .0 =N 0
Hu HOO ~ ||1+T11/A2u HH2 + ||1+T11/A2 (’LL )HH2

S e + 1A(W") = u®) |2 (Note 7y < 1)
< luoll s + lluollZrs-

Taking L2-inner product with (—A)~1(u! —u°) on both sides of (1.6), we get
1 _ v
ol 1Y Hut = a3+ S(IVul]l3 = [Vulll3 + [Vu' = Vi)
—(f(u?), u —u)
|

Hf(uo)l allu’ = ulla Sl e 1-

Then
1 —1/,1 o2 , Y 12 - Y 012
EHIVI (w —uw)llz + S IVurlly < SIVaZllz + Cllluoll )
1

SE(uo),luollga 1>

where in the above C(||ug||ga) denotes a constant depending only on ||ug]| ga.

Lemma 2.2 (Error estimate for ul). Consider

ul—uo

= —vAZul + Ally f(u?),
uf 2 I yug.
Compare with
{atu = —vA%u+ Af(u), 0<t<my,
u(0) = up.

Let ug € H®, s > 6 with mean zero. There exists a constant D1 > 0 depending only on (ug,v,s), such
that

3
lu(ri) = u'll2 < Dy - (N7* +77).

Proof. We proceed in three steps.
Step 1: Rewrite the PDE into time-discretized form.
We first rewrite the PDE on the time interval [0, 71]. Note that for a one-variable function h = h(8),

we have
0
h(0) = h(m) —|—/ h'(8)ds

= h(Tl) — h/(T1)T1 + /OT1 h”(§>§d§.

Using this formula, we get

u(ﬁ)Ti:“(O) — (Ou)(m) — ?11 /0 " (Owu)(3)5d3
— _UA2u(m) + Af(u(m)) — ?11 /O " (Buy) (5)35

— _UA%u(m) + ATl f(u(0)) + ALy f(u(0)) + A(f(u(r)) — Fu(0))) — ~ / " By (3)3d3,

T1
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where Iy = Id —IIy. Now note that
Qttu = —V@tAQu + A@t(f(u))
= A(—voAu+ f'(u)dpu).

Thus
M = —vA%u(r) + Allx f(u(0)) + AGP,
where
. 1 , -
G° =TIs N f(u(0)) + f(u(m)) — f(u(0)) — ?1/0 (—vAQu + f'(u)0yu)(8)5ds.

Step 2: Estimate of G°.
Clearly since ug € H® and H® is an algebra when s > 1 (in 2D), we have

M f(u(0)]l2 S N2 f (o)l s S N7

On the other hand,
fu(ry)) = f((0)) = £'(&) (u(r1) — u(0)),
where £ is a number between u(0) and u(m). Easy to check that ||u(71)|co Sue 1. Then
If(u(t)) = f(u(0)]|2 S [Ju(t) —w(0)]]2 S 7'1||3tUHL$°L3,([0,n]) NGE
Finally since u € L{° HS, we have
S /0 " (CuAGu+ F(u)pu) (3)3d3

T1

2
5/ ||A8tu||2d§+/ f (w)dul2ds < 7.
0 0

Thus
IG°l2 SN~ + 7.

Step 3: Estimate of ||u(T) — ul|2.
Now we compare

u(r1) — u(0)
1 b

U —u

= —vA%u(m) + Ally f(u(0)) + AGP,

= —vA%u! + Ally f(u),
1

u(0) = ug, u® = Tyup.
Denote e! = u(ry) — u! and €® = u(0) — u°. Then we get

61—60

= —vA%e! + ATy (f(u(0)) — f(u”)) + AG".

71
Taking L2-inner product with e' on both sides, we get
1

5 (llell3 = N1€?113 + lle” — €”lI3) + vl Aet(3
1

< (1 (u(0)) = F(u)ll2 - 1At [l2 + 1G22 - [|Ae™2
SUll2 + 1G%12) - llAet ]2

const const

v
< 115 + —=N1G°15 + S A3

It follows easily that
lel13 < @+ 7)lell3 + I GOl13

(1 +71)N_25 + Tl(N_zs + 7'12) < N72 ¢ Tf.

IZANRYAN

11
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Thus
etz S N=° + 72,

3. PROOF OF THEOREM 1.1
In this section we establish the stability result Theorem 1.1. We begin with several lemmas.
Lemma 3.1. Consider (1.5) with n > 1. Suppose E(u"™) < B, E(u"~') < B for some B > 0. Then
[l S v v

ATt 1
||un+1||H2 ,SB 7+T—l/—|—y—1+y_g;

Ar 1
[u" o € ap-(1+v7")- \/log(S t vl 4 v78),

Proof. Since u™*! has mean zero, it suffices to estimate |[u"*'||;: and |[u™!| 5. respectively. For
simplicity of notation we shall write <p as <. Since E(u™) < B, we have

/Q(%V|Vu"|2 + i(w)? —12)dz < B.
Clearly then
IVutlz S w120 Jlutlls S 1.
Similarly
IVu e Sv=2 e e S 1

These estimates will be used without mentioning below.
To bound |[u"| z1, we first rewrite (1.5) as

442472 -1 el 21 AIl v

n

T3 roraz oAzt T3rorAz oAzt T3 ourAZ 242
Observe that

unJrl

(2f (") = f@"™h).

3 3
Al R
3+ 271v|k|* + 2472 ™ Tulk|*

1
kT VO£ ke

Then
"+ s S s+ o e+ 19) 7 2F) = £
Svm v @ s + 1@ lags + a2 + "M lo) S w7247
For ||u"| 42, observe that for any 0 # k € Z*:

442472 1 AT _
A e < o+ 2T R
3+ 21v|k|* + 2AT TV v

1 1
<M
3+ 27v|k|* + 2472 ~ 11
Then
1 Ar 1 1
n+ly . < (_— 0 n T l,m—1 Z12 ny _ n—1
[0 s S (o + S0+ s + 27 — )l
Ar 1 1
< 70 7 = ni3 n n—113 n—1
S 5t Ul + ez + lam g + [lu™ )
Ar 1

1
S—+—+ ;(y‘?’/z +1).
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Here in the estimate of |[u"||¢, we have used the crude bound |[u™||s < ||u™|| ;7 S v~1/2. No interpolation

is needed here since [[u™!|| 5. only enters the logarithm part of the estimate of L>-norm of v, and
any power gain is immaterial.

Finally for the estimate of ||u""!||., we just use the interpolation inequality

[flloe S 1+ 11f1lm V1og(B + [ flla2) S (14 [1f1lm2) v1og(3 + [Lfllar2),

and the fact that 1 +v~2 + v~ <1471

Since the bound on [|u™|| g2 is of the form

[ g2 < Cp - M,
where C'p depends on B, we have
log(3 + CpM) < Cplog(3 + M),
where Cp is another constant depending only on Cg. The desired inequality then follows.
]

Lemma 3.2. Consider the scheme (1.5). For any n > 1, we have

n n v n n 1 — n n 1 n n
E@"™) = B@") + 5[V (@™ = a5+ (Ar + ) [[VI7 @ — a3 + a3

1 1
+ (VI = a5 = IV = a"H15) + IV e =2Vt + [V

1 3|l 2 3 n—1(|2

> o

3 e
<G5 + ™ %) +
In particular, if

L (L 3llumI5 + 3llem IS )?
v

> S (a5 + ™)

)

N |
N W

1
V(AT + —) +
.
then
Eu™™) < E(™), n>1,

where
v

B(u™) = B + 4

1
=5+ IV @ =

Proof. We first rewrite (1.5) as

n+1l _ n n—1
3u 4u™ +u + VA2un+1 + AT(un—i-l _ un) _ AHN(2f(’U,n) _ f(un—l))

2T
We take L? inner product with (—A)~!(u"*! — u™) on both sides and estimate each term separately.
For simplicity of notation we denote du™t! := "' — 4™, Note that §2u"t! = w1 — 2u™ 4+ w1,
Clearly
3ut — 4y 4y = 260 4 5%
Then

(3un+1 _ 4un _|_un—17 (_A)—l(un+1 _ un))
=2/|8] V|~ a3 + (879 5V
1 n 1 1 m “1.n 1. n
=201V THIE + S8V e TS = 181V 5 + 197V ).

Here we used the simple identity

(&zn)an _ (an o anfl)an
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Similarly
(VA2 (= A)TEoum T = p(Vu T Vet
14 n n n
=5 (IVu FHE = Va3 + [[6Vu+3).
Also
(Arsu™ (=A)"Loum ) = A7||6|V| e |2

Collecting the estimates, we get
v n 1 1 n v n 1 1 n
LHS = Z[|Vu +1||§+EII5IV| S = (51 Vu II§+EII5IV| tu|[3)

1 1
+ S |6Vu L + (AT + 2)|I6]V| T h e R + 1029t 3.
2 T 4T
For the nonlinear term, note that
(AT (2f(u") = Fum1)), (~A) " 8umH) = —(2f (") — ("), 5um*).
Now split
2f (") = f(u" ™) = flu™) + (F(@) = fu"7h)).
Observe (recall F(z) = (22 — 1)2/4)
1
~ 1
Fu"™) — F(u"™) = f(u™)ou"" +/0 fu" + s0u™ ) (1 — s)ds(su™1)? — 5((51/”'1)27
where f(z) = 322
Therefore
P 2 P = () 4 S (00 = (2 + 2 - (o),
On the other hand, noting that f’(z) = 322 — 1, we get
(fu™) = fu"™h) - 0u™t = —(1+3[lu” |5 + 3llu" [ - [ou”] - [5u" .
Thus
1 3
RHS < = [ P )de+ [ Plyde = G103 + 02 + ) - Jour 3
+ (132 + 3lla ) - f[dum 2 - [low” .
By using the inequality ab < ea® + 4i€b2, we get
(14 3llu" 1% + 3l HZ) - lou 2 - [|ou™ |2

o (L 3llun I3 + 3flu~12)?
- v

v
613 + % 3.
Collecting the estimates, we then obtain

v 1 1
E@w") — E(u") + §II5VU”+1H§ + (AT + ;)Hﬂvl’lunﬂllg + §II5U"HII§
1 -1, n -1, n 1 -1, n
+ 1 (I81V] L3 = 6]V ||§)+EII52IVI Rl P
(1+3flu™ 13 + 3]l 1Z)
v

3 n n n v n
< (U115 + ™ %) + Moum 3 + 5 lou™ 13-

Now

v 1 1
DN + (A + BV >y fuAr 4+ )6V 6191

;
1
>\ v(AT + ;)||5u"+1||§
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Clearly if

L (L 3llumI5 + 3llum IS )?
v

> S (™5 + ™1

)

N |
N W

1
V(AT + —) +
-
then
1
E(u"*1) + 2 [aVur 2 + 18]V a2
4 4T
n v n ]- — n
< E(u )+Z||5U ||§+EH5|V| fun|)3.
Since ||[§Vu" |z > ||du™*||2, we clearly get
E(u™h) < E(u™).
OJ

Proof of Theorem 1.1. In this proof we shall denote by C a generic constant which depends only on
E(ug) and |Jug||g+. The value of C' may vary from line to line.
Set

B = max{E(u'), E(u°)}.
By Lemma 2.1, we have
B Slluoll 4, Buo) 1-
We shall inductively prove for every m > 2:

E(um) < B, E(um) < E(um_l),

A 1
[0 loo < ap-(1+v71)- \/log(3 e )
14 TV

where ap > 0 is the same constant as in Lemma 3.1. We shall specify the choice of the parameter A
during the course of the proof.

We first check the case m = 2. Note that F(u') < E(u') < B, E(u®) < B, therefore we can apply
Lemma 3.1 and obtain

A 1 5
u%]|oo < ap-(14+v71)- \/log(?) LTI v2).
v o TV
We only need to check E(u?) < E(u'). By Lemma 3.2, this amounts to checking the inequality
1.3 (1+ 3wl [f3 + 3[1u°]%.)?
22 S+ ) + : .

By Lemma 2.1 (for ||u'||s) and using the bound on ||u?||», we then only need to choose A such that

1
V(AT + ;) +

1 1 1 1 5
v(AT 4+ ;) + 3 >C-(14+v7?)log(3 + ;(AT—{— ;) +rvt4vT) 4 ovt

Denote X = At + % Note that X > 2v/A which can be made large by taking A large. In terms of X,
we need

\/EJr%2C-(1+zf2)~log(3+%X+zf1+zf%)+0~u*1.
Now discuss two cases.
Case 1: 0 < v < 1/2. In this case we only need
VX > C-v%(|logv| + |log X|).
Easy to see that we need
X >C-v°|logv|?.
Case 2: v > 1/2. Then we need to fulfil
VX > C - (|log X| +1).
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It suffices to take
X >C.
Concluding from both cases, we obtain the condition on X as
X>C-(1+v 75 logv|?).
Recalling X = At + %, the condition on A then takes the form
A>C-(1+v 0 %ogv*).

We now check the induction step. Assume the induction hypothesis hold for all 2 < m < n (n > 2).
Then for m = n + 1, we can use Lemma 3.1 to get

A 1 5
[ oo < ap - (1407 wa(g H ),

We then only need to check the inequality E(u"t!) < E(u™). By Lemma 3.2, we only need to prove

BNNE DR PP (1 3l 2 + 3" 2
VAT + )45 = SO+ ) + .

Note that for n > 3, by using the induction bounds, we have

i

A 1 :
max{[u" oo, 4"~ loc} < a5+ (14071 \/ log(3 + S+ 2 vt v,

If n = 2, then by Lemma 2.1,
[u" oo = Jlutfloo < C-
By the above L> bounds on (u"~1, u" u"*1), we then obtain the inequality on A as
1 1 C AT 1 5
A N+=>= (1 -H.q — 4 — -1 )t
V(AT )+ 52 4 O (L) (log(B+ — + = v +07H))
A 1 5
FO-(1+v72) (log(3+ 2 + — + v v 5))2
v TV
In terms of X = At + %, we have

1 C 1 :
VX 52— 4 O (L) (log(3+ - X 07 T+ )t

+C-(1+v7%) - (log(3+ %X T+t )2
Now consider two cases.
Case 1: 0 < v <1/2. Then we need
VX > C v (|logv| + | log X|)*.
Thus need
X >C-v 9 logv|®.
Case 2: v > 1/2. Then we need
VX > C+C(|log X| + 1)~
It suffices to take
X>C.
Concluding from both cases, we get the condition on X as
X >C- (v logvl® +1).
Recalling X = At + %, the condition on A then takes the form
A>C-(1+v ¥ logy|'0).

We have completed the induction step. The theorem is proved.
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4. PROOF OF THEOREM 1.2
In this section we give the proof of stability for the scheme (1.9), i.e. Theorem 1.2.

Lemma 4.1. Consider the scheme (1.9) withn > 1. Suppose E(u™) < B, E(u"~1) < B for some B > 0,
then

||un+1||H1 fSB V—1/2 + Z/_l;
ATt 1

||Un+1||H2 SB 24 = +V_1 +V—5/2;
14 TV

A 1
nw”wWSaB«1+vW'¢ba3+17+Ty+vl+v5ﬂx

where ap > 0 is a constant depending only on B.

Proof. Rewrite
4 —2412A 1 27AIl Ny
n+1 — n __ n—1 2 ny _ n—1 .
57 orAT —247A" 31 arrAT —24rA" T3y arrar —aara A ) — W)
We shall write <p as <. Since F(u") < B and E(u""!) < B, we have

[Vu™lo + Va2 S v 2,0 flu s+ [Ju" s S 1

u

Then since u™*! has mean zero, we have
[l S ™ g
_ 1 _ _
Sl + e g+ SIKV) H2f (™) = fu" )]
<24t

Next observe for any 0 # k € Z2:

4—|—2A72|k|2 1 AT _
4 211,12 5(74_7)“{4 27
3+ 2vT|k|* + 2AT2|k| vt v
1 1
S — -k
3+ 2uT|k|t + 2472k|12 ™ TV
Then
1 AT 1 1
n+1 ,2< 7 0 n - n—1 Z2 ny _ n—1
0™ i S ot SN+ s + 5 2 ) = f )
AT 1 1
< 70 . - n|3 n n—1)3 n—1
S 5t Ul + ez + flu g + [lu™ )

Ar 11
S+ 54— (w2 40).
14 TV v

Finally for the estimate of |[u"*!||o, we just appeal to the logarithm interpolation inequality.

Lemma 4.2. Consider the scheme (1.9) with n > 1. If

1 v_ 3
At g2 SO + )

L (L 3l + 3l IS )?
14

)

then
Eu™™) < E(™), n>1,

where
R 1
E(uth) = ™) + S um = 3+ V] @ - ) .
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Proof. Taking L2-inner product with (—=A)~1du"*1 = (=A)~1(u"*! —u™) on both sides of (1.9), we get
e R I I e N P e AU Py R W
+0Vu"H3) + Arflou 5 = —(2f (") — fu"Th), 6umtH)
<= [ Pt | P = 100 B+ S + e ) o

+ (14 3llu"|15 + 3w %) - du | - 6w |2
Clearly then

B+ 181913 = (B + 210191 [3) + 1 192191+ B
1 i v " 1 n
B9 + 25T+ (A7 )6t

3 n n n n n— n n
S U2 + Tu I Iou™FHIS + (1 + 3l|u™ I3 + 3llu" T IZ) [6u" 12 - f[6u”l2

=2
n n (1 + 3[Ju" 3, + 3llu"~H2)?
(5 U™ l1% + llu*1%) + = =

A

IA
o] w

v
Mou 113 + ZHéu”H%
Note that

1 —1, nt1y2 , Y n+12

e N R P 2P

1 v v
= Lo 2+ L vt + L evur 2
T 4 4
V n V n
\fnau Sl RN TR
T 4

E(u"™h) + 8V G 4 Zllou TS = (Bl™) + 10V et 5+ 16w 13)

v

We then obtain

1 N 3 ,m n (L4 3llum 3 + 3w 22 s n
T (At 54 Dl 3 < i, + e + w13
2 T 2 v
Clearly if
1 v 3 n n (14 3w I3, + 3llu"t3)?
At 22 SO + ) + o T
then
E@"™) < E@"), n>1,
where
- 1
B(u™) = B@™) + 2 um+ — o3 + =V @t - um) 2
4 4t
g

4.1. Proof of Theorem 1.2. The main argument is similar to that in Theorem 1.1. Therefore we just
point out the needed changes. By Lemma 4.1 and Lemma 4.2, we only need to check the inequality

1 A 1 5
AT+*+1/ZZC'V_l+C'(1+I/_4)-(10g(3+i+7+y_1+1/_§))4
2 T v TV
-2 Ar 1 -1 —5\\2
+C(1+V )-(log(3+7+7_7+1/ +v 2)),

where C' > 0 is a constant depending only on (E(ug), ||uol| g4)-
We shall only consider the case 0 < 7 < 1. The case 7 > 1 is simpler and therefore omitted.
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Now note that

A 1 5 1
log(3+ 28 + — 4+ v~ 47 8) <1+ |log A| + |log 7| + | log(=)]-
1% TV 1%
Consider two cases:
Case 1: 0 < v < 1/2. Then we only need to check

AT+ \/7 >C - v v 41+ |log Al* + |log 7|* + |log v|*).
T
Or more simply
At + \/; >C v Hlogv/* + C- v log A|* + C - v - |log 7|*.

T
If 7 <n-v?/|logv|®, then one can take A = 1 and the desired inequality follows if 7 is sufficiently small.
On the other hand if 7 > nv?/|logv|®, then we can take

A>B-v Blogv|*?,
where (3 is sufficiently large.
Case 2: v > 1/2. Then we only need to check
AT + \/; >C-v '+ O+ |log Al* + |log T|*)
T

+C(1 + |log A|* 4 |log 7|?).

Clearly if 0 < 7 < 1, then we take A = 1. On the other hand if 7 ~ 1, then it suffices to take A > 1.
Concluding from both cases, we found that it suffices to take

A>p-(1+4 V—13‘ logu\m),

where f is sufficiently large (depending only on (E(ug), ||uol/g1))- O

5. PROOFS OF THEOREM 1.4 AND THEOREM 1.4

Lemma 5.1. Consider the scheme (1.10) withn > 1. Suppose E(u™) < B-(1+v)?, E(u"~ ') < B-(1+v)?
for some B > 0. Then

™ e

A
" gz S5 + =+ ==+~ + v
vT V2 V2T v

1
[ Moo < ap - (v H +012) \/1 +[log(A +1)] + |log v + [log{— )],
where ap > 0 is a constant depending only on B.
Proof. We shall write <p as <. Note that

IVa" o + Va2 S v 20+ 0), a4 lu o S 1+ )2

Write
4 —2ATA —1+4+2A7TA _ 21 AIl v _
n+1 __ n n—1 n_ ,n—1
Y T 3_247A+ 21/7'A2u + 3—2ATA + 21/7'A2u + 3 —2ATA +2uT A2 f(2u ut).
Clearly

_ 1 _ _
el S ™ S ™+ "l + S I THF @™ =)

1

-3 1 n n— n n—
SvTE )+ (@) ags + 1@ s + a2+ w7 l2)

|-

< i1+ )+ 1 +w)? <v o2
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On the other hand,
lu™* a2 S ™+ g

1 A - 1 n n—
S (4 ) (lullz + flu” 1H2)+;||f(2u —u" )|l
1 A 11
< (—_ (1 3 —. ni3 n—1)3 n n—1
S o+ )@ +w)E + = ([l + u™ g + a2+ la"l2)

1 .

g(7+f).(1+u)%+;~(1f%(1+V)3+(1+V)%)
1 A 1  A+1

e
vT v V2T vz

Finally the L*> bound just follows from the logarithm interpolation inequality. Note that we always
have v 4+ /2 > 1.
O

Lemma 5.2. Consider the scheme (1.10) with n > 1. If v > 0, 7 > 0 satisfy
[2v S 1
T 2’

2v 1 n— n n
2A+1)(y) 2 = 5) 2 720 max{un e s [ ),

and

then
E(u +1)+EIIIV| Yut —u )\|§+72 u™ = w3

1 _ _ A+1 _
< B") + LIV — w4+ St —

Proof. Taking L?-inner product with (—A)~!(u"*! — u™) on both sides of (1.10), we get

Sun+1 _ 4un + un—l

1

( J(=A)Thoum ) = —(26um T 4 62 (= A) T eu™ T
2T 2T

1 1 n 1 1 n —1 n -1, n
= 5 CISIVIT e G + SISV T — 101V |5 + 10% V| T I2);
(A% (—A) T Houn ) = %(HVU"H||§ — IV |13 + [laVu"3);
— n A n n n
(—AAE* ™), (=A) " Houm ) = 2 (6w FHE = Nldu™ I3 + [[0%a™ ).

For the (nonlinear) RHS, we have
(ATIy f(2u™ —u™ 1), (—A) " Lou™ )
= — (f(2u™ —u" 1), 6u™t)
= (2u™ — " U™ (w3 — (2u™ — ™ H3, du ) — (w3, su ).
Now
(2u™ — "t um )

— (52un+1,6un+1) + (un+1’6un+1)
1 n n n 1 n n n
= — S lou"THIZ — [1ou |5 + 1% 3) + 5 (™5 = ™[5 + lou™ 13-

By convexity, we have

[t

(@, ) < —( @) + (")),
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On the other hand,
(") = (2u" )P, bur )
=[(u"1)3 — (@ — 523, suntl))|
< [Joum g - [10%u™ 2 - Bmax{[Ju T3, [|2u™ — w3}

< JJou" |z - |6 2 - 27 maxd [Ju” |3, w712, lu" IS}

Therefore
1 1
RHS < —( | Fu™)do+ 5w E) + (| Fa)do+ 60" [B)
Q Q
1 1
— SR + S 5w
80 620 3 - 27 a2, = e, 2,

Clearly

1 v 2v
18IV B + DTt 2 4 s .

Collecting all the estimates, we obtain

n 1 1 A+1, .
E(") + 6V~ S+ — = llou 3
4t 2
ny o, L 1on A+1, .

< B(") + 181917 " 3+ S5 6w 3

= (02 = P8 — w1227 e o e e+ 6 )

Thus if

2v 1 n— n n
24+ 1D/ — — 3) 2 729 max{|lu HIses lla™ 130 llu™ 15

then the desired inequality follows. O

Lemma 5.3 (Estimate on u'). Consider the scheme

where

u' —u® 2,1 0
= —vA AIT
- v u- + N(f(u ))a (51)
u¥ = Iyug,
71 = min{1 T4/3 ! }.
9 ) A+ 1

Suppose ug € HS. Then

a0 Spuoll e 1
A+ Dllu' =I5 Sjuol,e 1 +v)7

1 -
E(u') + = IVl Hu' = )13 SBuo)luoll e 1

Proof. First note that

oL e, mA
14 vm A2 1+ v A2 N

(f (™).

Then

lutllzzs < s + 1 @) s Spuolye 1-
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On the other hand, by (5.1), we get
1

;lllu1 — 2 < vljut | ge + [ADN(F@O)ll2 Sjuollye L+ -

This implies
1
(A4 Dllu = w3 < T?Hul — 0113 Sjpuolle (1+1)%

Taking L?-inner product with (—A)~!(u! — u°) on both sides of (5.1), we get

1 _ v

EH\Vl Hul —u”)3 + §(Wu1||§ — [IVa® (I3 + [V — Vul|3)

= — (f(”),u" —u°) Sjuell,pe 1-
Thus
1 _
B(u') + ol 1Y Hub = )13 SEGwo)lluollys 1
O

5.1. Proof of Theorem 1.3. The main argument is similar to Theorem 1.1. Thus we only sketch the
needed changes. Recall

By = B + 10191+ a3 n>
By Lemma 5.3, we have
E(u') < Cp-(1+v)?
where Cy > 0 depends only on (E(ug), ||uol|gs). Note that
Eu’) < € < o0,

where C depends only on (E(ug), ||uo||g1). Then we set B = max{C1,C:} and inductively prove for
every m > 2,

Ew™)<B-(1+v)?, E@™) <Eum™?),

1
[u™]|oo < ap - (v! _|_z/%) . \/1 + |log(A+1)| + | logv| + |log<;>|,

where ap > 0 is the same constant as in Lemma 5.1.
By Lemma 5.2 and Lemma 5.1, we then only need to verify the main inequality

2v 1 1
2A+ 1) Z ~2) = Con (v +02) - (1 [log(A + DI + [Togw + [los( D)),
where Cy > 0 depends only on (E(ug), ||uol| ge)-
We shall only discuss the case 0 < 7 < 1/2. In this case |log(1)| ~ |log 7|. The other case T > 1/2 is
much simpler and therefore omitted.
Note that A+ 1 > 1. To remove the dependence of the above inequality on log 7, we first consider the
inequality
2v 1 1
s o (02 [ Tos( )2,
Y 320 ) Jlog(L)
It is clear that if |log 7| > |logv| + 1 (i.e., 7 is sufficiently small), then the inequality holds.
Then it suffices for us to verify the inequality
2v 1

A+ — =520 (v~ + %) - (1 + [log AP + [ logv|?),

where C3 > 0 depends only on (E(ug), ||uol| gs)-
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By our assumption on (v, 7), there exists a constant 6; > 0 such that
2v 1
—_——=2> 91 > 0.
T 2

A>Cy- (v +0%) - (1+|log A? +|logv|?),

Then we only need to check

where Cy > 0 depends only on (01, E(uo), ||uol| ge)-
Now consider two cases.
Case 1: 0 < v <1/2. Then we need

A> v 1+ |log A]? + |log v|?).
Thus it suffices to take
A v logr)? + 1.
Case 2: v > 1/2. Then
A> 31+ |log A* + |log v]?).
It is enough to take
A V2 |logv|* + 1.
Concluding from both cases, we obtain

A> v 14 v)8logv]? + 1.

5.2. Proof of Theorem 1.4. We only need to check the inequality

w1 1
— =5 > (V)1 + [log vl + [log(—) ).

If 0 < v < 1, then we need

\/E > v (1 + |logv|? + |log 7]%).

It suffices to take

9

T 1+ |logy|t”

If v > 1, then need

\/E > v2(1+ |logv|? + |log 7|?).

It suffices to take

3

T< 1+ |logv|*
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6. PROOF OF THEOREM 1.5

Lemma 6.1. Consider the scheme (1.12) withn > 1. Suppose E(u") < B-(1+v)?, E(u"~!) < B-(1+v)?
for some B > 0. Then

[ g2 Sp vt + v
1 A4+1, 1 A 5/2.

||un—',-1||H2 SB 4 T + - + 24
vT ) V2T 14

1
[u" Moo < ap- (v + 012 \/1 +[log(A +1)] + |log v + [log{— )],
where ap > 0 is a constant depending only on B.

Proof. This is essentially the same as the proof of Lemma 5.1. We omit details. O

Lemma 6.2. Consider the scheme (1.12) withn > 1. Ifv >0, 7 > 0, A > 0 satisfy

2A+ 1)\ 7 = 5 = 046[[u" %) = 529 - maxc{ u" IS, [[u" IS, [l IS

then
A+1

2
A+1

2
Proof. Taking L?-inner product with (—A)~16u"*! on both sides, we get

n 1 — n n n n
E@™™) 4+ VI @ —umllE + -3

Kt
n 1 — n n— n n—
< B(u") + IV Hu =" + [ [+
1 1 n v n 1 1 n A n
LHS = —[|3|V[""u TG+ Gllove iz + EIICSQIVI RO PR i
v 1 _ A v 1 _ A
+ 2ITum Y+ IOV + S 6w I — (LI B + o 101 + o)

v n 1 1 n A n v n 1 1 m A n
>SIVu 5 + =16V a1 4+ S llouTHIE — (G IIVe 3 + =101V a5 + 5 [l0u3)
2 4t 2 2 4t 2

2 A
+ | Sl + S 0% 3.
V5

RHS = —(2f(u™) — f(u™ 1), su™th)
— (2un _ unfl’ §un+1) 4 ((un71)3 _ Q(UH)B, 5un+1) .

(a) ©)

For (a) we have

(a) = (=8%u™L, su™) + (un T, sumth)

1 n n n 1 n n n
=5 (o™ 5 = flou™ 15 + 198%™ H3) + S (w15 — ™15 + [[du™3).

For (b) we use u"~! = §2u"*! + 2u™ — ™! and write
(1)~ 27’
= (6% 4 2u™ — w3 — 2(u™)?
= (62u™ )3 £ 3(0%u" T2 (2u™ — w4 30%u" T (2u™ — w4 (2u — w3 — 2(u™)3.
Clearly
30%u" T (u" T — 2u™)? = 352 T (82U T — )2

_ 3(52un+1)3 o 6(52un+1)2un—1 + 362un+1 . (un—l)Q.
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Then
() 2y
=(0%u" T2 (™ — 20" — 20" 4 36%u" T (w1 + 6(u)? — 12(u™) 2T + 6u” (w2 — (w3
=(0%u" T2 (" — 2u™ — 20" ) 436%™ T (w2 4 6u™ (T — w™)? — (w3,
It follows that
(b) < 16%u" o - [lou™ |2 - 1676 loo - (™ Hloo + 2[u" oo + 2[[u"Hloo) + [[6%a™FH 2 - [[6u" |2 - 3+ "M%
+ ((u™)2 6u"u" T — 6(u™)?) — (™3, u™ T — ™).

It is easy to check that

( 4) _ ( 1 ) Jr(u +1)3(u —u +1)+(Z(u )2+§u u +1 Jri(u +1)2) . (57_1, +1)2'
Then
((5un+1)2’ 6unun+1 _ 6(un)2) _ ((un—i-l)37 un+1 _ un)
_1 n\4 _1 n+1\4 o n+12§ n2_£nn+1 § n+1\2
—( (1) = (@YD) = (@t D w)? - Sttt S )?)
(7 (@) 1) = (@) = (@2, = ) = 046(u ).

Collecting the estimates, we obtain

1 1
RHS < ~( | P )do + 3|0t 3) + ([ Fu)do + 30w )
Q Q

1 1
= 1% S + flou™ 3 - (5 + 0.46][uHIZ)
+ 182" o - 0w - 23 - max{ a2, Ju” 5, "I
Comparing LHS with RHS, we get
1
B(u"™) + EH\VIA(U"+1 —u")|l3 +

1 _ _ A+1 _
<E@") + VI @t —uHIE + = -

A+l , . 2w 1 . .
= (B0 B + () 5 - 06 ) - ou

= (107" Iz - [|um |2 - 28 max{[lu" T, flu” 5, IIU”“Hio})-

A+1
S

The desired inequality then follows if

2A+1)(\) = = 5 = 046]u" %) > 529 - max{lu Moo a5, ™IS}
0

6.1. Proof of Theorem 1.5. This is similar to the proof of Theorem 1.3. By an induction argument
together with Lemma 6.1 and Lemma 6.2, we only need to check the inequality

24+ 1)(} 2~ 5 = G- (77 4 w) - (L4 [og(A+ 1)] + [Togw] + [1og())

1
>Cy - (1/74 + Vg)(l + |log(A + 1)|2 + | log 1/|2 + log<;>|2),
where C; > 0, Cy > 0 are constants depending only on (E(ug), ||uol| gs)-
Now consider two cases:
Case 1: A =0. Then we need

2v
\/ - > (v +v2) - (1 + |logv]? + |log T[?).
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Easy to check that we need

9
v
— . f0<rv<l;
T<<1+\1ogu|4’ 1 v ;
and
-3
v ity > 1.

T 1+ |logv|*’

Case 2: A = const-(v~* +1v2). Then we need

2
V= > 772 +v)(log | + |log 7]) + (|log v]? + |log 7]?).

If 0 < v < 1, then need

o

T 1+ |logy|?”
If v > 1, then need

V—l

T 1+ |logy|?”

7. TIME DISCRETIZATION OF THE PDE

In this section we prove a useful lemma for the error estimate later. It basically says the PDE solution
can be rewritten as the solution to an iterative system mimicking (1.5) with controllable error terms.

Lemma 7.1 (PDE in time-discretized form). Let u = u(t) be the solution to (1.1) with initial data
ug € H®, s > 8 (ug has mean zero). Defineto =0, t1 =71, tyy =71 + (m—1)7 for m > 2. Then for any
n>1,
3U(tn+1) — 4u(tn) + U(tnfl)
2T
= — vA%u(tni1) = AT(u(tps1) = u(tn)) + Ay (2f (u(tn)) = f(u(ta-1))) + AG™,

where

tn+1
IG™ 113 S0 73/ (10:u(3)[I3 + | Adsu(3)]13)d5 + N~2°.

tn—1

For any m > 2,
m—1
P STIGM RS (U ) - (7 4+ N72).
n=1

Proof. We proceed in several steps.
Step 1: Rewriting the PDE.
Recall

Ou = —vA%u + A(f(u)).
Note that for a one-variable function h = h(t), we have

h@):h@@+4ﬂth7m)+%h%mﬂtfmf#w%/‘H%®@4¢Fd§

to
We then write

u(t) = ultnsn) = Q) ta)7 + 5 Ou)trsn)r® + 5 [ Q) — )7,

tn41

U(tn_l) = u(tn+1) — (8tu)(tn+1) - 2T + Z(Gttu)(tn+1)7'2 + %/ n_l(atttu)(é)([é — tn_1)2d§.

trnt1
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This gives
3u(tnrr) — du(ty) + u(tn—1)
2T

—0u) )+ 3 [ O @6 - 25 - L [ 096 - b

T Je, 4t

= — vA%u(tng1) — AT(u(tns1) — u(ts)) + AHN(Qf(U(;n)) — fu(tn-1)))
+ AT (u(tns1) —ulty)) + Alls N (2f (u(tn)) — flu(tn-1)))
+ A(f(u(tng1)) — 2f(u(tn)) — f(u(tn-1))))
41 /t T Ou) (3)(5 — )2d5 — % /t " D) (3)(5 — t1)2d5.

T

n n—1

Note that

8tttu = A(—VAattu + att(f(u)))
Therefore

G" = ATA™ (u(tns1) — u(tn)) + o n (2f (u(tn)) = f(ultn-1)))
+ (f(ultni1)) = 2f (ultn)) + f(ultn-1)))

1 trnt1
tn
1 [te o ,
- (—v Ay u + O (f (1)) )(8)(8 — tp—1)°ds
tn—1
= Il+IQ+Ig+I4+I5.

We shall estimate each term separately. To simply the notation, we will write <4, 4, simply as <.
Step 2: Estimates of Iy, -, I5.

Estimate of I;:

Since

wltnsr) — ulty) = /t " ou()ds,

n

we have

tn+1
I [ Ao 305 -

tn

tnt1
<o [ o) s
t

n

where in the second inequality we have used the fact that d;u has mean zero.
Estimate of Iy: Since u € L{°H?, we have

12l S N72(f (ulta) e + 1 F (u(tn-1))l[me) S N2
Estimate of I3: For a one-variable function h = h(t), we have the formula:
¢
h(t) = h(to) + B (to) (¢t — to) — / B (3) - (5 — £)d5.
to
Then

F(ultn)) = Fultnn) — @ () (Ensr) -7+ / 0P ()(3) (5 — ta)d5;

n

F(u(tnr)) = Fultng)) — (B f () (tngr) - 27 + / " 0w () (3) (5 — tar)ds.

27
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So
fu(tng1)) = 2f(u(tn)) + fu(tn-1))

:<—%ZWH@Afw»@)(g—mmﬁ4:/WH@AfWD@)(§—mhgd§

n tn—1

‘We then obtain

1 (u(tns1)) = 2f (ulta)) + f(ulta-1))lI3 < / T ouF@)@)3ds - 7.

tn—1

We shall estimate [ || f(u)||3d5 in the estimate of Iy and I below.
Estimate of Iy and I5: Noting that 9;(f(u)) = f'(u)0ru, we have

Ou(f () = f'(w)duu + [ (u)(0u)?.

Since Oy;u has mean zero, we have

|0sull2 S | Adgull2.

Easy to check that [|Osul|pser S 1. Then

tn+1
I+ Is13 S [ (10l + [0 (Fw)IR)ds

tn—1

tn+1
S B

tnfl

Step 3: Estimate of 73" ||G"||2
It suffices to prove for any T >0

T
[ Q001+ 180, Byas S 1+
0
By using the smoothing effect, we have
sup ||ul| groo < 1.
t>1
Thus it follows easily that
T
[ Q001+ 18003 )5 1+
1

It remains to prove

1
/ (10:u(3)|2 + [|AGu(3)|I2)d5 < 1.
0

The estimate of [|0yullz is trivial since u € Ly® H*. We shall focus on the estimate of [|Adgul| 1212 (jo,17)-
To do this we shall first estimate ||6tA2uHL§L£([0’1]).
Estimate of H8tA2u||L§Li([O,1D:

Clearly
O A*u = —v A+ A%(f(u)).

Multiplying both sides by 8;A2u and integrating by parts, we get
0823 = 2 & (1 a%]3) /A2 ) - A uda.
Then

vd 3,112
§%<||A U||2)

IN

1
—5 10:A%ull3 + const [ AZ(f(w))]13

IN

1
—5 10:A%ull3 + const(lullys + ullf).
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For uy € H®, integrating in time then gives
2
10:A%ull L2 L2 0,1y S 1-

Estimate of HattAu”LfLi([oJ])Z

Write v = dyu. Then for v we have the equation
O = —vA%v + A(f (u)v).

We need to estimate |Adyv|l2. Multiplying both sides of the equation by A20,v and integrating by
parts, we get

vd
ool = —5 (18203 + [ 82 (wye) A

Thus

vd 1 1

2 (1a%003) < 1Al + A2 (o) 3

1
< =5 l19:A0]5 + const (L £ (w)lloo [Vl ars + [1f' (@)l 22 0]l 00)*.

Since v = dyu and HAQUHLng([O,l]) = ||atA2UHL3L§([0,1]) < 1, integrating in time then gives

[0 Aull 22 0,1y S 1-
Here we used the fact that v(0) = (0;u)(0) € HS.

8. ERROR ESTIMATE FOR CH
In this section we carry out the error estimate for CH in L? and complete the proof of Theorem 1.6.

8.1. Auxiliary L? error estimate for near solutions. Consider
3vn+1 — 4™ + vnfl

)

5 = —vAZ"T A7 (o™ — ™) + AN (2f (V") — F(0"TY)) + AGT, n>1
3om L — 4o 4 gt

= —vAZ"T - AT — ") + ATIN (2f(5") — f(3"7Y), n>1,

27
(8.1)
where (v!, 91,00, 3%) are given.
We first recall a simple lemma.
Lemma 8.1 (Discrete Gronwall inequality). Let 7 > 0 and y, >0, a,, >0, 8, >0 forn =0,1,2,---
Suppose
Ynd = I < anyn + Bn, Yn2>0.
Then for any m > 1, we have
m—1 m—1
Ym < eXp(T > an)(yo +7 > Ba)-
n=0 n=0
Proof. See Lemma 4.1 in [22]. O

Proposition 8.1. For solutions of (8.1), assume for some Ny > 0,
sup ||v"||eo + sup || Vo™||2 4 sup ||[V" |2 < Nj.
n>0 n>0 n>0
Then for any m > 2,
[o™ — ™3

C(1+ N}
14

m—1
2
< exp((m —1)7 - ) (7 +24r) 0t =B+ 30" = 13+ D 67 3).
n=1

where C' > 0 is an absolute constant.
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Proof of Proposition 8.1. We shall denote by the letter C' an absolute constant whose value may vary
from line to line. Denote € = v™ — ™. Then
n+1 _ e n—1
3¢ 26 te + vAZe" T 4 Ar(ent — M)
-
= Ally (2f(0") = 2f(8")) = ALy (f(0"7) = f(2"71)) + AG™.
Taking L2-inner product with e®*! on both sides, we get

1 A
S-(Be" —de™ + e e v Ae" T3 + 77(\|e"+1||§ —lle™ I3 + et —em3)

27
= Q(f(vn) _ f(@n),Aen+1) _ (f(’()nil) i f(ﬁn—1)7Aen+l) + (Gn,AenJrl)
C

n ~n C n— ~n— 1 n 2V n
< SIPEM) = FEIB+ 1Y) - F@ B + oG+ S NAe 3
Now write

(3en+1 — 4e™ _’_en—17en+1 _ en)
1
=2lle™ —em5+ (e — ™5 = fle™ — e"THIZ + e = 2¢™ + e 3);
(36n+1 —de™ + 671717671) _ 3(en+1 o 6n’en) o (en o 6"71,6”’)

3

= SMe™ 5 = lle™ 15 — fle™™* — emlI3)

- %(He"”% —[le" M3 + fle™ — e H3).
Thus
(3T —4e™ 4 "7t et
_ 1
2

1
+ §||en+1 ) P _'_en—ng.

3 _ _
= S Me™ 5 = lle™13) = 5 (lleIz = le™ M 3) + le™™ = €™l — [le™ — €™ |3

To estimate || f(v™) — f(2™)||2, note that "™ = v™ — €™, and
F@") = fo" =€) = (") = (V" — ")’ "

= f(e")g —e" — 3@”(6")2 + 3(1}")26”.

We have
1F (™) = F@)3 S e lI§ + (L + llo™ 1) e™ 13 + llo™ 13 lle™ 13
S e BT 4 + 1+ o™ + o™ |2, 7en]2)
S L+ NY e
Similarly

£ = @ D5 < @+ N)lle" 5.
Collecting the estimates, we get

%”en-i-lH% B %Hen”% + ||en+1 - en”% + ﬁ”en+1”2
2 2

2T
3en13 — slle™ M3 + lle — e 13 n ﬁ”enuz
= or 2 2
+C-T1(H6 13+ lle 1\\§)+5IIG 3.

Denote

3 1
X = Sl - Sl + et — e,
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Note that
5 1
X = e 4 e - 2(em )
1 n+1(2 1 n+1 n|2
= 5lle™ 2 + 512" — el
5 2 1
= Sllemt = Zen | + e 3
Therefore

1
X = coma{fle™ T3, [l 2}

We then obtain
X A2l — (X + AT?[le”]13)
2T

n n 1 mn
(X AT e 13) + o IG5

C- (14 N}
14

<
By Lemma 8.1, we get for any m > 2,

(1+N )

mfl
Xm < elmmum (X1 + A7 e[l + Z IG™13)

Recall X™ = 1|[e™||3 + 1[|2e™ — e™~1||3 > L||e™|]3. This implies for any m > 2:

lo™ — ™3

C(1+ N

m—1
3 1 T ,
<2exp((m—1)7 ) Gletls = S1ell3 + et — elI3 + Al |5 + - > llamis)
n=1

C(1+NY)
14

<exp((m—1)7 ) Bllvt =013 = [[v° = 13 + 4llv’ — 8|13 + 4]v® - 3°|I3

+oAr ot — o2+ 2T Z IG™13)

C(1+ N

v

<exp((m—1)7 ) (7 -+ 247%) ol — 33 + 3|0” — 303 + 22 Z IG™3)

O

8.2. Proof of Theorem 1.6. We shall denote by C a constant depending only on (v, ug,s, A). The
value of C may vary from line to line. For simplicity we will denote <, 4.40.5 a8 S

Define to = 0, t1 = 71, ty, = 71 + (m — 1)7 for any m > 2.

By Lemma 7.1, we have for n > 1,

3u(tnt1) — 4ulty) + u(tn—1)
2T
= —vA%u(tns1) = Alultnsr) — u(tn)) + Ally (2f (u(tn)) — f(u(ta-1))) + AG™,

where for any m > 2,

T Z IG™3 S (L+m7)- (4 + N7%).

Easy to check that
sup [[u(tn)|oo + sup [Vu(tn)ll2 + sup [Vu"[l2 S 1.
n>0 n>0 n>0
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Then by Proposition 8.1 and Lemma 2.2, we have for any m > 2,
lu(tm) —u™ |3
<exp(C - (m— 1)7)((7 + 2A72)|Ju(ty) — ut||% + 3|lug — Oyue|3 +C - (1 4+m7) - (11 + N_2S)>
<exp(C -ty) - C- (1473 (N72 7).
Thus for any m > 2:

lu™ = utm)ll2 S € (N72 +72).

9. CONCLUDING REMARKS

In this work we considered several second order in time stabilized semi-implicit Fourier spectral meth-
ods for the 2D Cahn-Hilliard equation with double well potential. We proposed two novel stabilization
schemes and proved unconditional energy stability independent of the time step 7. The stabilization
parameter is taken to be sufficiently large, depending only on initial data and the diffusion coefficient.
The corresponding error analysis is carried out in full detail. As a comparative study we also revisited
two classical second order in time semi-implicit Fourier spectral schemes. We prove energy stability for
moderately small time steps and identified the corresponding stability region. Our analysis suggests that
in general the stabilization term can indeed relieve the size constraint on the time steps. On the other
hand the form of the stabilization term is crucial for conditional or unconditional energy stability.

It is expected that our analysis can be generalized to other phase field models such as the thin film equa-
tions, the molecular beam epitaxy (MBE) equations, the Allen-Cahn equation and the like. An intriguing
issue is to investigate general stabilization techniques such as biharmonic stabilization —AZ%(u"+! — u™),
fractional Laplacian stabilization —(A)*(u"*1 —u™) (s > 0) or more general pseudodifferential operators.
Other interesting topics include phase field models with higher order dissipations ([8]), nonlinear diffusion
models ([28]), and decoupled energy stable numerical schemes ([29], [30]). Another issue is to lower the
dependence on v in stability and error estimates by using more refined resolvent bounds of the linearized
Cahn-Hilliard operator. We plan to address some of these issues in future publications.
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