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Abstract

The optimal error estimate that depends only on the polynomial degree of ¢ ! is established
for the temporal semi-discrete scheme of the Cahn-Hilliard equation based on the scalar
auxiliary variable (SAV) formulation. The key to our analysis is converting the structure of
the SAV time-stepping scheme back to a form compatible with the original format of the
Cahn-Hilliard equation, which makes it feasible to use spectral estimates to handle the non-
linear term. Based on the transformation of the SAV numerical scheme, the optimal error
estimate for the temporal semi-discrete scheme which depends only on the low polynomial
order of ¢! instead of the exponential order, is derived by using mathematical induction,
spectral arguments, and the superconvergence properties of some nonlinear terms. Numer-
ical examples are provided to illustrate the discrete energy decay property and validate our
theoretical convergence analysis.

Keywords Cahn-Hilliard equation - SAV formulation - Energy decay - Spectral estimates -
Polynomial order - Error estimates
1 Introduction

In this paper we consider the initial boundary value problem for the Cahn-Hilliard (CH)
phase field equation

1

du=A(—eAu+ - f(u) in 2 x (0,71, (1.1a)
&
1

Ot = On(—eAu+ - f(w) =0 on 052 x (0, T], (1.1b)
&
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u(-,0) = uop, in £2, (1.1¢)

where 2 C RY,d = 2,3 is a bounded domain, n is the outward normal, ¢ is a small
parameter, and f is the derivative of a non-negative potential function F' with two local
minima, i.e., f = F’. For instance, the Ginzburg-Landau energy function

F(v) = %(v2 —1D? and f(v) =v>—v.

In view of its wide application as a phase field model [10, 39], many numerical methods and
analyses have been developed to approximate the Cahn-Hilliard equation (1.1). However,
most of these methods have been developed for the Cahn-Hilliard equation with fixed ¢ > 0.
Aspointed outin [4, 15, 17, 18], error estimates using the direct Gronwall inequality argument
yield a constant factor e”/%, resulting in exponential growth of the error as ¢ — 0. Such an
estimate is clearly not useful for very small value of ¢, especially in solving the problem
of whether the computed numerical interface converges to the original sharp interface of
the Hele-Shaw problem when ¢ — 0 (see [14, 28] for details). To overcome this difficulty,
Feng and Prohl [25] first established a priori error estimates with polynomial dependence
on ¢! for the time-discrete format of the Cahn-Hilliard equation. Subsequently, Feng and
Wu obtained a posteriori error estimates with polynomial-order of £~ in [26] for the same
time-discrete methods. The main idea of the polynomial-order error estimates of ¢! is to
use the spectral estimates given by Alikakos and Fusco [3] and Chen [13] for the linearized
Cahn-Hilliard operator to handle the nonlinear term in the error analysis. After this, spectral
estimates have been frequently used to eliminate the exponential dependence on e~! in the
error analyses of other numerical methods for the Cahn-Hilliard equations (see [6, 19, 21, 29,
34] and references therein) and the related phase field equations, including the Allen-Cahn
equations in [1, 6-8, 20, 23, 24, 27], the Ginzburg-Landau equations in [5], and the phase
field models with nonlinear constitutive laws in [16].

On the other hand, it is well known that the Cahn-Hilliard equation (1.1) is the H -1
gradient flow of the energy functional

e [ (Evur st
Elu] ._/Q(2|Vu| +£F(u))dx. (1.2)

As a result, the solution of the Cahn-Hilliard equation has decaying energy. Indeed, testing
(1.1) by —eAu + éf(u) yields

[5)
Eu(-. )] — E[u(-.1)] = —/ |3, dt <0, (1.3)
1
where 0 <t <1, <T and ||0;ullg-1 = [[Vw]| withw = —gAu + éf(u).

Accordingly, great efforts have been devoted to the construction of efficient and accurate
numerical methods that preserve the energy decay properties at the discrete level. In particular,
for widely used linear time-stepping methods with energy decay, including stabilized semi-
implicit schemes [11, 12, 33], invariant energy quadratization (IEQ) methods [35-37], and
the scalar auxiliary variable (SAV) approach in [30, 31] and [2], optimal error estimates of
these schemes have been well established for the Cahn-Hilliard equations with fixed ¢~
However, the main challenge with error analysis in these methods is how to establish error
bounds that depend only on the polynomial order of £ ~! rather than the exponential order for
small ¢ — 0. This difficulty arises because, unlike in Feng’s previous work [19, 21, 25, 26,
29], the numerical methods based on the IEQ/SAV formulation break the standard structure
of the nonlinear term of the Cahn-Hilliard equation, which is crucial to the utilization of the
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spectral arguments. As a result, spectral estimates become ineffective in estimating errors for
the IEQ/SAV approach. To the best of our knowledge, optimal error estimates that depend
only on the polynomial order of £ ~! for the IEQ/SAV methods to the Cahn-Hilliard equation
remain open.

The objective of this paper is to establish error bounds that depend only on low polynomial
order of ¢! for semi-discrete methods based on the SAV formulation of the Cahn-Hilliard
equation. The SAV reformulation of the Cahn-Hilliard equation was introduced in [31, 32]
as an enhanced version of the invariant energy quadratization (IEQ) approach [35-38], for
developing energy-decay methods at the discrete level. By reconstructing the system based
on the SAV reformulation, a linear and easy-to-implement time semi-discrete scheme is
obtained. The SAV formulation introduces new difficulties to the error analysis for the Cahn-
Hilliard equation due to the presence of a new scalar r in the nonlinear part (see equation
(2.5b)), which alters the structure of the original Cahn-Hilliard equation and makes the spec-
tral argument used in [19, 21, 25, 26, 29] not directly applicable. To overcome this problem,
we transform the structure of the SAV scheme using the new scalar variable into a form that
is compatible with the original format of the Cahn-Hilliard equation (1.1). This transforma-
tion enable us to use spectral estimates in our error analysis. However, this transformation
will accordingly introduces a strong perturbation term (see equation (4.11)) that needs to be
delicately controlled. To address this issue, an inductive argument is used to deal with the
difficulties that arise in the structural transformation. Specifically, we need to establish error
bounds of ||Ve!~! — Vei=2| and ||/~ — ei_2||H71 for i < n. By integrating them into the
perturbation terms, and utilizing the super-convergence characteristics of resulting nonlinear
terms, we can complete the mathematical induction method. Therefore, by reconverting the
scheme format using the new variable back to a form compatible with the original format of
the Cahn-Hilliard equation, and using mathematical induction, the superconvergence char-
acteristics of some nonlinear terms, as well as the spectrum argument, we derive optimal
error estimates that depend only on polynomial degree of ¢ 1. To the best of our knowledge,
our numerical analysis has the following properties that were not possessed in the existing
literature:

(1) We have addressed the challenge of spectral estimates being ineffective in the SAV
approach for the Cahn-Hilliard equation;

(2) This is the first error estimate with polynomial dependence on ¢! for the IEQ/SAV-
type schemes of the Cahn-Hilliard equation (1.1).

The techniques developed here can also be applied for other IEQ/SAV-type schemes of
phase-field models.

The rest of this paper is organized as follows. In Sect. 2, we present the SAV reformulation
of the Cahn-Hilliard equation and introduce an equivalent transformation of the SAV time-
stepping scheme. In Sect. 3, we show the properties of energy decay and derive the consistency
estimates for the proposed method. In Sect. 4, we present an error estimate of the semi-discrete
SAV scheme to derive a convergence rate that does not depend on £ ~! exponentially. The
spectrum estimate plays a crucial role in the proof. Finally, in Sect.5, we present a few
numerical experiments to validate the theoretical results.

2 Formulation of the Semi-Discrete SAV Scheme
In this section, we construct a backward Euler implicit-explicit type temporal semi-discrete

numerical scheme based on the SAV reformulation of the CH equation (1.1), and also present
an equivalent formulation of the SAV scheme.

@ Springer
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2.1 Function Spaces

Let W$-P(£2) denote the usual Sobolev spaces, and H* (§2) denote the Hilbert spaces W* 2(82)
with norm || - | 5. Let || - || and (-, -) represent the L? norm and L? inner product, respectively.
In addition, define for p > 0

H™P(2) .= (HP(£2))*, HO_p(Q) ={ueH P (2)|(u,l),=0} (2.1)

where (-, -) , stands for the dual product between H”(£2) and H ~”(£2). We denote L(z)(.Q) =
HY(£2). Forv € L3(£2), let —A~'v := v; € H'(2) N L3(£2), where v is the solution to

—Av; =vin £2, d,v1 =0 on 052, 2.2)

and ||v]—; := (v, —A~1v).

Forv € L%(.Q) N H'(£2), we have the following inequality
lvll* = (Vo, V(=A)""v) < [ Volllv]-1. (23)
We denote by C generic constant and C;, C iy C S Ki/ and «; specific constants, which are
independent of 7, & and ¢, but may possibly depend on the domain £2, T and the constants

of Sobolev inequalities. We use notation < in the sense that f < g means that f < Cg with
positive constant C independent of 7, /& and €.

2.2 The SAV Reformulation

The SAV formulation of the CH equation (cf. [30, 31]) introduces a scalar auxiliary variable

] / . B £ )
r= F(u)dx +co with glu) = ————, 24)
Q | [o Fuw)dx + co

with a positive c¢g (which guarantees that the function r has a positive lower bound), and
reformulate (1.1) as

ou = Aw in 2 x (0,71, (2.5a)

1
w=—¢eAu+ —-rgu) in 2 x (0,T], (2.5b)

&
& 1(()8) in 2 x (0, T] (2.5¢)

P X .

iy g(u), du in ,T1, c
gt = 0w =0 on 952 x (0, T], (2.5d)
u(-,0) =ug in £2, (2.5e)

r0) = l/ F(up)dx + co. (2.51)
2

We define an energy functional with respect to u and r:

& 1
E(u,r)= Enwn2 + gr2, (2.6)

@ Springer
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and taking the L? inner product of the first equation (2.5a) with w, of the second equation
(2.5b) with 9;u, and of the third equation (2.5¢) with %Zr, performing integration by parts
and summing up the two obtained equations, we find that

a4 _ 2_ _ 2
g Bl r) =—lIVwl” = —lgulZ; =0. 2.7)

2.3 The Equivalent Formulation of the SAV Scheme

Let {z‘n}flvjol be a uniform partition of [0, 7] with the time step size 7, where N is a positive

: _ T
integer and hence 7 = {7.

for solving the system (2.5):

We consider the following temporal semi-discrete SAV scheme

1
wn+1 — —8Aun+l + grn+1g(un)’ 28

1
P = E(g(u”), w™ —um),

n+1

!
" Mpo = " he =0,

with 4 = ug and r* = r(0) forn =0,1,..., N.
By taking the L? inner product of the first equation in (2.8) with v = 1, we have the
following conservation property, which is important to the error estimates.

Lemma 2.1 The numerical solution of (2.8) satisfies

1 1
— u”(x)dx:—/ Wx)dx, n=1,...,N, (2.9)
IQI/Q 2] Jo

and the error function " := u(t,) — u" satisfies
/e"dsz, n=1,...,N. (2.10)
2

Due to (2.9-2.10), both u"+! — 4" and e" belong to L}(£2), allowing us to define their
| - = norm. Let "™ = w" ™ — [ w"*!dx such that w"+! € L3(£2). The first equation
in (2.8) satisfies

n+l _ ,n
U 70 _Awt = At 2.11)
T
Since both sides of the equation belong to L%(.Q), we can apply A~! to get
1
Afl u _ 1})n+ly
T

which combines with

@ vy =@ vy Ve L), (2.12)

@ Springer
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gives
W) =@y Ve @), 2.13)

Thus, by testing the second equation in (2.8) with v € L%(.Q) and using (2.13), the semi-
discrete SAV scheme (2.8) can be written as
un+1 —un 1
(A5 0) = (VT Vo) 4 (g ) Y e L),
e

T (2.14)

1
r”“—r":i(g(u"),u"“—u"), n=0,1,...,N.

In order to avoid the exponentially dependence of the error bound on é induced by using
the Gronwall inequality, we need to use a spectral estimate of the linearized Cahn-Hilliard
operator, which is given in [3, 13, 25] and will be described in Sect. 4.

However, compared with the previous work [25], the SAV method (2.8) alters the structure
of the CH equation such that the spectral argument can not be applied directly. To achieve
the ideal error bound, we need to transform the structure into a form compatible with the
CH equation (1.1) so that the spectral estimate of the linearized Cahn-Hilliard operator can

be used. To this end, we define A(v) =,/ f o F(v)dx + ¢o, the Gateaux derivatives of A(v)

can be defined as follows:

f()

Vo F(v)dx—i—co’

1 I
DA, w) = o ( w) =3 (s, w). (2.15)

1 "(v)w? dx 1 vywdx)?
1)2A(u,w)::E Jo I'®) - (g fwdr) <. (2.16)
VJo Fw)dx +co (fg F(v)dx + co) :
By Taylor expansion, we derive
i i-1 1 i—1y i i—1 15 i i—1
A') = Au )+5(g(u ). u' —u )+§D AGisu' —u'™), (2.17)
where & = Ou’ + (1 — 0)u'~! with 6 € (0, 1). Thus we get
1 . . . . . 1 . .
E(g(u’_‘), u —u' ) = AW — AT - EDZA(?;‘I- sul —uiTh,
which together with the second equation in (2.14) implies
. . . . 1 . .
=T = AG) = AT = SD?AG W - u' .
After summing up the above equation from i = 1 to n, we derive
1 n . )
== AW - AW - 5 21: DA u' —u'™").
=
Since r® = A(uY), we obtain
1 <& . .
=AW — EZDQA(S,-;u’ —u'h. (2.18)

i=1
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Then the SAV scheme (2.14) can be written as

uttl gy 1 1
<A71 — v) = e(Vu"H, Vv) + gr"(g(u"), v) + g(g(u”), v)(r”Jr1 —r'")

1
— (g™, v) (g™, u" " —u"), (2.19)

1
= g(Vu”+l, Vv) + gr"(g(u"), U) + e

forallv e L%(.Q), which together with (2.18) gives

n+l _ . n
(A—l%, v) :g(w”“, V) + é(f(u"), v)
n

(8™, v) Y D* A u' —u'™h)

i=1

+$(g<u"),v)(g(u">,u"“—u”) Vv eLy®). (220)

The above equation (2.20) provides an equivalent formulation of the semi-discrete SAV
scheme (2.8), which will be frequently used in the subsequent error analysis.

2

3 Energy Decay and Consistency Analysis

In this section, we present several inequalities related to the proposed numerical method.

3.1 Assumption and Regularity

Before presenting the detailed numerical analysis, we first make some assumptions. The
quartic growth of the Ginzburg-Landau energy function F(u) = i(u2 — 1)? at infinity poses
various technical difficulties for the analysis and approximation of CH equations. Although
the CH equation does not satisfy the maximum principle, if the maximum norm of the initial
condition «° is bounded, it has been shown in [9] that the maximum norm of the solution
of the CH equation for the truncation potential F (u) with quadratic growth rate at infinity is
bounded. Therefore, it has been a common practice (cf. [33]) to consider the CH equations
with a truncated F (u).

Assumption 3.1 We assume that the potential function F (1) whose derivative f(u) = F'(u)
satisfies the following condition:

(1) F e C*R), F(£1) =0, and F > 0 elsewhere.
(2) f(£1) =0, f/(£1) > 0, and there exists a non-negative constant L such that

max |f(v)| < L, max|f'(v)] <L and max|f”’(v)| < L. 3.1)
veR veR veR

In order to trace the dependence of the solution on the small parameter ¢ > 0, we assume
that the solution of (1.1) satisfies the following conditions:

Assumption 3.2 Suppose there exist positive -independent constants mq and p; for j =
1, 2, 3 such that the solution of (1.1) satisfies

1
— udx =mgp € (—1,1), (3.2a)
121 Jg ’

@ Springer
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o0

esssup[fnwu2 +1/ F(u)dx} +/ g2, ds < e, (3.2b)
r€[0,00] L 2 e Jo 0

o0
f gl ds < &2, (3.2¢)
OOO
/ 1A g2y dr < e, (3.2d)
0

Remark 3.1 (a) Note that the conditions (1) and (2) are satisfied by restricting the growth of
F(v) for |[v]| > M. More precisely, for a given M > 1, we can replace F(v) = %(v2 —1)?
by a cut-off function F (v) € C*(R) as follows:

(CM)? = 1)2M (v —2M) + %((2/\4)2 —1)? for v > 2M,

D4 (v) for v e (M,2M],

~ 1

F(v) = Z(u2 —1)? for v € [-M, M],
d_(v) for v e [-2M, —M),

1
— (M) = 1)2M (v +2M) + Z((2M)2 —1? forv < —2M,

(3.3)
where @, (v) and ®_(v) > 0 elsewhere between M < |v| < 2M and satisfy the required
cpnditions at [v| = M and |v| = 2M, respectively. Then we replace f(v) = (v> — 1)v by
F’(v) which is

(@M)? = 1)2M for v > 2M,

', (v) for v € (M, 2M],
fw)y=F@={0w -1 for v e [-M, M], (3.4)
@’ _(v) for v e [-2M, —M),

—(2M)> = 1)2M forv < —2M.

In simplicity, we still denote the modified function F by F'. Itis then obvious that there exists
L such that (3.1) are satisfied with f replaced by f .

(b) The transformed SAV scheme (2.20) introduced a complicated term. With the condition
(2) in the Assumption 3.1, we can get

D*A; w) < (I @iz + I @IP) wl* < wll?, (3.5)

which will be frequently used to control the difficult term in the error analysis.

(c) Assumption 3.2 can be achieved in many cases. For example, suppose that f satisfies
Assumption 3.1, 942 is of class C 210 e H 3(9), and there exist positive e-independent
constants o; for j = 1, 2, 3 such that

1
El® = S1vul)? + 7/ Fu®) dx <7201, (3.6a)
2 & Jo
1
I —eau® + = f@) < e, (3.6b)
&
1
| —eAu® + = fUO)| 1 < 725, (3.6¢)
&

@ Springer
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Then the estimates (3.2a)—(3.2d) can be derived by standard test function techniques and
satisfy:

p1 =201, p2 =max{20] + 2,20, — 1} and p3 = max{20; + 4,207 + 1,203 — 1}.
We refer to [22, 25] for their detailed proof.

3.2 Energy Decay Structure

In this subsection, we prove the following energy decay property of the numerical solution,
which comprise of the first theorem of this paper.

Theorem 3.1 (energy decay) The scheme (2.8) is unconditionally energy stable in the sense
that

1
E@"™ r™) — E@",r") < —=|lu"™ —u"|I2, <0 forn> 1. 3.7)
T
Proof Taking the inner product of the first equation in (2.8) with —A~1("*+! — "), and of
the second equation with «”*! — 4", using (2.12) and multiplying the third equation in (2.8)
by %r”“, we derive that
1
,”Mn+l — un||2—l + %(||Vun+1”2 _ ||Vu"||2 + ||Vun+l _ Vu”||2)
T
1
+ =" (g™, u" T —u") =0, (3.8)
e
1 1
7((rn+1)2 _ (rﬂ)z + (rn+l _ rn)z) — 7rn+l (g(un)7 un+1 _ M”). (39)
e e

Taking the summation of the above equations, we get

1
=25 (VR = VI V- )
1
+*((”n+l)2 — "+ " - r")2> =0. (3.10)
&
which gives (3.7). ]

Remark 3.2 After summing up (3.10) fromn = 0 to N, we get

N N

& 1 1 e

E”VMN-‘H “2 + g(rN—H)Z + ; § ”un-H _ un||2_1 + E § ”vun-‘r] _ Vun”Z
n=0 n=0

N
1 1
+ =30 = = SV 4 2 S G
& 2 e
n=0
It follows from u" ™! — u" € L3(£2) and (2.3) that

N N
ol =P < Y — Vet — vt
=0 n=0

1 1

N 1 N 1
2 2
< ( 2 ”urH—l _ un||2_1> ( ”VMVH-I _ VM””Z)
n=0 n=0

<g~PFDa (3.12)
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3.3 Consistency

It follows from (1.1b) that [, Audx = 0 and [, d;udx = 0. Since d;u € L(Z)(.Q), we have
U(tys1) — u(ty) € L3($2). Forany f € L*(£2),let f = f — [, fdx such that f € L2(£2).
Following the derivation of (2.11), the CH equation (1.1) can be written as

1.
A =—eAu+ = fu).
&

Similar to (2.13), we use the relation

(fa),v) = (fw),v) YuveLd),

to get

1
(87 3yt 11). v) = &(Vut(tug ). Vo) + = (f @) v) - Vv e L.

To derive the error estimates of the equivalent transformation (2.20) of the semi-discrete
SAV scheme (2.8), we reformulate the CH equation (1.1) as the truncated form

(A—l u(tys1) — ulty) ’ v)

T

= &(Vultys1), Vo) + é(f(u(t,,)), v) + (R v) Ve L§(), (3.13)

where the truncation error R"*! is given by

1 u(tn+1) — u(ty)

R"'H::[A_ .

L 1
= A7) |+ [ f W) = f@@))]- G14)

Lemma 3.1 (consistency estimate) Suppose that assumptions 3.1 and 3.2 hold, then we have
the following consistency estimate:

N
T Y IRG, L < Cemmaxlm iR i, (3.15)
n=0

Proof For any ¢ € L%(.Q), there holds ¢; = —A~lp € L%(.Q) N H'(£2) with 3,¢1 = 0 on
3082 and ||¢||—1 = |[Ve1 |, which gives

COA( Al
(@, v) “w (- A=A v) “ (Vor, Vo)

ol -1 =
vert@) Wlat yenio) vl 1 verl(2) Ivla

= IVerll = llell-1- (3.16)

Since d;u € L(z)(.Q), it follows that u;; € L(z)(.Q). By the definition of AL L(z)(.Q) —
H! (£2) OL(Z)(.Q), wehave A1y, € L%(.Q). By performing standard calculations, we obtain

1

u(t — ul(t, 2 In41 2
a2 80 pt, ] = H*/ (5 — ) Ay s
H-! T Ji, H-!

T

In+1 1 )
S T/ AT w1 ds
In

In41
< r/ IA™ g |12 ds, (3.17)
tn
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and

(f @ltar)) = f (), v)*
veH!(2) lvll3,,
2 gy MEDI ) — u )Pl
veH!(@) oIl

Se 2 ultas) — utn)|?

) In+t1 2
Se f/ l[ue |1 ds., (3.18)
In

et - e -

<eg

where £” is between u(z,) and u(t,+1). Thus, we have

N T T
112 2 —1 2 2.2 2
e IR 715r/ 1A 2 ds + & r/ g 2 ds
n=0 0 0

<SP p e (A2 (3.19)

The proof is completed. o

4 Error Estimates

In this section, we will derive the error bound of the semi-discrete scheme (2.8), in which the
focus is to obtain the polynomial type dependence of the error bound on ¢!, If we use the
usual error estimate of the SAV numerical scheme (2.8), the error growth depends on &~!
exponentially. To avoid the exponential dependence on ¢! induced by using the Gronwall
inequality, we need to use a spectral estimate of the linearized Cahn-Hilliard operator, which
is given in [3, 13, 25].

Lemma 4.1 (spectral estimate) Suppose that Assumption 3.1 holds. Then there exist 0 <
g0 << 1 and a positive constant Ay such that the principle eigenvalue of the linearized
Cahn-Hilliard operator

1
Lcy = A(EA — gf/(u)l)
satisfies for all t € [0, T]
Vo2 4+ L(f (., v,
T ellVull? 4+ £ (f' (-, v, v)) - i, @)

0£veH' (2) [Vw|? -
Aw=v

fore € (0, g0), where I denotes the identity operator and u is the solution of the Cahn-Hilliard
problem (1.1).

We will now prove the following error estimates for the semi-discrete numerical scheme,
which is the main result of this paper.

Theorem 4.1 (error estimate) We assume that assumptions 3.1 and 3.2 hold and that

49 +3244d

< CePo with By = ,
T <Cs with o 14

4.2)
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then the discrete solution given by (2.8) satisfies the following error estimate for e" =
u(ty) —u":

1 ¢ 1
max 121+ 5 et — e + s“Zrnw I? + max ret|ve”|?

n=1

1 m
+ 584 Do rve" = VeI < koe 072, (4.3)

n=1

where ag := max{p; + 3, 2p2+4, po+6, p3+ 41 and the constant k is independent of T
when 7 is sufficiently small. The specific values of C and ko will be given in the proof.

Proof We use the mathematical induction as follows. The proof is split into four steps. The
first step gives the error estimate for the first step r = !. Steps two and three use the spectral
estimate (4.1) to avoid exponential blow-up in ¢! of the error constants. In the last step, an
inductive argument is used to conclude the proof.

Step 1: Estimation of ||le!||* | + t&|[Ve'||>. For n = 0 in (2.14), we have

_qu' —u® 1 1 0 2
(a - ) =e(Vu', Vo) + ri(g)v)  YveLj@),

1 4.4
=04 (g(u ), u —uo)

After plugging the second equation into the first equation, we get
1

_ 0
(Aflu )_g(w v) + (f(u) v) + 8(8(140),11)(8(140),141_“0)’ 4.5)

T

forallv e L3 0(£2). Subtracting (4.5) from (3.13), we get the corresponding error equation

1
(A_l %, v) = E(Vel, Vv) + (Rl, v) — i(g(uo), v)(g(uo), ul — uo) Yve L%(.Q).
(4.6)

Testing the above equation with v = e! € L%(.Q), we have

le']2, + ze|Ve' | = —t(RL, e )+ (g(u )oul —u®) (g, e"). 4.7)
Using Poincaré’s inequality for e! € L2 0(£2) and Lemma 3.1, we have

TR, e

| /\

? © Vel |2 + celrR! 1%,

IA

Vel |2 4+ Commulorti ot 2, 4.8)
From (3.12), we have
;—g(gw"), u' —u®) (g%, ey < Cre Mg u — ulle"|
<Cre ' — e |2, Vel |}
tied el |y IVel | + Crie 3 u! — uO)?

=

le'?, + £ ||Ve |2 4+ Ce= (132 (4.9)
1

-lkM—‘NM—

@ Springer



Journal of Scientific Computing (2024) 101:83 Page 130f24 83

Thus, there exists a positive constant «(, such that
”el ”271 + TS”V@I ”2 S K(/)g—max{ﬂ]+3, pz+3, ,03+l}t2. (410)

We use the mathematical induction as follows. For m = 1, (4.3) holds from (4.10). We
suppose (4.3) holds form = 1,2, ..., N, and show that (4.3) is also valid form = N + 1.
Subtracting (2.20) from (3.13), by denoting ¢ = u(t,) — u”, we get the error equation

en+1 _,n

(A7 ) =e (Ve V) 4L (F i) — fa) v)

1 n - i i—
+ 5, (g ). v) Y DPAE U — U

i=1
1
- g(g(u"), v) (g™, u" —u") + (R v) Yve L3(82).
@.11)

N
Step 2: Estimation of [|[VeV T |* + ) " ||Ve"t! — Ve"||%. By testing (4.11) with v =
n=0
"t — e e LE(R2), we have

n+1 n

e —e" 2

1 1 1 T
v n+12_ = Vet 2 - n+l _ ny2 7‘
HIVerIT=SIVer™ + 2 Ve Vel + -

T -1

1
= — 5 (fu) = fan. et =)

1 " . 4
_ E(g(u”)’ en+1 _ 6") ZDZA(%.I : ul — utfl)

i=1
+ %(g(u”), et e") (g™, u oty — é(R”Jr],e”+1 —e")
= K|+ K>+ K3 + K4. (4.12)
It follows from (2.3) that
Ky e 2| f izl [fle" ! — e
<Ce2 Ve IH "7, Vet — Ve d et — e,
< c%s”r% Ve [l -1 + yoe 2t 2 [[Ve" ! — Ve [le" ! — e
<CTIVE I + Ce 2, + syor eI = I 4 Sl Ve - Ve
(4.13)

where w, = 0u”" 4+ (1 — 0)u(t,) with 8 € (0, 1), and yy is a sufficiently small constant such
that the two terms involving [le"T! — ¢"[|? | and [|[Ve"+! — Ve"||? can be absorbed by the
left hand side in the Step 4.

By using D?A(v; w) < (Il )z + Il f )[I*) |w]|?, the term K> can be bounded as

1 n ) 1
K> 5@|(g(u"),e"“ —e")| ; [
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n
5 giz|(g(ul‘l)7 en+] _ en)| Z “ei _ ei—l ”2
i=1

1 n
+ (g, e = )| Y ) — ez

i=1

=: K21 + K. (4.14)
From the assumptions of induction, we have

(g(un)’ en+l _ en) — 1 (f(un)7 en+l _ en)

VJo F")dx + co

< Clf@Hlle™™ — e

< CIVert! — ver| 3 et — o2, “.15)
n n 1 n 1
Dol =TS (Yol 2 ) (Do Ivel - vel TP
i=1 i=1 i=1
< ko~ @D g3 (4.16)
n n t tn
D lu) —u@-nl* S rZ/ e | ds < r/ lues |1* ds
i=1 i=1 Jti-1 0
<e Pt (4.17)

Using the estimates above, we have
1 1 3
Ky <Ce 2| Ve — Ve |2l — |12 e~ @07

| 1 7
<y T 2| Ve = Ve[l — e ||y + C—kgem 0Oz
Y0

IA

0| —

1 7
ozl e = eIy 4 Spll Vet = Ve + Cigem 20t OE (4.18)
and
1 1
Ky <Cs7?||"! — |2, Ve" ! — Ve |27t

1 1 5
< ]/()8_21'_7 ”Ven+l _ ven””en-H — et ”_1 4 Cﬁg—(2p2+2)1.7

Y0
< %yof‘e*“ue"“ —e"? + %ygllVe”“ SV 4 CemCD (4.19)
In addition, we divided the term K3 into two parts as
K3 = 2781:2((?(“)7 Sl e”)(g(u”), ut un)
= - %iz(gw"), =) (g e )
+ 21—2(g(u"), T — o) (g™, ultny1) — uty))
=: K31 + K22, (4.20)

@ Springer



Journal of Scientific Computing (2024) 101:83 Page 150f24 83

where

-2 2 nt1 1
K31 < Ce72llg@ | lle"™ — e"[-1[|Ve"™ — ve"|

1 1
<C—e e — "2, + Syl Ve — Ve |2, (4.21)
Y0 2
and

1
-2 1 2 1 1
K3 <Ce2||"t — "1 2,IVe" ! = Ve | 2 lutugr) — ulty)]|

Int1
1 3
<ype 2tz — ey |[Ve" T — Ve | + Cyy te T2 / llug |1 ds

In

IA
R —

_ _ 1 _ 3 Tnt1
el e = M2y 4 Syl Ve — Vet P + Ce 2t2/ llue ]| ds.
In

(4.22)

By using Poincaré’s inequality for " ! — ¢ € L(Z)(.Q), the last term on the right hand side
of (4.12) can be bounded by

1 1 1
Ky = g(73”+‘,e"+1 —e") < E)/QHVe"'H —Ve'|* + C%s‘an”“ 13,2, (4.23)

Combining these estimates (4.13)—(4.23) together with (4.12), and taking the summation for
n =0to N, we have

N N N
VeV 12 + (1 = 6y0) Y Ve = Ve |> < C Y _|IVe" [P+ Ce™* ) |le" 1%,
n=0 n=0 n=0
N N
+(C+aptHe D et =2 + e Y IR
n=0 n=0
2 —Qap+6) .3 20m42) 3 2.3 r 2
+ Cide=CotO sy 4 CemCrTDrr 4 Ce72r2 / llus |1 ds. (4.24)
0
N
Step 3: Estimation of |le™ 1|2+ " [le" —"~!|1% . By testing (4.11) with v = e"*! €
n=0

L3(£2), we get

1 1
5o (1 12y = 112y + e = 12 ) + el Ve P~ (£t = f). &)

+ i(g(u"x S YD AG U —u'Th

i=1

— Z—Z(g(u"), ) (g™, u Tt —u") + (R ) = 0. (4.25)

We denote w" = Ou” + (1 — 0)u(t,) with & € (0, 1), and using the Taylor expansion
to get
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(F@t) — . 1) = L wene - 35" @@, )

1 !
£ &
1 1
=~ (e ) =~ (F e —en. o)
1 i n n\2  n+l
- 5 (Fr@nE e,
Then, (4.25) becomes

1

(1 2 = eI 4 e = 12 ) + el Ve 4~ (f e e

1
&
= %(f/(u(tn))(e”l -, e"+1> + 21—8<f”(w")(e")2, e"'H)
(e@™), &™)y DA Ut —u'™h)
i=1
1 n n+1 n n+1 n n+1 n+l
+ 55 (8@, ) (g, wt — ) — (R, &)

=T +D+T5+ T4+ Ts. (4.26)

1
2e

Using Lemma 4.1, there holds
1
eIV 4~ (e e ) = —holle™ 2. 4.27)

If the entire £[|Ve" 1|2 term is used to control the the term &~ (f/(u(1,))e" !, e" 1), we
will not be able to control the ||Ve" ! ||% terms in T;,j=1,...,5. Soweapply (4.27) with
a scaling factor (1 — n) close to but smaller than 1, to get

1
—( = (F e @) < (1= il T+ (1= me Vet @28)
On the other hand,
Cc C
—2(fr et ert) = Zhjent 2 < et D et 2 4.20)
€ € 2 4

The first term 77 on the right-hand side of (4.26) can be bounded by

—1 1 1

Ti <e M f ) el — e |lle" |
1 1 1 1
<Ce et — e Vet — Vet |2 |12 I Ve T2

1 1
Tzt — ey lle" T |-y 4+ Ce 22| Ve T — Ve ||| Ve |

IA
_

=

0| —

1 1
R e c%ne"+1 1% + Es’"nvw“ 12+ T (4.30)

where T} := Ce~ M+ Vet — Ve |12 and yy is sufficiently small. To control the last
term Tl* on the right-hand side of (4.30), we assume that 7 < C 18”2+8 to get
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N N
T Z T = Ce~m+4) 72 Z Vet — ve|?
n=0 n=0
N
= Cs’("”g)r(s“r Z Vet — Ve ||2)
n=0

N
1y
< —¢&*t Vet — ve' 2.
=1 nE_OH e el

Using the Sobolev interpolation inequality, we have for v € L(z)(.Q) NH'(2)

< ioi—4 . 1_d 1pd, A4
Iollzs S VOl =% SAVellF vl 2, PVl ™8 = Vel T8 vl 2, 5, (4.31)

which together with the assumptions of induction yields
-1 2 1
Ty Se et galle" |
-1 nyl+4 n 1_% n+1 % n+1y4
=Ce Vel lle™ I _y t le™ I 2 [1Ve ™ 12
—@o+3+) 34y ntly2 n+l) 4
=< Ckoe VT E eI 2 Ve |
n _ my 3_d
<Cs? ”Ven+1 “”enJr]”_] +CK§5 (20t0+6+d+2).’:3 i

1
<Clle"™ 2y 4 S Ive ) + CeQaot6rdt$)3-5 (439

It follows from (4.16)—(4.17) that
1 n
+1 i i—12
Ty S o l(g@™, et 21 ' — w1
=

1 n ) ) 1 n
= —[(g@", ™) 3 le" = P 4 (g, €| Y llut) — uttin)I®

i=1 i=1

3
= Ce7 g e[| (koe ™+ 4+ 572

L 1 3
< C871 ”en+l ”31 ”Ve}’l+1 ” 3 <K08*(ao+2)fj + 8*/02{)

n _ n _ n
<e 7 |le" Ty || Ve || 4 CudeCoot6t T3 | 0o @t 2

1
<Cle" 2, + " Ve T2 + Crle=Coot6+ )13 4 0o @mt2+3)12 - (433)

In order to estimate the term 74, we divided it into two parts as

1
T4 — _ g(g(un),en+1)(g(un)’en+l _en)
1
+ 5. (8™, " (g™, ultys1) — ulty))
=:T41 + Ta2. (4.34)
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Similarly to the estimate of 77, the term 741 can be bounded by
Ty <Ce g Pl e+ — e

1 1 1 1
< Ce—l le"™ —em[|12 Vet — Ve |2 [le" T2, Ve | 2

IA

1
“2 et — |yl |y + Ce 2T Vert — Vel || Vet

IA

w\»—‘*‘

1 1
Y0 t*l ”en+l _ en ”2_1 + C%”en+1 ||2_1 + B‘C/J'lZ”Ve}’H’l ”2 + T]*, (435)

which together with the condition 7 < C g2 t8 yields

N

N

1

T Y T =Cem PN vt — Ve | < Es“r D overtt —ve %
n=0 =

In addition, we obtain
1
—1 14 1,2
Ty < Ce V" T 121" 12 Nutngr) — un)ll

n n+1 n+1 —-2+%) frl 2
<e2 V""" -1 + Ce ¥ flue ||~ ds

n

1 Th+1
<Clle" 2, + —en||Ve" 2 + Cs—@”%)r/ Nl )| ds. (4.36)

16 5

For Ts, using Cauchy-Schwartz inequality and Poincaré’s inequality for ¢"+! e L%(Q), we
have

1
Ts < [R™ i g-ile" ™ < 8 2R3, + 6

Combining the estimates (4.30)—(4.37) together with (4.26), taking the summation forn = 0
to N, and assuming that T < C18'72+8, we have

|| ve' 2. 4.37)

N N

1 1

§||€N+1||2_1+§(1—27/0)§ le™t —e"|2 ) +eT Y Ve
n=0 n=0

N N
Cn _
< [C + (1= mhio + %]1 Dl TR+ 8eT 2 Y R

n=0 n=0
nm gm Y
+[a—me+ T+ Z Ve > + 841' 3 Vet — ver |2
n=0 n=0

+ CKgg—(2a0+6+d+n72)r3—% + CKgg—(2ao+6+%2)t3
T
7 n
4 Ce—@m+2+%) 2 +Cs*(2+72)r2/ s 1 ds. (4.38)
0

By taking n = €3, 71 = € and ny = 4, we have

nn g 1y
1-— + — +— - = 4.3
( n)e 1 5 =¢ 48 (4.39)
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which together with (3.2c) gives

N N
1
™2+ (= 2p0) 3l — 2, 4 JetT Y Vet
n=0 n=0

N N N
1 _
<Cty [le", + er“ D oAvett —ve|F + et Y IR
n=0 n=0 n=0
d
n CK387(2a0+8+d)f371 + CK387(2a0+8)r3

4+ Ce— @t 2 4 co— (42, (4.40)

Step 4: Completion of the proof. We now conclude the proof by the following induction
argument which is based on the results from Step 1 to Step 3. By multiplying t&* on both
sides of (4.24), combining the estimate (4.40), and together with Lemma 3.1, we obtain

N
eV 2 + et [VeN TP+ (= Ct—6y0) ) lle"H! — €12,

n=0

3 N 1, &

+ (G —OyyTet YOIVt = Vel P+ St | ver 2
n=0 n=0
N
< CQT Z (”en||2_1 4 T84||V€n||2> + C1K02£_(20!0+8+d).c3—%

n=0
7 _
+ Czkgs_(2a0+8)13 + C3/{58_(2°‘°+2)r I 4 Cye max{p1+3, 2p2+4, p2+6, p3+4}1.2.
(4.41)

in which the term i e~ (P43 2243, 23411 22 js absorbed in Cge ™ Max{P1+3, 20244, P26, p3+4) 2.
Suppose that for sufficiently small constant yq satisfying % — 6y > % and sufficiently
small 7 satisfying
A ey 432+4d 2 (ap+4)
T < (9/(0_2) e =) , T < (gKO—2)8ao+87 T < (QKO—2>357( %+ ’
IO T\ TG
then, by denoting o := max{p; + 3, 2p2 + 4, p2 + 6, p3 + 4}, we derive

N N
1 Z 1 Z

||€N+1||271 + t84||veN+1”2 + E ||en+l _ en||271 + 584 t||ve"+l”2
n=0 n=0

N N
1
+57et Y IV = Ve P < Cor ) (Il + vt Ve |?) +4Cse 02,
n=0 n=0
(4.42)

We denote kg := 4C4e(“©T) and use the Gronwall’s inequality to get

N
4ZT||V€n+1||2 + T84||V€N+1||2

n=0

1

N
1
N+1)2 1 2
eV + =D et =2 + se
2n—0 2

1 m
+ 51’84 D NVe Tt — Ve |F < 4Cqe DT 01 = ke T™07?,  (4.43)
n=0
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where kg is independent of T when t is sufficiently small. The induction is completed.
In the above proof, we have used these conditions:

~  dagt32+4d - (2u0+4)

<C1e"?, 1< Crem 7T, T<C3%8, 1 < Cye ; (4.44)

i 2
where C~’2 = (%KO ) - ,C3 = ( Ko ), and C4 = (C— )3 By denoting

dag +32+4d ~ A ™
Bo = —a_q and C = min{Cy, Cy, C3z, Cy4}, (4.45)
we specify the final condition on 7, thatis, T < Ceho, O

5 Numerical Experiments

In this section, we present a two-dimensional numerical test to validate the theoretical results
on the energy decay properties proved in Theorem 3.1, as well as the convergence rates of
the proposed method given in Theorem 4.1. All the computations are performed using the
software package NGSolve (https://ngsolve.org).

We solve the Cahn-Hilliard equation (1.1) on the two-dimensional square £2 = [0, 1] x
[0, 1] under Neumann boundary conditions by using the proposed scheme (2.8) with the
following initial condition

up(x, y) =tanh (((x — 0.65)% + (y — 0.5)% — 0.1%) /)
x tanh (((x — 0.35)% + (y — 0.5)% — 0.125%) /e), (5.1)

where tanh(x) := (e — e™)/(e* + ¢™¥). This type of initial condition is also adopted in
[21, 26], where the set of the zero-level of the initial function ug(x, y) encloses two circles
of radius 0.1 and 0.125, respectively.

To obtain a C* potential function F(v) that satisfies the assumption 3.1, we modify the
common double-well potential F (v) = %(v2 —1)? by setting M = 2 in (3.3) to get a cut-off
function F (v) € C*(R). Correspondingly, the ninth-order polynomials @ (v) and ®_(v)
in (3.3) are determined with the following conditions

q><+">(M) = FOM) and 9 (—M)=FD(=M) fori=0,1,2,3, 4,

®LM) = ©_(2M) = L (@MY ~ 1), .

o’ em) = oV (—2m) = 2M)® —2Mm,

oMy =0 (—2M)=0 for i =2,3,4.
Note that the truncation point M = 2 used here are for convenience only. For simplicity, we
still denote the modified function F(u) by F'(u).

The spatial discretization is done by using the Galerkin finite element method. Let Sj,
denotes the P; conforming finite element space defined by

@ Springer


https://ngsolve.org

Journal of Scientific Computing (2024) 101:83 Page210f24 83
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Fig. 1 (left) Time discretization errors; (right) Evolution of the SAV energy

Sn:={vn € C(R2); vnlk € Ps(K), VK € Tp},
where 7, is a quasi-uniform triangulation of §2. We introduce space notation S := {v, €
Sn; (vp, 1) = 0}, and define the discrete inverse Laplace operator —A;l : L(z)(.Q) - S
such that

(V(=A Do, Vi) = (v,mn) Yy € Sh. (5.3)

Since the exact solution of the considered problem is not known, we compute the orders of
convergence by the formula

S S T
order of convergence = log N N - /log(2)
”u(f/z) _ M(T/4) ”
N N h,—1
based on the finest three meshes, where ug) denotes the numerical solution at ty = T

computed by using a stepsize t, and [[v]|,—1 =/ (v, —A,;lv) forv e L%(.Q).

The time discretization errors in || - ||, —1-norm are presented in Fig.1 (left) for four
different ¢ = 0.08,0.06, 0.05,0.04 at T = 0.005, where we have used finite elements
of degree s = 3 with a sufficiently spatial mesh 7 = 1/64 so that the error from spatial
discretization is negligibly small in observing the temporal convergence rates. From Fig. 1
(left), we see that the error of time discretization is O(t), which is consistent with the
theoretical results proved in Theorem 4.1. In addition, Fig. 1 (right) shows the evolution in
time of the discrete SAV energy for four different £, which should be decreasing according
to Theorem 3.1. This graph clearly confirms this decay property. Therefore, the numerical
experiments are in accordance with our theoretical results.

Figure 2 shows snapshots of the numerical interface for four different e = 0.08, 0.06, 0.05,
0.04 at six fixed time points. They clearly indicate that at each time point, as ¢ tends to zero, the
numerical interface converges to the sharp interface of the Hele-haw flow, which is consistent
with the phenomenon stated in [21, 26]. It also shows that for larger ¢, the numerical interface
evolves faster in time.
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Fig.2 Snapshots of the zero-level sets of the numerical solutions
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