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ON ENERGY DISSIPATION THEORY AND NUMERICAL
STABILITY FOR TIME-FRACTIONAL PHASE-FIELD EQUATIONS*

TAO TANGT, HAIJUN YU#, AND TAO ZHOUS

Abstract. For the time-fractional phase-field models, the corresponding energy dissipation law
has not been well studied on both the continuous and the discrete levels. In this work, we address this
open issue. More precisely, we prove for the first time that the time-fractional phase-field models
indeed admit an energy dissipation law of an integral type. In the discrete level, we propose a
class of finite difference schemes that can inherit the theoretical energy stability. Our discussion
covers the time-fractional Allen—-Cahn equation, the time-fractional Cahn—Hilliard equation, and
the time-fractional molecular beam epitaxy models. Several numerical experiments are carried out
to verify the theoretical predictions. In particular, it is observed numerically that for both the
time-fractional Cahn-Hilliard equation and the time-fractional molecular beam epitaxy model, there
exists a coarsening stage for which the energy dissipation rate satisfies a power law scaling with an
asymptotic power —a/3, where « is the fractional parameter.
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1. Introduction. The phase-field method is a powerful modeling and simulation
tool in diverse research areas, such as material sciences [5, 9, 10, 26], multiphase flow
[6, 31, 32, 33, 39, 42, 51], biology, and tumor growth [13, 20, 27, 49]. Most phase-field
formulations are based on a free energy function depending on an order parameter
(the phase field) and a diffusive mechanism. The well-known examples of phase-field
models include the Allen—Cahn (AC) equation [5], the Cahn—Hilliard (CH) equation
[9], and the molecular bean epitaxy (MBE) model [10, 26]. A common feature of the
above-mentioned phase-field models is that their corresponding free energy admits a
dissipation law.

Taking the CH equation as an example, we see that the associated governing
equation yields

9 1 y(~A) (—eAd+ LF'(¢)) =0, z€QCRY d=2,3, 0<t<T,

O 6(2,0) = goa),
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where € is an interface width parameter, v is the mobility, and F' is a double-well
potential that usually takes the form

(12) F(¢)= (- ¢

For simplicity, we set 2 = (0, 27)% and assume that ¢(-, ) satisfies a periodic boundary
condition. The corresponding free energy functional for the CH equation is defined
as

(1.3) E(6) = /Q (51l + ZF(9)) do.

The CH equation can be viewed as a gradient flow with the energy (1.3) in H=1. Tt
is well known that the energy functional E decreases in time:

d

(1.4) =

E(¢) = —/Q |V (—e*A¢ + F’(¢))|2dz <0.

Such an energy dissipation property plays an important role in developing stable
numerical methods for dissipation systems due to its importance for long time simu-
lations; see, e.g., [12, 14, 16, 17, 18, 19, 41, 48, 50, 52, 53] and references therein.

In recent years, fractional-type phase-field models have attracted more and more
attention [1, 2, 3, 54, 28, 36, 43]. For instance, the following fractional-type free energy
is investigated in [43]:

(15) B(0) = [ (FIV°0F + P(o)da,
where V@ is the fractional gradient V¥ = (%7 ce g—;), with {g—;}k being the

fractional derivatives. We are then interested in the following space-fractional CH
equation:

(1.6) % + (=A) (-e*A% + F'(¢)) = 0.

It is obvious that for the modified energy functional (1.5), the corresponding energy
dissipation law is

d
1.7 —FE%(¢) <0.
(17) SE(9) <
Another interesting approach is to keep the original free energy (1.3) unchanged, but
the associated gradient flow is considered in H~®. This yields the following space-
fractional CH equation [1]:

0
(1.8) a—f + (=A)* (—e*Ad + F'(¢)) = 0.
It is straightforward to verify that its corresponding free energy admits a dissipation
law. As reported in [1], the nature of the solution for the fractional CH is qualitatively
close to the behavior of the classical CH equation (1.1) regardless of the size of the
parameter .
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The time-fractional phase-field models have also been investigated recently. Con-
sider the time-fractional CH equation

o* 1, B
(1.9) @my(ﬂ)(fsm +oF (u)) —0,
where a € (0,1), and 2= is the Caputo derivative defined as
1 RO
1.1 t) = d t 1).
(110)  Soo=SDre0 = rrma | Gogeds >0, a1

In [28], it is shown numerically that the free energy admits an energy dissipation law.
However, rigorous analysis for this observed behavior is still open, which is the main
motivation of the present work. Our main contribution is threefold:

e In the continuous level, we establish the energy dissipation law for the
time-fractional AC equation, the time-fractional CH equation, and the time-
fractional MBE model.

e In the discrete level, we propose a class of finite difference schemes satisfying
the discrete energy dissipation law for the time-fractional problems.

e We also investigate the coarsening rate of the time-fractional phase-field
models, and we obtain an asymptotic value for a power law.

The rest of the paper is organized as follows. In section 2, we establish the energy
dissipation law for the time-fractional phase-field equations. In section 3, a class of
finite difference schemes is proposed, whose numerical solutions are shown to satisfy
the energy dissipation property. In section 4, we discuss the maximum principle for
the time-fractional AC equation. Numerical examples will be presented in section 5
to verify our theoretical results and to predict an asymptotic power law. Finally, we
give some concluding remarks in section 6.

2. Energy dissipation for time-fractional phase-field equations. First, we
introduce some notation and basic properties for fractional calculus; see, e.g., [24, 38].
The Riemann-Liouville fractional integrals for o € (0,1) on finite interval [0,T] are
defined as

U N0 = i | G ads fort =0,

T
(IF_H) = Fl ] /t ( 1(s) ds fort<T.

(a s—t)l-@
The Liouville fractional integrals on the real axis R are defined as

1N0 = |G N0 =5 [

For f € LP(0,T),g € L9(0,T),p> 1,9 > 1, and %—i—% <1l+a(p#1andq#1when
% + % = 1+ «), the following integration formulas holds [24, Lemma 2.7, p. 76]:

(2.1) / (18, ) (Dg(t)dt = / I3 g) (@)t

Moreover, for f € LP(R),g € LY(R), p,q > 1, and % + E = 1+ «a, we have [24, eq.
(2.3.22), p. 89]

(2.2) / (12 ) (D)9 t)dt = / P69 ()t
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Furthermore, for a,8 > 0, « + 8 < 1/p, and f € LP(R), the following semigroup
properties for fractional integrals hold [24, Lemma 2.19, p. 89]:

(2:3) IS = ISP N0, (21200 = 1277 f)(0).

The Fourier transform for the Liouville factional integrals is given by [24, Property
2.15, p. 90]

1) (F1enE© =T repye =

e a€(01), /€ L(R),

where
(q:if)a — |£‘ae$ia7rsgn(§)/2.

For 0 < a < 1and 1 < p < 1/a, the operators I§, and I%_ satisfy the following
estimates, which are known as the Hardy—Littlewood theorem [24, Lemma 2.1.b, p.
72]:

(2.5) 1165 fllLaco,my < K| flleco,1), 17— fllLao,ry < K| flleeo,m),

where ¢ = p/(1 — ap), and K is a constant independent of f.
Next, we present the following lemma that plays an important role in our analysis.

LEMMA 2.1. For any given h € L?(0,T), pzp%a with o € (0,1), define

_ L [T h(s)g(t)
In(h,g) = F(a)/o/o (tis)liadsdt.

Then the following estimates hold:
T a am /212
(2.6) I (h,h) = A IS h(t)h(t)dt > cos ?HI0+ h||L2(O7T) > 0.

We briefly outline the proof of the above lemma. It is known that the kernel
1/t* with o € (0,1) is positive (see, e.g., [34, 35, 37]), and this can be verified by
using either the Laplace transform or the Fourier transform. For example, Nohel and
Shea [37] present a proof by checking the kernel function’s Laplace transform, while
the property I,(h,h) > 0 is established provided that h € C(0,T). Here we can
extend this result to the space of h € LP(0,T) with pZH%. In this case, (2.6) can
be shown by using the Fourier transform technique. To show this, we can perform
the zero extension for h from [0,T] to (—oo, 00), apply the semigroup property (2.3),
and use the integration formula (2.2) to rewrite the integrand of the outer integration
as (Iz/zh) (If/Zh). Hence, the desired result (2.6) follows by combining the Fourier
transform (2.4), the convolution theorem, and Parseval’s theorem with the Hardy—
Littlewood inequality (2.5).

Notice that h in Lemma 2.1 is assumed to take values in R. Nevertheless, when h
takes values in some Hilbert space, the result can be extended by using the orthonor-
mal bases expansion argument; see, e.g., [35].

A direct extension of Lemma 2.1 leads to the following corollary.

COROLLARY 2.1. For any given h,g € LP(0,T) with p>+2—, define

Zo "’

T t s
(27) Aalhsg) = Li_a(hyg) :ﬁ / / ’gf_)*‘;()@dsdt.
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Then the following estimates hold:

T T
Ag(hyh) = 1#/ / Mdsdt
2I'l — o [t — s|>

(2.8) > sin = ||1r01 V2R 01y > 0.

2.1. The time-fractional Allen—Cahn equation. Consider the following time-
fractional AC equation:

29 gro=(s80-1F@), a1, @eaxp

with the homogeneous boundary condition
(2.10) o(x,t) =0, (x,t) €0Qx[0,T],

where ¢ is the thickness of the phase interface, and  is a mobility constant. Here
we assume that F' admits the following property: F € C?(R), and there exist two
constants M7 < 0 < Ms such that

(2.11) F'(My) = F'(My) =0; F'(u)>0Yu>M, and F'(u) <0Vu< M.

Remark 2.1. The quartic growth double-well potential (1.2) satisfies this property
with My = —1 and M5 = 1.

Notice that the fractional order o € (0,1) in (2.9), and when o = 1, (2.9)—(2.10)
is the standard AC equation, which satisfies a well-known energy dissipation property,

212 o0 == ol
(213) Blo) - B0 =L [ | 20|

where E[¢] is the system energy,

(211) B16] = SIVol> + S(F(9), 1)

Here we use (-,-) to denote the L?(2) inner product in the spatial domain, and we
denote by ||-|| the standard L?(£2) norm.

First, we address the question of whether the time-fractional AC equation still
satisfies an energy dissipation law similar to (2.12) or (2.13).

THEOREM 2.1. Consider (2.9) with the homogeneous boundary condition (2.10)
(or homogeneous Neumann/periodic boundary condition); if the initial energy E[¢(0)]
is finite, then the following energy holds:

(2.15) BL6(T)] — Blo(0)] =~ / An(br, be)dz < 0.
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Proof. Multiplying both sides of (2.9) by —¢; and taking integration on the re-
sulting equation yield

/ / %gbtd:rdt /OT/Q <5A¢+ iF'(d))) Pedxdt = W/OT %E[qﬁ]dt.

Consequently,
@16) BT~ Blo0) =~ | / / ) s, t)dtda.
Then combining (2.16) and Corollary 2.1 yields the desired property (2.15). 0

Remark 2.2. Notice that (2.15) is an energy dissipation law of integral type, by
which we have

E[o(T)] < E[p(0)].

Moreover, the dissipated energy = fQ (¢, ¢¢)dx is also bounded by E[¢(0)], and

(1—-a)/2

thus the solution is energy stable and o5 A 12(0,7) is bounded. However, the

conclusion (2.15), in general, does not lead to th <0Oor dtuE <0.

2.2. The time-fractional Cahn—Hilliard equation. The analysis of the time-
fractional AC equation can be extended to the time-fractional CH equation.

THEOREM 2.2. Consider the potential function F described by (2.11) and total
energy E defined by (2.14). The time-fractional CH equation

[e3

(2.17) o

1
S =7Ap, p=—cAp+ EF/(¢)’

with periodic boundary conditions or no-flux boundary conditions

ou o
2.1 = = - -
(2.18) onloa 0, on laa 0
satisfies the energy dissipation law
1
(2.19) B[9(T)] ~ E[9(0)] = — /Q AoV, i)z <0,

where ¥ = —A"1 ¢, is the solution of the equation

(2.20) — A = ¢y,

with periodic or homogeneous Neumann boundary condition (’9”1/)’69 =0.

Proof. First, we show that the time-fractional CH equation conserves the total
mass. More precisely, if ¢ is the solution of (2.17), with the periodic boundary condi-
tion or the no-flux boundary condition (2.18), then

(2.21) /qu(m,t)d:n:/ggb(x,O)dx vit>0.
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To see this, integrate both sides of the first equation in (2.17) in the physical domain

to obtain
[ 0% 1 Ocz)xs)
O_/Qat‘ld 1704// (t—s)

:F(ll—a)/o i (/a xs)dg;>ds V> 0.

Then we obtain

d 0
I = = = e. t>0.
dt/ﬁcﬁ(xat)dx /Qatqb(x,t) 0 forae. t>0

Then (2.21) follows by integrating the above equation. It follows from (2.21) that
Jo #edx = 0. Thus, ¢ in (2.20) is well defined. Pairing the first equation of (2.17)
with —%1/), the second equation with ¢;, and summing up the two resulting equations,
we get

d

—(I}°V, V) = —E.

(2.22) o

1
'Y
Consequently, the energy dissipation law (2.19) follows by integrating (2.22) from 0
to T and by using Lemma 2.1. ]

2.3. The time-fractional MBE model. Now we consider the time-fractional
MBE model,

aa

(2.23) o

—¢ = 7<5A2¢+ -V .-f, (v¢)) ac(0,1),

where f,,(v) = 0F,,(v)/0v, and F,,,(v) is defined as (see, e.g., [26])

(2.24) Fo(v) = {}1(|v2 - 1)2 for model with slope selection,

—3In |1+ |v[?| for model without slope selection.

It can be verified that f,,,(V¢) =(|V¢|? —1)V¢ in the model with slope selection, and
£.(Vo) =— % in the model without slope selection.

Using arguments similar to those in the last subsection, we can show that the
time-fractional MBE model has the following energy dissipation property.

THEOREM 2.3. If the time-fractional MBE model satisfies periodic boundary con-
dition or no-flur boundary condition

(225) anA(b‘BQ = an¢|aﬂ = 07

then the solution of (2.23) satisfies the energy dissipation law

(2.26) Enld(T)] - Enld(0)] < - / Aa(d, @)z <0,
Y Ja

where

(2.27) En(8) = SIAGI7 + Z(Fn(V9), 1),
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3. Energy stable finite difference schemes. In this section, we design energy
stable finite difference schemes for the time-fractional phase-field models. To this end,
we first review a commonly used finite difference scheme.

Let us first consider the time-fractional diffusion equation

aOé
JZAU+Q($,t>, 046(0,1)7
ot
which can be viewed as a linearized version of the time-fractional AC equation (2.9).

. . . . . 2 .
For ease of notation, we consider the one-dimensional case, i.e., Au = %, with z

being the spatial variable. Let 7 be the time step size, and let ¢ = k7, u’g() be the
numerical approximation of u(-,t;). By applying the classical L1 scheme (see, e.g.,
[29, 30]) to the time-fractional derivative and treating other terms in an implicit way,
we get the scheme

k=9 (z) — uk I (z) _ 0?uktl(x)

(3.1) > b - 5 + g(x, tesr),
=0
where
1 CARAS| i
2 = —dt=———[G+ D=7, j>0.
62 h=grea | Ry G0 2

The derivation of the left-hand side of (3.1) is given as

0%u 1 bt () )

= (xt = . d

g @ te+t) = T a)/o (tort —5)o

_ Zk: w(z, i) —u(z,t;) 1 /tm ds ko
= T Fl-a) )y, (k-8 7

=

l—o

w(x,tjp1) —ulz,t;) 7
T I'2-—a)

[(k+1=5)' =" = (k=)' ="+

<.
o

= |

7tl - 7t’
bk—jU(x j+1)T u(z J)+T1Tc+1

)

I
o

J

where the integer derivative 2 u(x,t) in time interval [t;, ;4] is approximated with a
first order Euler scheme [45]. The finite difference scheme for the fractional differential
operator is obtained by dropping the remainder 75+,

Suppose the spatial discretization using the Galerkin approach is accurate enough.
Then the H'! stability is available since the L1 discretization of the fractional derivative

satisfies the special property

k k+1—j o k—j 1 k—1
u X u X .
(33) >0 (z) () _1 bouk T = (b — b )uf I — b |,
= T T o
where
k—1
(3.4) b >0, bp—beyr >0, » (bj—bji1) +be=by Vk=>0.

=0
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By this property, if we pair the scheme (3.1) with «**1, then all the cross terms
wubtl (j=0,...,k) can be bounded by 1[(u/)? + (u**1)2]. Hence the H' stability
can be proved by a simple mathematical induction [30].

Before providing rigorous nonlinear stability analysis, let us make an assumption
on the bulk potential function F(¢): F(¢) € C?(R), and there exists a finite constant
L such that

/!
. max | F <L
(3.5) ue‘cxgl (w)| <L

Remark 3.1. There are many ways to modify the potential F'(¢) such that (3.5)
is satisfied. One possible way is to lower the far-ends nonlinearity [8, 41, 11, 47]; e.g.,
we consider the following double-well potential with quadratic growth:

11(¢_2)2+6(¢_2)+%7 ¢>27
(3.6) F(¢) = 1(¢* —1)?, ¢ €[-2,2],
S(0+2°2-6(p+2)+7, ¢<-2

It can be verified that the above potential satisfies (3.5).

3.1. The time-fractional Allen—Cahn equation. We now consider the time-
fractional AC equation (2.9). We adopt the L1 scheme for the linear part of (2.9) and
use a stabilization technique for the nonlinear bulk force. This leads to the following
semidiscretized scheme for (2.9):

1o~ ¢ (@) — ¢F i (a)
DI

(37 —eadtt - Lf(0h) - S -6, kzo

where f(¢) = F’'(u), S is a sufficiently large positive constant, 7 = T//n is the time
step size, and {b;} are defined by (3.2).

To show the energy stability of the above numerical scheme, we first present the
following lemma.

LEMMA 3.1. For any (uy,...,u,)" € R, define

n k
B:=2 Z Z b‘k_j|ujuk.
k=1j=1
Then we have

(3.8) B = Zbouk + ZZb|k U Uk > Zbouk,

k=1 j=1

1—a)/2
(3.9) B> fsm ||1<+ 2un ()22 0.1 +snzui,
k=1

where s, = (nT-H)7a p(ll,a)Tlfo‘ > 0, and the piecewise constant function u™(t) is
defined by

(3.10) un(t) _ Ult/7]+15 0<t<T,
0 otherwise.

In (3.10), |t] stands for the integer part of real number t.
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Proof. Note that (3.8) is well known (see, e.g., [25, 46]). We need only prove
the inequality (3.9). We prove it by converting B into the form of Corollary 2.1.

First, convert {u;,j =1,...,n} into a piecewise constant function u™(t) on [0,T] as
n (3.10). Obviously, u"(t) € L?(0,T). Then by Lemma 2.1 or Corollary 2.1, we have
0< 24, um) = / / uun ) o
—Ay(u™u
T T F 1—a)

1 1 - / / u™(s)
=—— U, dsdt
TI(1-a) ; k-1)r  Jo [t—s[
n

1 1 n .
;F(l —a) Z / / —1)r |t—8‘0‘d8dt Zz::“j“kblkfjl’

where

B (k+1)T T 1
by = / / ——_dsdt
kT o |t—s|*

- ﬁ (k+1)27> —2k** + (k- 1)), k>1,

7T 2 1 T 11—« _ 2 j e
bo_r(z—a)f/ot =t

It is easy to see that by is an approximation of E\kl by evaluating the integration using
a one-sided quadrature rule. To prove that B is positive definite, we need to prove
that the difference between B and 24, /7 in the off-diagonal parts can be controlled
by the difference in the diagonal part. To show this, for the diagonal term we have

~ orl-a orl-a 1 2 rl-a
%y — by = - =2 (1 - > 0.
0T T2-a) I'3-a) 0( 2—a> 2—aF(1—a)_0
For the off-diagonal term, let G(z) := 72— (z 4+ 1)*>7* — 2-227%; then we have
by = by
= M(k+1)27% = 2k27 + (k- 1)~ 1 1
— _ 1 —Q _ —
I‘(2—a)( 2—« [(k+1) F ]>
7_1704
= — -1 -G
o (G~ Gl = 1) = G'(b)
- ) @+ 1)) .
“ T2 a2 a) (z x or some x ,
>0 V>

Thus we obtain

mo Fl-a m 2-a_ p2-a .
;’bkblk‘F@ <( +1) L 1]>

IN
\L
|
Q
N\
‘H
|
N =
3
+
=
Q
N——
—
A
3
A
3
I
—
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A direct calculation shows that the column sum of the off-diagonals is bounded by

o= (e () )

Hence C' = {Ck—j}z,jzl with ¢ = by fl;‘k‘ for k = +1,...,£n is a symmetric positive
definite M-matrix. We then have

B = 2 (u",u™ +Z[2b0—b0—co}uk+Zch UK

k=1 j=1

> %Aa(u", u™) + Z [Qbo —bo — Co} ui
k=1

2 n
= A, (u™u" n E 2.
= (u™,u™) + s u,

The proof is complete. ad

We are now ready to give the following result indicating that the proposed nu-
merical scheme is energy stable.

THEOREM 3.1. The numerical solution of (3.7) with a modified bulk potential
function (3.6) satisfies the following discrete energy dissipation law:

E[¢"] - Z 8"

T =
— S 1
A1 e k+12 4 = ik k+1y2
(3.11) }_:{ V812 (2 - (e et
where §,¢F T = pFH1 — ¢F | provided that
'yL
12 —_—
(3.12) S+2 > 5

where L is given by (3.5). If S > ~L/2e, then the scheme is unconditional energy
stable in the sense that

E[¢"] < E[¢°] V7 >0,n>0.
Proof. Multiplying both sides of (3.7) by 6;¢**! and integrating in space, we see
that the resulting right-hand side is given by
RHS*fEV’““Q EV’“Q—EV§ wei2 /1 kY s, o+l §5 k+1)2
= —SITR 4 SITOHI = SITa I = (SF(60H 4 (R

€ € €
SV 4 IV — S Vast 2
1 1 S 1
—{ ZF(*t = ZF(oF 2o ek Y (5,082 1
(2r) = 2Reh + (2 - 0@ ) o)),
where ¢¥ () is between ¢* () and ¢*+1(x). On the other hand, the resulting left-hand
side is given by

LHS = 7/ Zb ST,  d.



A3768 TAO TANG, HAIJUN YU, AND TAO ZHOU

Summing up both sides for £k =0,...,n — 1, we get

n—1 k

E[QSTL]_ /Zzb5¢k+1 35 ¢k+ld1'
k=0 =0
S S 1
S {ewaeie s (8- L aen) )
2 vy 2
k=0
The desired energy estimate (3.11) follows by using Lemma 3.1. 0

3.2. The time-fractional Cahn—Hilliard equation. The scheme (3.7) can
be easily extended to the time-fractional CH equation (2.17) with the double-well
potential function of quadratic growth (3.6) as follows:

(3.13) Ly, @)~ @) e
Fy =0
(3.14) P = oA 4 2 f(0h) + %w’“*l — ")

Similarly to the time-fractional AC equation case, we can prove the following
energy dissipation property.
THEOREM 3.2. Consider the numerical scheme (3.13)—(3.14) with a modified bulk

potential function (3.6). Then the numerical solution of (3.13)—(3.14) satisfies the
following discrete energy dissipation property:

b n—1
Bl¢") - B¢’ < —5 = kZO 160" 17
(e S 1
(3.15) Z: {2 V8,112 + <7 — %f/(gk)7 (5t¢k+1)2>} )

provided that 1/b°€ + % > 2—LE If S > %, then the scheme is unconditional energy

stable in the sense that
E[¢p"] < E[¢°] VY7 >0,n>0.

3.3. The time-fractional molecular beam epitaxy equation. The scheme
(3.7) and the relevant analysis also apply to the time-fractional MBE model (2.23)
without slope selection, in which we have

Ot (v)  2vi— (VP4 1)I

(3.16) e i 7 SER

where [ is an identity matrix. The corresponding numerical scheme is

Iy, #e) - ¢e)
T2l

7=0

(3.17) = —eA2pFHL 4 év £, (Vor) + %(Agﬁ’““ —A¢F), k>0.

Similarly, we can prove the following energy dissipation property.
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THEOREM 3.3. Consider the time-fractional MBE model (2.23) with periodic
boundary condition or no-flux boundary condition (2.25). Then the numerical scheme
(3.17) satisfies the following discrete energy law:

n— n—1
Epl¢"] — ] < - Z 166" 112 — Z V26,6512
k=0
n—1 S 1 ,
(3.18) - <; — 5B (6, (Va2

provided that bOE + 8 5= 25/\7na,;(f,’n(£k)). Here /\mm(f{n(fk)) means the largest

eigenvalue of the matmaj £/ (¢F). In particular, if we choose S > 1oz, then the nu-

merical scheme (3.17) for the time-fractional MBE model without slope selection is
unconditionally energy stable for any time step size.

Proof. We remark that the inequality (3.18) can be obtained by the standard
energy method, which is similar to the methods employed in the previous subsections.
To make the last term in (3.18) nonnegative, we need only

S 1 !¢k
; - %Amax(fm(f )) Z 0

A direct calculation using (3.16) shows that Amax (£},(€¥)) < 1/8. Consequently, the
above inequality holds provided that S > 7&-. d

Remark 3.2. One can also resort to the convex-splitting approach [16, 17] to
design energy stable schemes. Take the classical double-well potential (1.2) as an
example, and let

(3.19) file) =67, felo) = o.

For the time-fractional CH equation, the corresponding convex-splitting scheme reads

Ly, 6517 (@) — 6" (@)

_ k
(320) ;J;Obj p = A,U, +1a
(3.21) Pt = —eApht! + éfi((bk—H) - éfe(fbk)-

For the time-fractional MBE model with slope selection, the corresponding scheme
yields

~ J
-
15

(3.22) = —eA2pkt1 4 év fi(Vok Ty — év [ (VoF), EkE>0.

1 Z . O @) — oF ()

Here f;(v) = |v|?v. These schemes can be proved to be unconditionally stable, but
at each time step we need to solve a nonlinear system.
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4. Maximum principle for the Allen—-Cahn equation. Similarly to the clas-
sical Allen—Cahn equation (see, e.g., [40]), we can establish a discrete maximum prin-
ciple for the time-fractional AC equation. Note that if the discrete maximum principle
is valid, then the global Lipschitz condition on f can be removed as the numerical
solutions are bounded by the initial data. In other words, the modified bulk potential
function (3.6) may not be needed; instead, the standard double-well potential (1.2)
can be used.

Next, we show that scheme (3.7) with the standard double-well potential (1.2)
satisfies a discrete maximum principle provided that the time step size is sufficiently
small.

THEOREM 4.1. Suppose ¢o9 € C° and My < ¢o(x) < My for all v € Q. Let
{@¢* k > 1} be the solution of the semidiscretized scheme (3.7) with a standard double-
well potential that satisfies property (2.11). If

(4.1) bo=bi g M <usan [f()]
> 5 )

then we have

(4.2) My <¢F(z) <My VEk>1,2€Q

Proof. We rewrite the scheme (3.7) using (3.3) as

b70¢k+1 + §¢k+1 7€A¢k+1
T ¥
1 [ . S 1
(43) = 2|20~ b)o" T i |+ 2t - f(6"), k0.
j=0

We first consider the case k = 0. By using the fact that £(¢%) = /(6") — f(Ma) =
f'(€)(¢* — My), we obtain

bio(bl‘f'g(bl_EAqsl
T Y

= bogo Spo Lieyan - 0
’)/7- '}/ E

b S 1 S b

=M+ =M+ <f/(f) -z~ 0) (M — ¢°)
T Y € YT

< b*OMQ + §M2~
T Y

The last inequality is a result of condition (4.1). Now, let zy be a maximum point of
o' if ¢ (wo) > Mo, we get

b b
bogi i S _engt>2an+ 50 at =,
T vy T v

which contradicts the above inequality. Thus, we have max, g ¢' (2) < Mo.
Next, suppose max,cq ¢’ (x) < M holds for j = 0,...,k. Then by using (3.4),
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the fact f(¢*) = f(¢*) — f(M2) = £ (€)(¢* — Ma), and the condition (4.1), we get

bo

T

< Moty B0 Sk e - o)
YT Y €

S by b

= —My+ —My+ <1f/(5) -7
T £ v

¢k+1 + ggbk-i-l _ €A¢k+1

)(Mz )
< — My + —Ms.

Again, let o be a maximum point of ¢**1; if F+1(zg) > My, we obtain

b S b S
70¢k+1 + *¢k+1 - €A¢k+l > iMQ + —My at x ==z,
T v oks 2]

which contradicts the above inequality. Thus, we have max,cq ¢FT!(x) < My. By
mathematical induction, we have max, g ¢7 (x) < My for any j > 1. The lower bound
can be proved similarly. 0

It is well known that the solution of linear time-fractional parabolic equations
admits some kind of initial singularity (see, e.g., [4, 7, 22, 35, 44, 46]):

(4.4) o(t) € C0,T)),  |ér] < Cat™ .

The well-posedness and the limited regularity of the time-fractional AC equation
(2.9)—(2.10) with F satisfying (3.5) was studied recently by Jin, Li, and Zhou [23]
in the setting of the nonlinear subdiffusion equation. It is proved in [23] that if
do € HE(Q) N H?(K), then (2.9)—(2.10) admits a unique solution ¢ satisfying

(4.5) ¢ € C*([0,T]; L*(2)) N C([0, T]; Hy () N H*()), 95 € C([0,T); L*(Q)),
(4.6) 0i0(t) € L*(Q) and  [04(t)||p2(q) < ct* ' for t € (0,T7.

Correspondingly, the numerical solutions of scheme (3.7) with a modified bulk poten-
tial function (3.6) can be proved to satisfy the following convergence property using
the standard technique in [23]:

(4.7)  axy [¢(nT) — @™ L2(0) < 7™

Since the piecewise extension ¢, (z,t) := (n + 1 — t/7)¢" + (t/7 — n)p" T (nr <
t < nt + 7) converges to the weak solution ¢(x,t) in C ([0, T]; L*(£2)), using the facts
that ¢, is bounded uniformly (Theorem 4.1) for sufficiently small 7 and that ¢ is a
continuous function yields the following maximum principle result.

THEOREM 4.2. Let ¢(z,t) be a weak solution of (2.9)—(2.10) with a potential
function F(¢) described by (2.11). Suppose that ¢(z,0) = ¢o € HZ () N H2(Q),

QCRYd=2,3, and My < ¢o(z) < My for all x € Q; then

M; < ¢(x,t) < My YV aee. (z,t) € Q x[0,7].

Remark 4.1. The above theorem provides a maximum principle for the weak so-
lution. On the other hand, we can also obtain a maximum principle directly for the
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strong solution. Suppose the initial value ¢y and the spatial domain ) are suffi-
ciently smooth such that the solution ¢ of (2.9)—(2.10) with a potential function F'(¢)
described by (2.11) satisfies

(4.8) Ag € C°((0,T] x Q), b € CO((0,T] x Q), ¢ € C°0,T] x Q).

If the initial data is bounded, i.e., My < ¢g < My for all x € €, then one can use a
standard technique to prove that

M, < ¢(z,t) <My YzeQ, t>0.

We point out that the regularity assumptions (4.8) have been shown to be reasonable
recently, e.g., as reported in [15].

5. Numerical experiments. In this section, numerical schemes proposed in the
previous section will be employed to study the coarsening rates of the time-fractional
phase-field models. We solve the phase-field equations in Q = [0, L;] x [0, L,] with
periodic boundary conditions. A Fourier—Galerkin method is used for the spatial
discretization. To enhance the computational efficiency, the fast sum-of-exponential
algorithm developed in [21] is used to evaluate the historical part of the time-fractional
derivatives.

5.1. Numerical results for the time-fractional Allen—Cahn equation. In
this case, we take L, = L, = 2, € = 0.05, and v = 0.05. The stabilization constant S
in scheme (3.7) is chosen as S = 0.1. We use 128 x 128 Fourier modes in the physical
domain and set the time step size as 7 = 0.1. The initial state is chosen as

~tanh | —L (= 2 _ LEcost49) TR 0= Y
(5.1) ¢0(x)—tanh(\/§g(r—4— T )), r=+z —l—y,@—arctanx.

The phase-field function and the energy evolution with various fractional orders «
are investigated. Figure 1 presents the phase-field function ¢ with a = 0.3,0.5,1
at different time levels. It is clearly seen that it takes a longer time to reach the
equilibrium if o becomes smaller. This observation can be further verified by looking
at the energy dissipation curves displayed in Figure 2. It is seen from this figure that
the energy dissipation for the time-fractional AC equation has a long tail effect.

5.2. Numerical results for the time-fractional Cahn—Hilliard equation.
In this case, we take L, = Ly, = 2, ¢ = 0.05, and v = €. A uniformly random
distribution field in [—1,1] is taken as the initial state, and the stabilization constant
in scheme (3.13)—(3.14) is chosen as S = 0.01. We use 256 x 256 Fourier modes for
spatial discretization. The time step size is taken as 7 = 0.001. As shown in section
3, the numerical scheme is unconditionally stable if a suitable stabilization constant
is used.

We investigate again the time variation for the phase-field function and the energy
evolution with different values of fractional parameters. Figure 3 presents the phase-
field function ¢ with o = 0.3,0.5,1 at different time levels. Again it is observed that
as a decreases, the relaxation time reaching the equilibrium increases. This assertion
can be further verified by checking the energy dissipation curves presented in Figure
4(a). The overall energy dissipation process can be split into three stages. In the
first stage, the bulk force is the driving force, and consequently small scale phase
separations form. In the second stage, small structures interact with one another, so
that an energy dissipation power law can be observed. In particular, the power law
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,  t=1 , t=8 , t=64
2 ¢ 1 2 ¢ 1 2 ¢ 1
1.5 05 15 0.5
1 0 1 0
0.5 05 0.5 0.5
0 -1 0 1
0 2 0 0.5 1 1.5 2
¢, t=64
2 1 2 1
1.5 05 1.5 0.5
1 0 1 0
0.5 05 0.5 -0.5
0 1 0 1 0 1
0 0.5 1 1.5 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2
, t=1 , t=8 ¢, t=64
2 1 2 1 2 1
1.5 05 15 05 15 0.5
1 0 1 0 1 0
0.5 -0.5 0.5 0.5 0.5 -0.5
0 -1 0 -1 0 -1
0 05 1 15 2 0 05 1 15 2 0 05 1 15 2

Fic. 1. Snapshots of the solution of the time-fractional AC equation with o = 1,0.5,0.3 (top,
maddle, and bottom rows, respectively).

61 —-o— =1 ]
107 F |=—a=0.8
—+—a=0.5
—==0.3
10—8 L (O L
1P 10 10
time

F1Gc. 2. The energy dissipation for the time-fractional AC equation with different values of a.

behaves like E[p(t)] = CytP=. Tt is found by data fitting that p, = —a/3 (cf. Figure
4(b)), which is consistent with the —1/3 law for the classical CH equation (i.e., « = 1).
In the last stage, the equilibrium solution with the minimum energy is obtained.
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¢, t=8 ¢, t=64
06 2 v 1 1
04
15 05 1. 05
02
0 1 0 0
02
0.5 05 0.5 05
0.4
06 0 - -
0 05 1 15 2 . .
, t=8 3
2
05 45 ‘ 05
0 1 0
05 05 05
0 P—
0 05 1 15 2
s ¢, t=8
05 15 . 05 15
0 1 0

05 05 05 05

0

0 0.5 1 1.5 2

Fic. 3. Snapshots of the solution of the time-fractional CH equation with o = 1,0.5,0.3 (top,
middle, and bottom rows, respectively).

ol 0.13 | g power
16¢
14+ -0.16
121 0.0
3 10} 5
o s
S 8 g-0.24
7 L
6! [~o—a=1 -0.28
5t |—a=0.8
4.5 ¢ |—+—a=0.6 -0.32
4+ —ETa=0.4 | 3 0351 | | ‘
0.01 1 0.4 0.6 0.8 1
time a
(a) The energy dissipation. (b) The power law.

Fic. 4. The energy dissipation and the power law for the time-fractional CH equation with
different values of a.

5.3. Numerical results for the time-fractional molecular beam epitaxy
model. For the time-fractional MBE model with slope selection, we take L, = L, =
27, e = 0.1, and v = e. A uniformly random distribution field in [—0.001,0.001] is
chosen as the initial state. We use the stabilized scheme (3.17) with S = 0.1 and



STABILITY FOR TIME-FRACTIONAL PHASE-FIELD MODELS A3775

$, t=1 ¢, 1=8 ¢, 1=64

15
;
05
0
05
-1
15

2

0 T

2m
™
0

m
¢, 1=64

0 ™ 27 0 ™ 27 0 ™ 27

Fi1c. 5. The snapshots of the numerical solution of the time-fractional MBE model with slope
selection for o =1,0.7, and 0.4 (top, middle, and bottom rows, respectively).

take 256 x 256 Fourier modes for spatial discretization. The time step size is taken as
7 =0.001.

The time evolution for the phase-field function ¢ with a = 0.4,0.7,1 is presented
in Figure 5, which demonstrates again that as « decreases, the relaxation time reach-
ing the equilibrium increases. It is seen from Figure 6(a) that the overall energy
dissipation process for the time-fractional MBE model consists of three stages, and in
the second stage a power law with an asymptotic power of —«/3 is observed, which
is confirmed numerically by Figure 6(b).

6. Concluding remarks. In this work, we established an energy dissipation
theory for the time-fractional phase-field equations. We prove in the continuous level
that the time-fractional phase-field equations admit an energy dissipation law of inte-
gral type. In the discrete level, we propose a class of finite difference schemes that can
inherit the discrete energy dissipation property. These numerical schemes are applied
and analyzed for the time-fractional AC equation, the time-fractional CH equation,
and the time-fractional MBE model. Several numerical experiments are carried out
to verify the theoretical predictions. In particular, it is observed numerically that the
energy dissipation rate satisfies a power law with an asymptotic power —a/3, where
« is the fractional parameter.

We conclude this work by pointing out several relevant issues which require further
study:

e As discussed in Remark 2.1, we have presented the energy law E[¢p(T)] <
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100 -0.12 ——fitting power
80t —-a/3
60} -0.16
> 40 L = '0.2
5 o
qJ ____ -
20t -0.28 ¢
- =1
—+—a=0.8 i} L
006 0.32
‘—E—oz=0.4 | | | | | 036 | | |
0.0001 0.01 0.1 1 10 100 0.4 0.6 0.8 1
time o
(a) The energy dissipation. (b) The power law scaling.

F1G. 6. The energy dissipation and power-law scaling for time-fractional MBE model with slope
selection at several values of .

E[#(0)]. An open question is to verify the following energy dissipation law:

(6%
%E <0 or (Z—QE <0.

e We have shown numerically that the energy dissipation rate satisfies a power
law with an asymptotic power —«//3 in the coarsening stage for the time-
fractional CH equation and the MBE model. However, a rigorous theoretical
justification is needed.

e On the numerical side, only first order schemes are investigated in this work.
It will be more useful and more challenging to design high order energy stable
schemes in our future studies.
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