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GLOBAL-IN-TIME ENERGY STABILITY ANALYSIS FOR A
SECOND-ORDER ACCURATE EXPONENTIAL TIME
DIFFERENCING RUNGE-KUTTA SCHEME FOR THE PHASE
FIELD CRYSTAL EQUATION

XIAO LI, ZHONGHUA QIAO, CHENG WANG, AND NAN ZHENG

ABSTRACT. The global-in-time energy estimate is derived for the second-order
accurate exponential time differencing Runge-Kutta (ETDRK2) numerical
scheme to the phase field crystal (PFC) equation, a sixth-order parabolic equa-
tion modeling crystal evolution. To recover the value of stabilization constant,
some local-in-time convergence analysis has been reported, and the energy
stability becomes available over a fixed final time. In this work, we develop a
global-in-time energy estimate for the ETDRK2 numerical scheme to the PFC
equation by showing the energy dissipation property for any final time. An
a priori assumption at the previous time step, combined with a single-step
H? estimate of the numerical solution, is the key point in the analysis. Such
an H? estimate recovers the maximum norm bound of the numerical solution
at the next time step, and then the value of the stabilization parameter can
be theoretically justified. This justification ensures the energy dissipation at
the next time step, so that the mathematical induction can be effectively ap-
plied, by then the global-in-time energy estimate is accomplished. This paper
represents the first effort to theoretically establish a global-in-time energy sta-
bility analysis for a second-order stabilized numerical scheme in terms of the
original free energy functional. The presented methodology is expected to be
available for many other Runge—Kutta numerical schemes to the gradient flow
equations.

1. INTRODUCTION

The phase field crystal (PFC) equation has become a very powerful model to
describe crystal dynamics at the atomic scale in space and on diffusive scales in
time [16]. The elastic and plastic deformations, as well as multiple crystal orien-
tations and defects, have been appropriately incorporated in this approach. This
physical model has been widely used in the numerical simulation of many related
microstructures [42], such as epitaxial thin film growth [I7], grain growth [47],
eutectic solidification [I8], and dislocation formation and motion [47], etc. The
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PFC equation is a gradient flow model, and the phase variable stands for a coarse-
grained temporal average of the number density of atoms; also see the related
derivation of dynamic density functional theory [1L40,[43]. In the PFC formula-
tion, u :  C R?® — R is the atom density variable, and the free energy is given
by [16,[17.48]

(1.1) E(u) = / (lu4 + Ezﬂ — |Vul?* + l(Au)z) de,
q \4 2 2

in which the parameter 0 < € < 1 measures a deviation from the melting tem-
perature. Moreover, we assume a periodic boundary condition for the sake of
brevity, and an extension to the case of homogeneous Neumann boundary condi-
tion is straightforward.

Meanwhile, with either a periodic boundary condition or a homogeneous Neu-
mann boundary condition for both the phase variable and chemical potential, an
equivalent free energy functional is used to simplify the analysis [45]:

E(u) = /Q (iu‘L - %uz + %((I + A)u)z) de,

with the help of integration-by-parts formulas to represent ||Vul|? = —(u, Au).
In turn, the PFC equation becomes the associated H~' gradient flow of the free
energy,

(1.2) ug = Ap,  pi= 0, E = u® — eu+ (I 4+ A)%u.

Many numerical works have been reported for the PFC equation in the existing
literature. Of course, a theoretical justification of energy stability has always been
used as a mathematical check for a numerical scheme to gradient flows, since it
plays a crucial role in the long time simulation. There have been extensive works of
energy stability and convergence analysis for various numerical schemes to the PFC
equation, as well as the modified PFC and square PFC models, including the first-
order algorithms [49//50,54] and the second-order accurate ones [21[3}[IT] 15255,
etc. On the other hand, it is observed that, most energy stable numerical schemes
for the PFC equation ([2)) involve an implicit treatment of the nonlinear term,
which comes from the convexity structure of the free energy functional. Such an
implicit treatment leads to a nonlinear numerical solver, which makes the imple-
mentation process very challenging. In addition, most existing works on second-
and higher-order accurate schemes for the PFC equation and the modified models
correspond to a multi-step algorithm, so that the reported energy stability is in
terms of a modified energy functional, which is the original free energy combined
with a few numerical correction terms. Such a modified energy estimate leads to a
uniform-in-time bound for the original energy functional, while the original energy
dissipation property has not been theoretically justified.

To obtain the stability estimate for the original energy functional, some Runge—
Kutta (RK) numerical approaches have attracted increasing attention in recent
years. For example, a combination of the convex splitting technique and the
implicit-explicit (IMEX) RK idea leads to a convex splitting RK (CSRK) frame-
work for gradient flow equations [46] based on a resemblance condition. Such
a CSRK framework gives a three-stage, second-order accurate nonlinear implicit
scheme with a dissipation property for the original energy. In practical compu-
tations, this three-stage RK numerical algorithm leads to three nonlinear solvers
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at each time step, making it even more expensive than the multi-step nonlinear
numerical schemes [I5,25], in which only one nonlinear solver is needed. As an
alternate approach, a linear IMEX-RK scheme is proposed in [19], in which linear
stabilization terms are used in the numerical design, and the unconditional energy
stability is proved under a global Lipschitz condition assumption. However, a theo-
retical justification of such a global Lipschitz condition has not been available due to
the lack of estimates for the numerical solution in the maximum norm, particularly
when a nonlinear term appears in the gradient flow equation.

Meanwhile, the exponential time differencing (ETD)-based numerical approach
has been another popular effort to solve nonlinear parabolic PDEs, in which an
exact integration of the linear and positive definite part of the PDE is used, com-
bined with certain explicit approximations to the temporal integral of the nonlinear
and concave terms [4}[5]12]13]23] 24 27H29,521[56]. The energy stability analysis
has been reported for a few multi-step ETD schemes [8HI0L26] in their applications
to various gradient flow models, while such a stability analysis has always been
associated with a modified energy because of the multi-step nature. More recently,
a second-order accurate ETD Runge-Kutta (ETDRK2) numerical scheme is stud-
ied for the PFC equation (L2)) in [34]. In this numerical approach, the right-hand
side is decomposed into two parts: the stabilized diffusion part L., consisting of
the physical diffusion and artificial diffusion terms, while the nonlinear and the
concave artificial terms are combined as the remaining part f,. Subsequently, an
exact ETD integration is applied to the stabilized diffusion part L,;, and a specific
explicit update of the nonlinear part f, is used to ensure the desired accuracy or-
der is satisfied. For such an ETDRK2 numerical scheme, a careful estimate reveals
an energy stability in terms of the original free energy functional (in comparison
with the modified energy stability for many multi-step numerical schemes) under
the condition of a global Lipschitz constant. In turn, the artificial regularization
parameter k is required to be greater than a constant, dependent on the maximum
norms of the numerical solution at the previous and current time steps and at the
intermediate time stage.

In the existing work [34], a local-in-time convergence analysis is performed for the
ETDRK2 numerical scheme in the £°°(0, T'; £°°) norm, so that the distance between
the exact and numerical solutions stays bounded for a fixed final time. Then, the
£°° bound of the numerical solution can be derived by the associated bound of
the exact solution plus a fixed constant, as long as the convergence estimate is
valid. With such an ¢*° bound for the numerical solution, a theoretical analysis of
the energy stability forms a close argument. On the other hand, such an energy
stability analysis is only local-in-time, since all the error estimates for a nonlinear
PDE have always contained a convergence constant of the form e“”. In turn, such
a convergence constant has an exponential growth as the final time becomes larger,
and a theoretical justification of the distance between the exact and numerical
solutions is no longer valid for a fixed time step size and spatial mesh in the long-
time simulation.

In this article, we provide a global-in-time energy estimate for the proposed
ETDRK2 scheme to the PFC equation ([L2), where the energy dissipation property
is valid for any final time. Based on the established result, the key point of such
an analysis is to derive a uniform-in-time bound for the numerical solution in the
maximum norm. To this end, we make an a priori assumption of decreasing energy
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at the previous time step, so that the discrete H? and £ bounds of the numerical
solution become available at the current step. Subsequently, the numerical system
at the intermediate time stage and the next time step is carefully analyzed, which
leads to a single-step H? estimate. More precisely, two sub-stages are formulated
at each Runge-Kutta stage, and nonlinear analysis in the Fourier pseudo-spectral
space is undertaken, in which a careful eigenvalue estimate plays an important
role. The derived single-step H? estimate recovers the £> bounds of the numerical
solution at the intermediate stage and the next time step, so that a theoretical
justification of the artificial stabilization parameter x becomes available. Such an
evaluation of x ensures the energy dissipation at the next time step, so that the
mathematical induction argument can be effectively applied, and thus the global-
in-time energy estimate is accomplished.

In fact, the reported framework for the global-in-time energy stability estimate
is expected to be applicable to a class of gradient flow models, such as Cahn—
Hilliard equation, epitaxial thin film growth, and other related gradient equations
with non-quadratic free energy expansion. This scientific idea can also be applied
to a class of high-order Runge-Kutta numerical schemes, including the ETDRK,
the exponential and exponential-free Runge—Kutta numerical algorithms with any
accuracy order, as long as the energy stability can be proved under a condition of
a global Lipschitz constant. Moreover, for a wide class of Runge-Kutta numerical
schemes for the gradient flow model, the reported theoretical technique can aslo
be applied to derive the uniform-in-time bound of the numerical solution under
the associated functional norm (required by the global Lipschitz constant in the
energy stability estimate), hence the global-in-time energy estimate can also be
theoretically justified.

The rest of this paper is organized as follows. In Section 2] we review the ET-
DRK2 numerical scheme and present a few preliminary estimates. A global-in-time
energy stability analysis is provided in Section Bl Various numerical experiments
are considered in Section[d] to demonstrate the convergence rates and global-in-time
stability. Some concluding remarks are presented in Section [Bl

2. THE NUMERICAL SCHEME AND A FEW PRELIMINARY ESTIMATES

2.1. The finite difference spatial discretization. The numerical approxima-
tion on the computational domain 2 = (0,L)? is taken into consideration with
periodic boundary condition. The standard centered finite difference approxima-
tion is applied with Az = Ay = Az =h = %, in which N € N is the spatial mesh
resolution. In particular, f; ;i represents the numerical value of f at the regular
numerical mesh points (ih, jh, kh), and the discrete space Cpe, is introduced as

Coer :={f = (fijk) | fijk = firan j+B8N kN, Vi, J ko, B,y € Z}.
In turn, the discrete difference operators are evaluated at ((i+3)h, jh, kh), (ih, (j+
2)h,kh) and (ih, jh, (k + %)h), respectively:

1
(Daf)iy 1 jn = E(fiJrl,j,k = fign)y (Dyf)ijprn =

1
(D= f)ijrst = E(fi,j,kJrl — figk)-

For a vector function f=(f*, f¥, )7 with f*, f¥, f* evaluated at ((i+3)h, jh, kh),
(ih, (j + 5)h,kh), (ih, jh, (k + 3)h), respectively, the corresponding average and

(fij+ie — fijk),

S
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difference operators at the staggered mesh points are defined as follows:
1 1

(aa;f )7]7 = 2( itk +fz——_]k) (d f ),J, = h( iﬁ_%%k _fiac_%d)k)’
1 1
(@ )i = 5( ity k+fu—%7k)’ (dy f")isin = h(fz‘y,j+%,k _fz‘y,j—%,k)v

1 z 1 z z
(azf*)ijk = 2( ikt +f; ]k__) (dzf*)ijx = h( ikl T iJ‘Jg-%)'

In turn, the discrete divergence turns out to be
fﬁ)zgk dfx)a]k—i_(dfy),]k—i_(df),j’k'

In particular, if f = Vno = (Dyd, Dy, D.¢)T for certain scalar grid function ¢,
the corresponding divergence becomes

(Ah¢)i,j,k = vh : (Vh(b)i’j’k = dac (Dx¢)i7j,k + dy (Dyd))i@k + dz (Dz(b)i,ng .

For two regular grid functions f and g, the discrete L? inner product and the
associated ¢2 norm are defined as

N
o) =0 " fugwgiges Ifll2 = (U )E.

i\j k=1

In turn, the mean zero space is introduced as Coper = {f € Cper ‘ f= % = O}

€T

Similarly, for two vector grid functions f = (f*, f¥, f#)7 and § = (9%, ¢, ¢~ ) with
F2(g%), £Y (%), f7 (97) evaluated at ((i + 3)h, jh, (k + 5)h), (ih, (j + 3)h, kh),
(ih, jh, (k+ %)h), respectively, the corresponding discrete inner product becomes

(f.9) =" g"N + Y. 0", + [F7, 0%,
[fm7gx]x = <0’$(fmgx)51>7 [fyvgy]y = <ay(fygy)51>7 [fz’gz]z = <a’2(fzgz)a1>'
In addition to the €2 norm, the discrete /7 and maximum norms are introduced as

1fllp = (1P 1>) 1 < p < +o0, and | fll, = maxi<; jr<n|fijk|. Moreover,
the discrete H and Hj 2 norms are defined as

IVLfll = (Vaf, Vif) = [Dof, Dafl, + [Dyf, Dyfl, + [D=f, D=f],
W5 = A5+ UV fls s e = 1A + AR5

The summation-by-parts formulas are recalled in Lemma 2.I] whose detailed proof

can be found in [20,60,53,54], etc.

Lemma 2.1. For any ¢, ¢ € Cper and any f, the following summation-by-parts
formulas are valid:

W, Vi f)y = —(Vah, ), (0, And) = —(Vah, Vo), (0, ko) = (Apt), Ano),
(Ant), ARG = —(Vih, ViAZ®),  (AJw, A}g) = —(ViATY, ViAT¢).

In addition, the following ¢-functions are introduced to facilitate the numerical
formulation:

a 1—e™@ a—(1—e™?

01 = gl = gya) = 2

The following result will be used in subsequent analysis, and its proof has been

provided in [I0].

, a>0.
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Lemma 2.2.
(1) ¢i(x) is decreasing, fori=0,1,2;

(2) 0<¢1(2) <1,0< ¢o(w) <%, and 0 < 25 <1,V > 0.

2.2. The numerical scheme. The space-discrete problem of (L2) is to find u :
[0, +00) — Cper that

du
(2.2) T Ap(u?) — eApu+ Ap(I + Ap)?u.
Given a constant k£ > 0, we add and then subtract the term kKA, u on the right-hand
side of (22 and rearrange the terms into linear and nonlinear parts:
(2.3)
du .
i —Lou+ fo(u), Le= —Ah((I+Ah)2+HI), fu(u) = Ah(u‘3) —(e+kK)Apu.
Notice that 0 < ¢ < 1 is a fixed physical parameter, while x > 1 is an artificial
constant to ensure an energy dissipation property at a theoretical level. In fact, if
one takes Ly(u) = —Ap((I + Ap)? + (k — €)I)u, the other part becomes f,(u) =
Ap(u?) — kApu. These two representations would lead to an analysis in the same
style, since the value of k in the later rewritten form could be treated as €+ & in the
representation (2.3)); the constant value of x could be artificially adjusted, as long
as it preserves a lower bound, which will be demonstrated in the later analysis. By
the variation-of-constants formula, the exact solution to ([Z3)) is given by

(2.4) u(t™) = e e (1) + / " (7L fr(u(t™ + 5)) ds,
0

where {t" = n7},>0 with 7 > 0 represents the set of nodes partitioning the time
domain [0,4+00). The numerical design of the ETDRK approximation has had a
long history, and such a numerical algorithm to a dissipative PDE system, in the
style of (2.3]), was originally proposed by Hochbruck and Ostermann [22], in the
Butcher tableau form. In particular, the second-order ETDRK method, denoted as
the ETDRK2 scheme, consists of two stages at each time step:

(2.52) @™ = @o(TLy)u™ + 71 (T L) fr(u™),
(25b) un+1 = ¢0(TLR)un + 7-((¢1 (TLR) - ¢2(7Lm))fm(un) + ¢2(TLn)fn(an+l))
= 0" 4 7o (TL) (fu(@™TY) — fro(u™)).

In fact, this numerical scheme has been studied in [34], which turns out to be a
special case of the ETDRK method outlined in [22]. Meanwhile, a discrete version

of the energy functional is defined as
1 1—¢ 1
Ep(u) = Zllulls + ——=l[ull3 = IVaull3 + Sl1Anul3, V€ Cper.

For the ETDRK2 scheme (Z3)), the following result has been proved in [34].

Lemma 2.3 ([34]). Under the condition that
s 3ME —«¢
- 2
the numerical solution {u"},., <y, generated by the ETDRK2 scheme (2.5) satis-
fies Ep(u™t) < Ej(u™).

, where Mo = max{[[u"[|oo, 15"+ [loo, [|u"**[|oc },
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In the existing work [34], a local-in-time convergence analysis is performed, in
the || ||oo norm, to justify the parameter My. This in turn determines the value of &,
so that the energy stability analysis becomes available in Lemma 2.3l On the other
hand, it is observed that, the convergence constant contains an exponential growth
term in time, due to the nonlinearity of the PDE. Hence, the || - || bound of the
numerical solution is just a local-in-time result and such an energy stability estimate
turns out to be a local-in-time analysis, since the || - || bound of the numerical
solution is only valid local-in-time by using the convergence analysis approach.

2.3. Some related operators in the Fourier space. To facilitate the global-in-
time energy stability analysis, we introduce the linear operators

Gp = ¢1(7Ly) = (tLy) (I — e 7t),
G\ = go(rLy) = (L) "I = Gi),
G = GG = (¢1(rLy)) " da(rLy),

in which ¢; are defined in ([2I). Moreover, for any f € Cper with the following
discrete Fourier expansion:

K
(2.6) fishn= 3 fommemtrtmyitnz)/L,

Lmn=—K

the above operators can be represented as

K
1—e TAemm .
_ 2mi(lx,+ i+ L
(Grf)ijwe = g Tfe,mme miltzckmy;tnz)/L
Lmn=—K £m,n
K 1 _ 1_e*7A2,m,n
(1) TAemoan 2 2mi(La;+may; I
G0 D= 3 —Ema ety dn,
{mn=—K £m,n
K 1 _ 1_e*7A2,m,n
(2) _ TAgm,n r 2mi(lx;+my;i+nz L
(G fije = E T oA fo.mne®™ vitnz) /L
Lmn=—K
with
4 brh mmh nrmh
2 2 2 2
Al,m,n = ((1_)\2,m,n) +Kf)>\£,m,n7 >\£,m,n = ﬁ(SIH T+Sln T+Sln T)
1_6_TA€,m,,n

Meanwhile, since all the eigenvalues

tion of Ggo) = (G},)"/? is given by

T are non-negative, a natural defini-
TNAe,m,n

K —TAp 3
(0) _ E: l—e o ; omi(lz; tnz)/L
(Gh f)i,j,k _ = f[,m,ne mi(lx;+my;+nzy)/ .
Lmmn
Lmn=—K e

It is clear that the operator Ggo) is commutative with any discrete differential
operator, and the following summation by parts formula is valid:

(f,61(TLy)g) = (f,Grg) = (G £,Gg).
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Similarly, we are able to define G(S) = (G(l))l/2 and G;;l) = (G;LQ))I/2 as

K 1— % 1

(3) TAe,m,n ¢ 27i(La; i+nzg)/L

(G ik = Z A - fompe?m it tnz) L
Lmn=—K Them,n

—TAm,n

K 1— l1—e

(4) _ TAg,mn £ 27i(lx;+myj+nzg)/L

Gy Pije= D T o hemn ) Jemme ( i+nz)/L
Lmn=—K

=

The following summation-by-parts formula can be derived in the same manner:

(F.02(rLi)g) = (£,G}9) = (G £.GGLDg).
In addition, the following operator is introduced, which will be used in the analysis
for the diffusion part:

K
1—e77—A€,mm, £ i i+myi+nz
27) (G Pige= > <4) Ao fo.m @2 T MY E02) /L

T
Lmn=—K

N

2.4. A few preliminary estimates. The following preliminary estimates are
needed in the subsequent analysis; the detailed proof will be provided in Appen-
dices [Al and [B], respectively.

Proposition 2.4. Assume that kK > 1. For any f € Cper, we have

(28) GOVl < GO A - G VA fIIS

(29 [AfI3 = TIGY fI3,

(210) (GrLuf, A2f) = |G FI3 > HG(O)WA FI3+ (s = DG VRALfI3,
(211)  (GrLof, AJe "l f) > HGS%eﬂf)nQ,

(212) G f]2 < \|f||2, G fllz < NG £,

(213) (1G]l < \[Ilfllz, 1GS) fllz < £

Proposition 2.5. For any two periodic grid functions f, g € Cper, we have
(2.14)  T(GLef. AZeTTE ) + | AR(g — e T )3 > TG g3

Remark 2.6. In fact, a combination of inequalities (Z9) and (ZII)) implies that
T(GnLif, Ahe™ ™ ) + [ An(g — e I3
L o 1
> 7|67 P PIB + 1G9 = e DI = 571G g3,

for any f, g € Cper, in which the quadratic inequality has been applied. In compar-
ison, the derived estimate (214 turns out to be a more refined one.

Moreover, the following inequalities will be extensively used in the nonlinear
analysis.

Lemma 2.7. For any f € Cper, we have
(2.15) 1flloo < Co(lf] +1ARSl2),
(2.16) IV ()2 < BlIFI% - IVafllze IVRfllz < CsllAnfl,

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



GLOBAL-IN-TIME ENERGY STABILITY ANALYSIS FOR ETDRK 811

in which the constants Cy and C3 are only dependent on 2, independent on f, h
and k.

Proof. Inequality (ZI5H]) comes from Lemma 3.1 in [20]; the technical details are
skipped.

In terms of the first inequality in (2.I6]), we begin with the following point-wise
expansion, from two neighboring mesh points, (i, 7,k) to (i + 1, 4, k):

1
(Dz(fg))i+§,j,k = E( i?’Jrl,j,k_fi?:j,k) = (fi2+1,j,k+fi+1>j7k'fi7j;k+fi2,j,k)(Dmf)i-i-%g',k'
In turn, an application of discrete Holder inequality indicates that
ID2(F2)ll2 < 3113 - 1 Do f1]2-

The corresponding estimates in the y and z directions can be similarly derived.
This completes the proof of the first inequality in (2.16]).

The second inequality in ([2I6) also comes from Lemma 3.1 in [20]; the technical
details are skipped for the sake of brevity. |

3. THE GLOBAL-IN-TIME ENERGY STABILITY ESTIMATE

In this article, we perform a direct analysis for the numerical solution, so that a
uniform-in-time H? estimate becomes available for the numerical solution. Because
of the Sobolev embedding from H? to L™ in the 3-D space, we are able to recover
the uniform-in-time value of My and k arisen in Lemma [Z3l This in turn gives a
global-in-time energy stability estimate for the ETDRK2 scheme (2.5]).

To proceed with the global-in-time energy stability analysis, we make an a prior:
assumption at the previous time step:

(3.1) Ep(u™) < Ep(u®) := Cy.

Such an a priori assumption will be recovered at the next time step. On the other
hand, the following energy estimate becomes available for any u € Cper, with the
help of Cauchy inequality and quadratic inequality:

1 1
s = IVaulls + Z1Anullz = ull3 + (u, Apu) + 2 Anulz >0,

1 1
ZU4 —u?> —1, which in turn gives ZHuHi — lul3 > -9,
1,4 1—€, 9 5 1 9 1 9
so that By(u) = ¢l + 5= ull3 — [ Vaul3 + 5 18nul3 > HAwul3 -]

Therefore, the following H? bound of the numerical solution can be derived, com-
bined with the discrete energy assumption (B.1l):

1 - . o - 3
(32)  ZIACE < Co+10l, e, A"z < Cri=2(Co+0) .

Meanwhile, it is observed that the ETDRK2 scheme (Z3]) is mass conservative at

a discrete level:
untl = gntl =y =0 := g,

Now, an application of estimates ([2.I5]) and (ZTI6]) in Lemma2 T yields the following
nonlinear bounds at the previous time step:

(3.3) [u"loo < Co([u] + [|Anu™(|2) < Ca(|Bo| + C1) = Ca,
(3.4) IVn((u™)?)ll2 < 3lu™||Z% - Csl|Apu™(l2 < 3C5C5Ch = C.
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In fact, both Cy and Cj are global-in-time constants, of O(1), only dependent on
the initial energy and 2. Moreover, these two constants are independent of k.

3.1. A preliminary estimate for ||11”+1||H;z. We aim to obtain a rough H? esti-

mate for the intermediate stage numerical solution @"**. The current form (Z35al) of
the evolutionary algorithm has not indicated a clear interaction between the linear
and nonlinear terms. In order to carry out the theoretical analysis in a more con-
venient way, we denote u"t1* = e~7Lxy", and rewrite the evolutionary equation
([235a)) as the following two-substage system:

un+1,* —un"

(35) L LT,
ﬂnJrl _ unJrl,*

(3.6) ——————— =1 (L) fiu(u").

-
Taking a discrete £2 inner product with (3.5]) by A? (u™™1* 4+ ™) results in

(3.7) <u"+1’* —u”, Ai(u"+1’* + u")> + 7(GpLu", Ai(u’”l’* +u™)) =0.
For the first term, an direct application of the summation-by-parts formula gives:
<un+1,* o un,Ai(unJrl,* + un)> _ <Ah(un+1,* o un)’Ah(unJrl,* +un)>

= [[Apu™ 3 = [ Apu™]3.

In terms of the first term appearing in the diffusion part of (B1), an application of
estimate (ZI0) in Proposition [Z4] implies that
(3.8)

(GrLa, M%) = G013 > SIGDTHAF 3 + (5~ DG VA" .
Subsequently, a combination of B1)—(B.8)) yields
(3.9) 12w = [ Apum |3+ (|G u" |3 + (Gh Lou™, Afum 1)) = 0.
Similarly, taking a discrete £2 inner product with [3.8) by 2A%4" ! leads to
(3.10) (@ — " 2AT A ) = 27 (G f (u”), AR AT,
The term on the left-hand side can be expressed as
(3.11) (@t — "t 247 = 2 (Ay (@ — ), ARt

= A" 3 = A3 + | AR (@ — w3
Subsequently, a combination of [B9) and BI0)—BII) gives
(3.12)  [|ARa I = |ARu™ 3 + [An(@" " — u™ )3
+ (IG5 + (G L™, Afu™17)) = 27 (G fu(u™), A ).

Moreover, an application of inequality (2.I4) (in Proposition [Z]) reveals that

(313)  T(GuLeu", Afu ) 4 A — a3 > G
Going back to (812), we arrive at
(3.14)

~n n 5) n 5) ~m n ~n
AR Y3 = [Apu™ I3+ T(|GD a3 + |G @ 3) < 27 (G fu(u™), AZT"HY).
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Meanwhile, due to (2I0) in Proposition 2:4] we observe the following inequality:

n 1 n —n
(315) G5 + G a1 = S (16 Vadiu 3 + G Vaaza )
+ (k= V(|G VA2 + |GV AR 3).

The right-hand side of (BI4]) contains two parts:
(3.16)
G fe(u™), AZ2a" Y = 2(GRAR((u™)?), AZa™ ) — 2(e + w)(GrARu™, AZG" T,

The first term can be analyzed as follows
(317)  2AGhAR((u™)?), AFamH) = —2(GLVa((u™)?), ViAFE" )
= 26 Vi), G Vastam )
< 2|GV Va2 - |G VR AZE
<2 Va((w™)?)l2 - 1GY VadFa
< SIVA(W)IE + SIGD T ATE B
<8C} + SIGPVAAT 3

in which the summation-by-parts formulas, as well as the first inequality in (2.12)
and the a priori estimate ([B.4) have been applied. The second term, a linear inner
product term, can be decomposed into two parts: the first part is estimated as

(3.18) —2(1 + e)(GrARu™, AFa" ) = 2(1 + e (G Vyu", Vi AL
= 2(1+ )GV u", GOV, A2
<2(1+9) GOV - |GV, AZa
<201+ 9)[Va ™)z - |G Ve AT G+
< 2(1+€)Csl|Apu|l2 - |G VR AT Ty
< 16C3 A3 + {1V AT 3
< 16C3C7 + LGV AT B,
in which the inequality (ZI0]) is used, and the second part is analyzed as
(3.19) —2(k — ){(GrARu™, A7) = 2(k — V(G VR Apu™, Vi Apa™th)
=2(k — GOV, A", GOV, ARt
= (5 = (|G Vaanu" |3 + |G Vi Apa+3)
— (k= DGOV AL @ — w3,

In particular, we notice that an additional dissipation term appears in the equal-
ity (319), and this dissipation term comes from the stabilization of —xApu in the

expansion (Z3)) for f.(u). As a result, a substitution of BIH)—@I0) into (BI4)
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yields
(3:20) 8@ 3~ |Age" |3 + SIGVadGunE + SIGVaAia B
+ (k= DGOV, AL (@ — u™)|3 < 87C2 + 167C2C2.
Consequently, the following bound becomes available for [|Apa"™ " ||a:
[ARE" Y2 < |Apu™|2 + 87C2 + 167C2C2 < (1 + 16C37)C? 4 87C3,

in which the a priori estimate ([B:2]) has been applied. Under the following O(1)
constraint for the time step size

(3.21) T < min{ —C52, ;03 2}7

we obtain a rough estimate for [|A,a" |2 as

| Apa" |2 < 2C2 + 1, so that |Apa" |y < Cy = 1/2C2% + 1,

where C, is independent of k. Similarly, an application of estimates ([2I5) and
[2I8) in Lemma 277 yields the following nonlinear bounds at intermediate stage:

(3.22) 7" oo < Co(|@+E| + [|ART"F|2) < Ca(|ol + Cu) := Cs,
(3.23) VA (@ ™))z < 3lla" |2, - Csl|Apa™ |2 < 3C3C5Cy = C.

Again, both C5 and Cg are global-in-time constants, of O(1), only dependent on
the initial energy and Q, independent of . In addition, we see that Cs > Cs since
Cy>Ch.

By the way, the rough estimate ([3.20) also indicates

(3.24) (k- D)7)|GOVLAL @ — u)|2 < CF + (8C2 +16C2C)r < 2C2 + 1,
under the constraint ([B.2I)). This bound will be useful to the estimate in the next

stage.

3.2. A preliminary estimate for ||u"+1||H}3. In this section, we aim to obtain

a rough Hﬁ estimate for the numerical solution u”*! at the next time step, deter-
mined by the second stage. Similarly, we denote u"+1* = e~ 7Lxy™, so that the
evolutionary algorithm (2.5B]) can be rewritten as a two-substage system:

un+1,* _ un

(325) f = —L.¢1 (TL/@)U”’
un+1 _ un+1,*

(3.26) = (L) fu (") + d2(T L) (fu (@) — fe(u™)).

T

The equation (23] is the same as (1)), so that equality (B3] is still valid.
Taking a discrete ¢ inner product with (328 by 2A7u"*! leads to

(u*t — T 2T = 27 (G fo (u™), AFumTY) — 27 (G fo(u), AFutY)
(3.27) + 27 (G fo (@), AZumtY),
The term on the left-hand side can be analyzed similarly as (811 and BI3):
<un+1 _ un-i—l,* 2A2un+1> _ ||Ahun+1||§ _ ||Ahun+l’*||% + HAh(un-i-l _ u"+1>*)||§,

T(GrLyu”, A" ) 4 [ Ag (@ — a3 = 7@,

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



GLOBAL-IN-TIME ENERGY STABILITY ANALYSIS FOR ETDRK 815

and its combination with (3.9) and B.27) yields

(8:28) [ Anu" 3 = [ Apu 3+ (16 w5 + G )
< 27 (G fu(u), A1) +20(GL) (fu (@) = fu(u™), A,
The first term on the right-hand side of ([B:28) can be analyzed in a similar way
as in [BI6)-(3I9); some technical details are skipped for the sake of brevity:
2Gnfu(u"), Afu")

= 2(GrAR((u™)?), AZu™Y — 2(e + K)(GLARU™, AZu™T),
(3.29) 2GR AR ((u™)?), AZu™T)

= —2(GuVa((u")?), VaAju™ ")

<2/|Vi((@™)?)l2 - G} VaATum 3

~ 1
< 24G3 + G Vasiu 3,
—2(1 + &) (GrARu™, AZu"Th)
=201 +&)(GOVpu", GOV, AZu Y
< 2(1+&)Ca| Apu||2 - |G Vadiu" 3
. 1 .

< 320307 + |GV Afun 3,
(3.30) —2(k — 1){(GrARu™, AZu™T)

= 2(/1 - 1)<GthAhu”, VhAhu”+1>

= 2(/1 - 1)<GELO)V}LA}LUTL, Gzo)thhun+1>

= (5 = (|G Vau" |3 + |G Vi Apu"3)

— (k= DG Tnp (" = um)]3,

so that
(3.31) 27 (Gufe(u™), AZu™) < (24C2 + 32C2C2)r + %nago)thiu"Hng

+ (k= Dr(|GYVR A2+ |G VR Apu™ | 2)
— (k= V7)Y VAL (@ — )3,

For the second term on the right-hand side of ([B.28]), we begin with the following
decomposition:

(3.32) 200G\ (ful@™h) — fu(u™), AZu"HY)
= 2GSV AR (@), Aty — 2(GD Ay ((u™)?), Adunth)
—2e + k) (G AR (@Y — um), AZumt),
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The two nonlinear inner product terms can be bounded in the same fashion as
in (BI7), (329), combined with the help of inequality (2I3) in Proposition 24t

(333)  2GVA(@)?), Afum )
= 2GY G A (@), G AFun )
= 26 G V(@) G VAT
<2 GGV (@)l G VR AUy
< V2 V(@) - |G VR AT
< \/§C~'G||GELO)VhA,21u"+1H2 (by the a priori estimate (3.23))
N 1
<1263 + 5 [1GL VanTu S,
and
~ 1
(3.34) ~2(G) An (")), Afu™ ) <1263 + |G VAT,

Again, the linear diffusion inner product on the right-hand side of ([B:32)) is split
into two parts, and we analyze them separately:

(3.35) —2(1+ ) (G AL (@ — u), AZum
= 21+ ) (GG A (@ —um), G AZun T
=2(1+ )GV GV, (@ —um), GOV, A2y
< V21 + )| Va(@ =)o - |G VR ATy
< 2V2Cs | An (@ — w2 - |G VAAG U2
< 2V2C5(Cy + Co)|| GV AU o (by (B2) and (B:22)
<1202(Cy + Cy)? + %HGELO)VILA}%UTHA”%?
and
(3.36)  —2(k — (G AL (@ — u™), A2y
= —2(n = D(G) Ap (@ =), GV AT
= 2(k — )GV AL @ — u™), GPV, AU

K —

2
- k—1
< 2(n = DG Valn (@ —u)|f + 511G VA3,

N 1
< 2(k - DIGO VAR @ — u™)|3 + IGEV R Apu L3

in which the preliminary inequality (ZI2) has been applied in the last step of
B34). Furthermore, to obtain a bound for the second term on the right-hand side
of (B36]), we make use of the Cauchy inequality:

(3.37)

K—1
5 IGORAE < (5 = DG Va3 4+ G Vi dn (™ = u)3).

It is noticed that the second term on the right-hand side of ([B.37) can be balanced
by the stabilization estimate in ([830). On the other hand, motivated by the Sobolev
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interpolation inequality (which comes from (2.8) in Proposition 2.4])
G(O)V Ay < G(O)A n) 3 G(O)V A2y 3
1GL"ViAru" |2 < (1G)," Apu®(l5 - |G VaAu" 13,
an application of Young’s inequality indicates that
4 2
1GR3 < 1GL A |3 - |1 GR VAT I3
n|3 (0) 2. n)3
[Anu™ls - 1G VaAju™ |3

2 1
< ga*%HAhu"H% + §a3||Gg°)thzuﬂ\|§, Va>0.

IN

By taking ga® = 515y, so that a = (3)3(k—1)73, we get

25—1) _a, « o5 1 .
(338) (- DIGOTuawe 3 < 2 Yo tjamz 4 Lie0viaiee3
26 3 n LG n
= S5 (k= DI AR 3 + S1GRVrAT "B
2v/6 ~ 1
< 2863 — 1) + LOvIATL,

in which the a priori estimate (32 has been applied in the last step. Subsequently,

a substitution of [B38)) into B3T) gives

2
(3.39) pu T3 < T \/_

3 1 n
CHr—1)% + 311G,V lfu"|
+ <f~: ~ DG VR AL W — )3,

Meanwhile, we recall the a priori estimate ([3.24]) at the previous stage. As a result,

a substitution of (324]) and ([3:39) into (336]) leads to
(3.40) —2(k = V(G Ap (@t —u™), AZum)

- 2 -
<4CT+2+ chfm — 18 + 216G Va3

+ (k= DTG VR AR — )3,
Consequently, a combination of (835) and ([B.40]) gives

(3.41) —2(e+ H)T(G(l)A (i n+l u™), Aiun+1>
<40 +2412C3(Co + Cu)’r + £ G VAT
2v6 ~,

+ 2000 (s - 0t + TIGPVAL
+ (5 = D7 GOV AR (W = u™)3.
Furthermore, a combination of (333)), (8.34) and ([B.41]) results in
(342) 270Gy (ful@™) = fu(w™), Afu" )
<4CY +2+12(CF + CF + C3(C1 + Co))r + TG Vi w3

2
+ —fcm 1+ —||G§?>miu”\|§

+ (H — 1)T||Gh VhAh(u”'H — ’U,n)”%
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Therefore, a substitution of (B31) and [3:42]) into (B.2])) yields
5 5
A G = A3+ (16 a5 + G u" )

<407 + 2+ (3602 + 1202 + 3203C% +12C2(Ch + Cy)*)7 + QQEO%T(K) —-1)

Nl

+ (5= (G Valnu" 3+ G Va s 3)
5
+ TGV B + SN GE VaAT 3.
We notice that the term (k — 1)T||G20)VhAh(u"+l — u™)||3 has been balanced be-
tween (B31) and (B42), which played an important role in the derivation. In ad-

dition, the two diffusion estimate terms have the following lower bounds, as given
by inequality (2I0) in Proposition 224

5 n 5) n 1 0 n 0 n
IG5 + 1637w 3 = S (IG T dhu™ 3 + 1 GR VadGur+3)
+ (k= D(IGY VA3 + |G VA u Y 3).
Then we arrive at

n n T 0 n
| Anu™ 3 — [ Anu™3 + 311G Va AR

- - - - - - 2 -
<ACE 42+ (3603 +12C2 4 32C3C% 4+ 12C3(Cy + Co)*)T + ?C’fT(n —1)3,

nlw

so that the following bound becomes available for ||Apu™||s:

- 26 - )
(3.43) 1ARu" I3 < 5CF +2+ T\/_C%T(H ~1)% 4 Gy,

Cs = 3602 + 1202 + 32C20? +12C2(Cy + Cy)2.

Under the following O(1) constraint for the time step size

. a1 501 ~ 5 1 -
(3.44) Tgmln{ﬁ; 2,5032,%032,5062},

which is a stronger requirement than ([3.21I), a rough estimate can be derived for
[Apu™|2:

[Apu™ |2 < 6C% + 24 Cyr < TCE+ 4+ (Cy + Cy)?, so that

| Anum s < Gy i= \/7C2 + 4+ (Cy + Cy)2.

Notice that Cy is independent of x and time. Again, an application of esti-
mate (ZI5) in Lemma 7] implies the following || - || bound at time-step ¢"*1:

(3.45) [u™*loe <Ca(fun™1] + | Apu™l2) < Ca(|fol + Cy) := Cho.

Obviously, the constant Cho is independent of x and global-in-time. In addition, it
is clear that C1g > C5 since Cq > Cy.
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3.3. Justification of the artificial parameter « and the a priori assump-
tion (3.I). By making a comparison between the || - || bounds for u", @"*! and
u"tt given by [B.3), 322) and ([B.45]), respectively, it is evident that Cro > Cs >
C’g. In other words, the defined constant C~'10 is greater than the maximum of
U™ ||so, [|7™ T ||oo and [|u"*!||s. Subsequently, we proceed with

(3.46) n:max{%,l}.

Notice that x is an O(1) constant, and it contains no singular dependence on any
physical parameter. With this fixed choice of k, we can take the time step size 7

satisfying (B.44), thereby enabling the availability of the energy stability estimate
for the ETDRK2 scheme (28] at the next time step, by Lemma 23] i.e.,

(3.47) Ep(u™) < Ep(u™) < Ey(u®) = Co.

This in turn recovers the a priori assumption (3] at the next time step, so that
an induction argument can be effectively applied. Therefore, we have proved the
following theorem, which represents the primary theoretical result of this article.

Theorem 3.1. With the choice of the artificial parameter in ([B3.40), depending
only on the initial energy and the domain 2, we take the time step size satisfying
the O(1) constraint (3.44). The numerical solution {u"},., <. generated by the
ETDRK2 scheme [Z8) satisfies Ep(u™t) < Ep(u™).

Remark 3.2. As derived in the theoretical analysis, the constants 6’3, C’G and CIO
are global-in-time constants, of O(1), only dependent on the initial H? data and the
domain €. This fact in turn implies that, the constant &, as determined by (3:46)),
is another O(1) constant, only dependent on the initial H? data and . Meanwhile,
by Lemma 27 C3 is a constant only dependent on . As a result, in terms of the
time step constraint (3.44)), the upper bound on the right-hand side turns out to
be a constant of O(1), only dependent on the initial H? data and €. Therefore,
such a time step constraint would not pose any serious challenge in the practical
computations.

Remark 3.3. In the PFC model, the free energy (L.I) is well defined only if the
solution is of regularity H2(£2). This fact in turn indicates that the initial data has
to be of regularity H?; otherwise, the energy stability and dissipation is not even
defined, at both the analytic and numerical levels.

All the theoretical results stated in this work are independent of the spatial mesh
size h. As h — 0T, the global-in-time energy stability analysis will always be valid,
independent of h. The convergence analysis, in terms of 7 — 07, h — 0%, has
already been reported in a recent work [34].

For any gradient flow, the regularity requirement of the initial data depends on
the form of the free energy. For example, if the Cahn—Hilliard model is taken into
consideration, only an H' regularity is required for the initial data, since the free
energy is well defined for an H' function.

3.4. A refined estimate for [[u"*!|y2 and [[u"*!|. We notice that the Hj

estimate ([3.43) for the numerical solution 4", as well as the maximum norm es-
timate ([3.45]), is based on a direct analysis for the semi-implicit numerical scheme
[23), with the help of extensive applications of discrete Sobolev embedding. How-
ever, this estimate turns out to be too rough since we did not make use of the
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variational energy structure in the analysis. In fact, to obtain the energy dissipa-
tion at a theoretical level, an || - ||o bound of the numerical solution at the next
time step has to be derived, due to the nonlinear term involved. Such a bound can
only be possibly accomplished by a direct H? estimate without using the energy
structure. Since the |Apu™"||2 bound in ([B43) contains a multiple factor of the
[|Apu™||2 bound in ([B2]), this estimate cannot be used in the induction. On the
other hand, with such a rough bound at hand, we are able to justify the artificial
parameter value in ([340]), so that the energy stability becomes theoretically avail-
able at the next time step. With a theoretical justification of the energy stability
analysis, we are able to obtain a much sharper || - ||z and || - [« bound for the
numerical solution u"*+!.

More specifically, with the energy stability (3:47) theoretically justified at the
next time step, we apply a similar analysis as in ([B.2]) and obtain

(3.48) |Apu™+|s < Cy 1= 2(00 + |Q|)

which is a time-independent constant. Obviously, this bound turns out to be a much
sharper estimate compared with the rough H% estimate ([343), since the variational
energy structure has not been applied in the derivation of (843). In turn, with the
aid of inequality (ZI5) in Lemma [Z7], a much sharper maximum norm bound for
u™t! also becomes available:

(3.49) [ oo < Ca(fun*1] + | Apu™*l2) < Ca(|ol + C1) := Co.

Note that the || - ||z bound C; and the || - [|o bound Cy are both global-in-time
quantities.

Remark 3.4. In the rough || - [[f2 estimate for the numerical solution u™ L if the
inequality (3:42)) is derived in an alternate way, we are able to obtain ||Aju™*1||3 =
|Apu™||3 + O(7(1 + k2)) for a fixed value of k. In other words, even for the rough
[[[| z72 estimate, a reasonable result can be available. The reason why the |AputL|y
bound ([B43]) contains a multiple factor of ||Apu™||2 is due to the fact that, the value
of k has not been fixed in the rough estimate, so that we need the time step size 7
to balance the quantity of k3.

Meanwhile, all these derivations are rough estimates. With the bound ([345]), we
are able to choose & as in ([340]), so that the energy stability becomes theoretically
available. Consequently, much sharper estimates ([B:48]) and ([49) can be derived.

Remark 3.5. The stabilization approach has been extensively applied in the nu-
merical design for various gradient flow models, in which an artificial regularization
term ensures the energy stability at a theoretical level while preserving the de-
sired accuracy order. For the gradient models with automatic Lipschitz continuity
for the nonlinear term, such as the no-slope-selection thin film growth equation,
the stabilization approach has been widely studied [7},8,21,[33}41], and the energy
stability can be proved in a straightforward way. For the gradient models with-
out automatic Lipschitz continuity for the nonlinear part, a theoretical analysis
of the maximum norm of the numerical solution is needed to establish the energy
stability analysis. For example, a local-in-time convergence analysis and energy
stability estimate has been provided for the stabilization schemes to the nonlocal
Cahn—Hilliard equation [35H37], in both the first and second accuracy orders. The
local-in-time nature of these analyses comes from a lack of global-in-time regularity
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for the nonlocal gradient model. For the standard Cahn—Hilliard equation, a cut-off
approach is applied in the pioneering work [44], while a theoretical justification of
the artificial regularization parameter is available in the associated works [30H32],
in which a single-step ¢>° analysis for the numerical solution is provided to establish
the energy stability analysis.

Meanwhile, all the existing works on energy stability analysis for the multi-step
numerical schemes are in terms of a modified energy functional, consisting of the
original free energy and a few numerical correction terms. In comparison, this
article represents the first effort to theoretically establish a global-in-time energy
stability analysis for a second-order stabilized numerical scheme, in terms of the
original free energy functional, which comes from the single-step Runge-Kutta style
of the numerical algorithm.

Remark 3.6. A preliminary lower bound x > 1 is assumed in the statement of
Proposition 24l In more details, all the eigenvalues of —A,(I + Ax)? are non-
negative, while an artificial term —xApu is needed to derive a diffusion estimate,
2HG(O)VhA flI3 in @I0). Such a term will be necessary to the later analysis.
On the other hand, we notice that the lower bound k > kg could be set as any
positive value. In fact, for any k¢ > 0, a similar diffusion term in the form of
90||G(0)VhA flI3 (with 6y dependent on rg) could be derived with the help of
Cauchy inequality. Based on this estimate, the constants Cy, Cs and Cjo will be
accordingly obtained, dependent on the value of #y. A similar argument could be
used to prove that élO > 6’5 > C’Q, and the artificial constant could be taken as
K= 301;075, analogous to ([B:46). In principle, the smaller value of the lower bound
ko > 0 is, the larger value of x will be. For simplicity of presentation, we just take
such a lower bound as kg = 1 in this article. For any kg > 0, the artificial constant
choice ([B:46) will always be of O(1).

Remark 3.7. The theoretical techniques presented in this article will provide a
framework of the global-in-time energy stability analysis for a class of higher-order
accurate, multi-stage RK-type numerical schemes for various gradient flow mod-
els. For example, different versions of the third-order ETDRK numerical schemes
have been proposed and studied in a few recent works [61[39], and the energy sta-
bility analysis has been derived with a global Lipschitz continuity condition. The
methodology presented in this article is expected to be applicable to these higher-
order ETDRK numerical schemes, so that the global Lipschitz condition could be
theoretically justified. An extension to even higher-order numerical schemes, such
as fourth-order accurate RK algorithms, will also be available, as long as the RK
structure is preserved. This theoretical technique will also be useful to other RK-
type numerical algorithms, such as implicit-explicit RK (IMEXRK), exponential-
free RK approaches, etc.

This theoretical approach could also be effectively applied to other gradient flow
equations, such as the classic Cahn—Hilliard equation. In comparison with the
PFC equation studied in this article, the analysis of the Cahn—Hilliard equation is
expected to be much more involved. In fact, a dissipation in terms of the PFC free
energy (LI) would automatically ensure an H? bound of the numerical solution,
therefore an /> bound of the numerical solution becomes a direct result of Sobolev
embedding, and the global Lipschitz condition could be theoretically justified. In
contrast, a dissipation of the Cahn-Hilliard free energy would only ensure an H'!
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bound of the numerical solution, and the maximum norm bound is not directly
available, in both the 2D and 3D cases. Moreover, a small interface width parameter
¢ is included in the surface diffusion coefficient in the Cahn—Hilliard model. This
fact would lead to singularly e ~'-dependent estimates of the numerical solution, in
the H! and higher H™ norms. These two subtle facts will make the global-in-time
analysis of the ETDRK numerical schemes for the Cahn—-Hilliard equation more
challenging, while it is believed that the basic idea of this work is applicable. The
technical details will be reported in the future works.

Remark 3.8. For simplicity of presentation, the standard centered difference spa-
tial discretization is used in this article, and the periodic boundary condition is
imposed to leverage the associated operators in the Fourier space. Other than the
finite difference method, some other spatial discretization techniques could also be
effectively applied, and a theoretical justification of global-in-time energy stability
analysis is also expected. For example, the Fourier pseudo-spectral spatial approx-
imation would be a natural choice, and all the estimates could be derived following
similar theoretical methodology, with a modification of the eigenvalues associated
with the Fourier pseudo-spectral space. As another alternate choice, if a homo-
geneous Neumann boundary condition is imposed for the phase variable and the
chemical potential, a mixed finite element spatial discretization may also be com-
bined with the ETDRK2 algorithm, in which the eigenvalues in the ETD operators
depend on the detailed structure of the finite element space. Moreover, all the
theoretical analyses in this article are expected to be applicable to the ETDRK2
algorithm with mixed finite element spatial discretization, while some theoretical
techniques of a few existing works [I4155] may be helpful. The technical details
will be reported in the future works.

Remark 3.9. The numerical scheme (Z3]) is based on a Runge-Kutta style tem-
poral discretization of the Duhamel’s formula ([24]), in the integral form. In fact,
this approach gives a direct computation of the numerical solution at a point-wise
level, in which the ETD operators are evaluated with the help of Fourier eigenvalue
calculation. Therefore, the numerical algorithm (23] is not a weak-form based
method; instead, the point-wise values of the numerical solution would be directly
computed, without a representation of the numerical solution in terms of an expan-
sion in terms of Fourier eigenfunctions. In the theoretical analysis of the numerical
scheme, a discrete inner product with a few test functions has to be performed to
derive the desired global-in-time energy stability estimate. This analysis makes the
numerical scheme look like in the weak form, while the algorithm itself is indeed
directly based on a semi-group approach. In fact, the multi-step ETD and ETDRK
are two most commonly used semi-group numerical approaches. As argued in the
introduction section, the multi-step ETD approach usually indicates a dissipation
property of a modified energy functional, while the ETDRK method would preserve
a dissipation of the original free energy.

4. NUMERICAL EXPERIMENTS

In this section, a few numerical experiments are conducted to verify the theoret-
ical results of the numerical scheme ([ZH]). We will verify the convergence rates in
both time and space, and perform a long-time simulation of the crystal growth of
a crystallite in three-dimensional space. Theoretically, the stabilization constant
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needs to satisfy the condition (3.48]), an O(1) constraint, to ensure the global-in-
time energy stability. Meanwhile, it will be observed that x = 2 is sufficient in the
following experiments. In both parts below, we always set € = 0.25 and k = 2.

4.1. Convergence tests. We begin by verifying the convergence order in both
time and space for the proposed scheme. We set a square domain 2 = (0,32) x
(0,32) and take a smooth initial data given by

Im(z —12) . 2m(y—1
ug(z,y) = 0.07 — 0.02 cos 7T(x32 )sin W(g2 )

2 (@ 4+10) 57wy +3) g dmr o 4m(y — 6)

4 0.02 cos 3 cos D) 0.01sin D) sin D) .
This initial condition was considered in a previous work [34] and one can also refer
to [25]. The numerical errors at t = 1 and ¢ = 5 are considered, respectively.
In the calculation of the numerical errors, we use the solution computed by 7 =
0.1 x 279 and N = 4096 as a benchmark. Table [I] presents the discrete /> errors
of the numerical solutions, which obviously indicates the expected second-order

convergence rates in both time and space.

TABLE 1. Errors and convergence rates at timest =1 and t =5

T N {>° error rate {>° error rate

275 25 1507x107% - 1311x1073% -
276 26 4995 x107° 1.835 3.790 x 10~* 1.791
2-7 27 1.085x107% 1.961 9.782 x 1075 1.954
2 8
2 9

28 2723 x 1076 1.994 2.458 x 10~° 1.993
29 6.739 x 1077 2.015 6.084 x 10~ 2.014
2-10 910 1605 x 1077 2.070 1.449 x 10-¢ 2.070

4.2. Long-time simulations. Now we carry out a simulation of the crystal growth
of a crystallite setting in a cubic domain € = (0,128) x (0,128) x (0,128). The
initial configuration is set as a thin spherical shell, defined by the function

uo(z,y, z) = 0.2 — 0.05{1 + tanh [0.1(y/(z — 64)2 + (y — 64)2 + (= — 64)2 — 2)] }.

The computation is conducted on a spatial mesh of 256 x 256 x 256 grid points,
and we adopt a time step size 7 = 0.1 to capture the long-time dynamics. It is
observed in Figure[llthat the crystallite grows and the size becomes larger gradually.
This phenomena are consistent with those reported in [38]. Figure [ plots the free
energy evolution along the time, in which the long-time energy dissipation is clearly
demonstrated. The free energy keeps decreasing after ¢ = 500 but changes more
and more slowly, and we do not display the corresponding graph here.

5. CONCLUDING REMARKS

A second-order accurate, exponential time differencing Runge-Kutta (ETDRK2)
numerical scheme for the phase field crystal (PFC) equation is analyzed in detail,
and a global-in-time energy estimate is derived. Such an energy stability has been
proven for the ETDRK2 numerical scheme to the PFC equation under a global
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(D) t =500

FIGURE 1. Snapshots of the 3D crystal growth simulation begin-
ning with a sphere. The first row plots the isosurface of the com-
puted solution and the second row shows a slice of the solution
across the indicated plane.

x10%
1 T T T T 7750
05 1 7800 |
) )
o Or 1 © -7850
= C
i ]
05} 1 -7900 |
-1 . . . . -7950
0 100 200 300 400 500 200 250 300 350 400 450 500
Time Time

FIGURE 2. Evolution of the energy (left) with the local details
(right) of the 3D crystal growth simulation beginning with a sphere.
Four highlighted points in the left graph correspond to the mo-
ments shown in Figure [Il

Lipschitz constant assumption. To accomplish this goal, an a priori assumption
is made at the previous time step, and a single-step H? estimate of the numerical
solution is carefully performed. This single-step H? estimate gives a useful upper
bound of the numerical solution at the next time step, in the discrete maximum
norm, which in turn leads to a theoretical justification of the stabilization parameter
value. Consequently, such a justification ensures the energy dissipation at the next
time step. As a result, the mathematical induction can be applied to derive a global-
in-time energy estimate. In particular, the derived energy dissipation property is
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valid at any final time, in comparison with some existing works of local-in-time
energy estimates, which come from a local-in-time convergence analysis.

The methodology presented in this work will provide a framework of the global-
in-time energy stability analysis for a class of higher-order accurate, multi-stage
RK-type numerical schemes for various gradient flow models, such as Allen-Cahn/
Cahn—Hilliard equation, epitaxial thin film growth, and other related gradient equa-
tions with non-quadratic free energy expansion. As long as the energy stability can
be proven under a global Lipschitz condition, a similar theoretical technique can
be used to derive a uniform-in-time bound of the numerical solution, in the as-
sociated functional norm, which in turn leads to a theoretical justification of the
global-in-time energy estimate. The technical details will be reported in the future
works.

APPENDIX A. PROOF OF PROPOSITION [24]

K
In the following analysis, we write Z to represent Z for simplicity of
Lmmn {mn=—K

notations unless the particular declarations.
To prove inequality (Z.8]), we begin with the summation-by-parts formula
A1) IGIVRAIE = —(GY At GROALF) < 1IGY Anflla - |G A%

in which the Cauchy inequality has been applied in the last step. Meanwhile,
applying the summation-by-parts formula again gives
(A.2)

1G7 A3 F13 = (G Vadnf. GOVAALF) < NIG Vil Sl - 1G1 VAL S

In turn, a substitution of (A2) into (AJT) results in

IGY OnnfI3 < IGI" Anf 2 |G VaAnf I3 - G VarZ 13
so that
IGVnnsl3 < 1GOAnT - |G VAAZ S5
which then leads to ([2.]]).
In terms of inequality (Z29]), we make use of the following identity

HAhf”% = L3 Z A?,’m,n : |f£)myn|2.

Lmmn

An application of Parseval equality to the discrete Fourier expansion of GS) f, given
by (7)), yields
TA(Z m,n

(A.3) TERITHENES

l,m,n

Then, the following inequality is valid:
5 s, A .
T||G§L )fH% = L3 Z (1 —€ Ae,m’n))‘ﬁ,mm ! |fl7m7n|2 < L3 Z )‘ﬁ,mm ' |fl7m7n|2a

Lmmn £,m,n

in which the last step comes from a trivial fact that 1 — e~ 7*¢m.» < 1. The proof
of inequality (29]) is completed.

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



826 XIAO LI, ZHONGHUA QIAO, CHENG WANG, AND NAN ZHENG

Next, we show (2I0). The applications of G, L, and A? to the discrete Fourier
expansion of f € Cper, given by (2Z6]), become

1 —e Aemon R omi(lmit )L
Ti(lx;+my;+nz
. Af,m,nff,m,ne Y3 F )

(A4)  (GrLefijr= Y

TA
Cmm Lmmn
2 _ 2 R 2mi(lx;+myi+nz;)/L
(AL )ik = E Aomonfemne ( vitnze)/L,
Lmn

Subsequently, the discrete inner product turns out to be

—TNe,m.n
(A.5) (GLLf, A2 f) = L3 Z

£,m,n

2 r 2
TA[ o A&mfﬂ . /\&m,n : |f€,m,n| .

In turn, a comparison between (AH) and (A.3)) results in the first equality in (210).
To prove the second inequality in ([ZI0), we begin with the following observation:

(=14 Xemn)® + 6 =2—2X pmn + %Ajmm + %ij +(k—1)
=52 Aemn)’+ %Aim,n +(r—1) > %AE,W + (= 1),
so that
Nenm = ((—1 + Nemn)? + n) N > %/\?,m,n + (6 = D)X omom,s
At N 2 5 e + (8= DN g s

which in turn leads to the following inequality

e~ TAemon
A6 G =L} VD VI
( ) || f||2 Z TAimn £,m, l,m,n
Lmmn
1—e ™hemn ] .
> I? —(—)\5 —1)A3 ) ol
a Z%:n TAe,m,n 2 Z,m,n"’_(ﬁ ) £,m,m |f£7 > |

An application of Parseval equality to the discrete Fourier expansion of
G(O)VhA f and G(O)VhAhf indicates that

TA(Z m,n N
A7) GV =10 Y A el
tmon lm,n
(0) 2 _ 13 1—e Thomn g ; 2
(A8) ||Gh ththQ =L Z A . )\Z,m,n : |ff,m,’n| .
Cmm T m,n

Similarly, a comparison between ([AG), (A7)-(A8) leads to the second inequality
of (2I0).

To prove (ZI0]), we see that the discrete Fourier expansion of AZe~"L= f can be
represented as

2 —7L —TANo mon 2 £ 2wi(lx;+my;+nz,)/L
( T Nf) gk = E : e T ')‘E,m,nff’mﬂe itz my; K/ ’

Lmm
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and its discrete inner product with G, L, f, in which the discrete Fourier expansion
is given by (A, turns out to be

(A9)
1 — efTAE,m.n

<GhL,§f7 Aiefer,cf> _ L3 Z T 'Aé,m,n . ef‘rA[,,m.n . )‘ﬁ,m,n|f€,m,n 2
m,n

Lmmn

On the other hand, by the first equality in (AL6]), we get
1 —e Aemon
(A10) [GPe Tl fl3 = L2 > ==

Lmn

Again, a comparison between ([(A9) and (AI0) implies inequality ([ZIT), because
of the fact that [e”™Aemn| < 1.

Inequalities in (Z12]) and ZI3) come directly from the estimates in Lemma 2.2}
the details are skipped for the sake of brevity.

2 —27A ) 2
TAZ,m,n Ae,m,n : Ae,m,n e TR |f£,m,n| .

APPENDIX B. PROOF OF PROPOSITION

A discrete Fourier expansion ([2.6) is assumed for f € Cper, and we set the
corresponding expansion for g € Cper as

Gijk = § g[vm)ne%rl(fwi-i-myj+nzk)/L.
Lmn

Subsequently, the discrete Fourier expansion of g —e~"L+ f turns out to be

(g _ e—Tme)i7j7k- = Z (gg,m,n — e_TAZ,m,nfzﬁmvn)e2ﬂ'i(fwi+myj+nzk)/L.

Lmn

Of course, its discrete H? norm becomes

(B.1) 1AR(g = e T NIE = L2 Y7 A Gemm = €T fy .

Lmmn
In turn, a combination of the representation formula (A29) and (B yields
T(GrLf, Afe™ ™5 ) + 1An(g — 75 f)13

=L? Z ((1_e_TAZ’m’")e_TAE’m’TL)‘g,m,n‘f&m,n|2+)‘%,m,n|§l,m,n - e_TL”ff,m,nF)

Lmn

:L3 Z Ag,m,n ((1_e—TA£,m,n)eTAe,m,n ‘e_TAl’m’nf[,m,n|2+|gl,m,n - e_TLKfZ,m,nF)
Lmn

L3 37 M (1 —e e (e oA fy
Lmn

1
1 — e_TAE,m,n

+ ‘gf,m,n - eiTLRfE,m,n

2)'

The following lower bound can be derived for each fixed mode frequency (¢, m,n):

1

eTAE,m,nGQ + —
1 — e_TAZ.nL,n

1
b = g2 + b2 + (GTAZ”"’" — 1)(12 + (m — 1)b2

>a? +b%+2ab= (a+0b)? Va,b>0,

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



828 XIAO LI, ZHONGHUA QIAO, CHENG WANG, AND NAN ZHENG

where the Cauchy inequality has been applied in the second step. Then we see that

e Aemon

eiTAe’m‘anK,m,nF + |g€,m,n _ eiTAe'm'ané,m,n‘z

1 — e TAemn

N N 2
> (‘e_TAE’m’an,m,n| + ‘gf,m,n - e_TAZ’m’an,m,nD > |gZ,m,n|2a
so that
T(GrLf, Ahe™ ™ f)+An(g—eTTE )5 2 L2 Y A7 (1=e ™™ g ]

Lmm

In comparison with the representation formula for THGS) qll3:

1 —e TAemon

T”G;LE))!JHE = TL3 Z A Af,m,n ’ A?,m,n ! ‘gf,m,nP
Lmn £m,n
=L’ Z )\%,m,n(l - e_TAZ’m’n)‘gZ,m,n‘Qa
Lm,n

we see that ([2.14) has been established. This finishes the proof of Proposition
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