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Abstract

In this paper we propose and analyze a (temporally) third order accurate exponential time
differencing (ETD) numerical scheme for the no-slope-selection (NSS) equation of the epi-
taxial thin film growth model, with Fourier pseudo-spectral discretization in space. A linear
splitting is applied to the physical model, and an ETD-based multistep approximation is
used for time integration of the corresponding equation. In addition, a third order accurate
Douglas-Dupont regularization term, in the form of —AAtzd)o(LN)A%\, ("t —u™), is added
in the numerical scheme. A careful Fourier eigenvalue analysis results in the energy stability
in a modified version, and a theoretical justification of the coefficient A becomes available.
As aresult of this energy stability analysis, a uniform in time bound of the numerical energy
is obtained. And also, the optimal rate convergence analysis and error estimate are derived
in details, in the £°°(0, T’; H;}) n 42(0, T; H,f’) norm, with the help of a careful eigenvalue
bound estimate, combined with the nonlinear analysis for the NSS model. This convergence
estimate is the first such result for a third order accurate scheme for a gradient flow. Some
numerical simulation results are presented to demonstrate the efficiency of the numerical
scheme and the third order convergence. The long time simulation results for ¢ = 0.02 (up
to T = 3 x 10°) have indicated a logarithm law for the energy decay, as well as the power
laws for growth of the surface roughness and the mound width. In particular, the power index
for the surface roughness and the mound width growth, created by the third order numerical
scheme, is more accurate than those produced by certain second order energy stable schemes
in the existing literature.
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1 Introduction

In this article we consider an epitaxial thin film growth equation, which corresponds to the
gradient flow associated with the following energy functional

1 ) &2 P
Eu) :=/ —Eln(l—l-IVuI )+?|Au| dx, (L.1)
Q

where Q = (0, Ly) x (0, L)), u : 2 — R is a periodic height function, and ¢ is a constant.
In more details, the first non-quadratic term represents the Ehrlich-Schwoebel (ES) effect,
according to which migrating adatoms must overcome a higher energy barrier to stick to a step
from an upper rather than from a lower terrace [13,28,29,39]. This results in an uphill atom
current in the dynamics and the steepening of mounds in the film. The second term, which
is quadratic, but of higher-order, represents the isotropic surface diffusion effect [29,34]. In
turn, the chemical potential becomes the following variational derivative of the energy

Vu

=0E=V | ———
e (1+|W|2

) +&2A%u, (1.2)

and the no-slope-selection (NSS) equation stands for the L gradient flow

9 v Vu 272 (1.3)
u = — = — . S —— — & u. .
' " 1+ [VuP?

In the small-slope regime, where [Vu|? < 1, (1.3) may be approximated as
du =V - (IVul*Vu) — Au — 2 A’u, (1.4)

with the energy functional given by

2
E(u):/ (1(|W|2—1>2+8—|Au|2> dx. (1.5)
o \4 2

This model is referred to as the slope-selection (SS) equation [25,26,29,34]. A solution to
(1.4) exhibits pyramidal structures, where the faces of the pyramids have slopes |Vu| &~ 1;
meanwhile, the no-slope-selection equation (1.3) exhibits mound-like structures, and the
slopes of which (on an infinite domain) may grow unbounded [29,42]. On the other hand,
both solutions have up-down symmetry in the sense that there is no way to distinguish a hill
from a valley. This can be altered by adding adsorption/desorption or other dynamics.

In [29], the global in time well-posedness for two nonlinear models of epitaxial thin film
epitaxy, with or without slope selection, was established. And also, the gradient bound and the
energy asymptotic law for the SS and NSS equations have been studied in [26,30], as ¢ — 0.
In addition, the large-system asymptotic form of the minimum energy and the magnitude of
gradients of energy-minimizing surfaces for epitaxial growth models are analyzed in [28],
with infinite or finite ES barrier. Specially, for the case of a finite ES effect (corresponding to
the model in this article), the well-posedness of the initial-boundary-value problem is proved
and the bounds for the scaling laws of interface width, surface slope and energy are obtained.

There have been many efforts to devise and analyze numerical schemes for both the SS and
NSS equations; see the related references [9,29,35,38,46], etc. In particular, the numerical
schemes with high order accuracy and energy stability have been of great interests, due to the
long time nature of the gradient flow coarsening process. Among the energy stable numerical
approaches, the idea of convex splitting has attracted many attentions. For the epitaxial thin
film growth models, the first such work was reported in [42], in which the authors studied
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unconditionally energy stable schemes, based on the convex—concave decomposition of the
energy, motivated by Eyre’s pioneering work [14]. Some other related developments on the
energy stable schemes for the MBE models could be found in [5,7,21,32,33,36,37,40,47],
etc. In particular, it is worthy of mentioning the works [5,33], in which the authors proposed
linear numerical schemes for the NSS equation, with first and second order temporal accuracy
orders, respectively, so that the energy stability could be established at a theoretical level. In
fact, the following subtle fact has played an essential role in the nonlinear energy stability
analysis: in spite of its complicated form in the denominator, the nonlinear term in the
NSS equation (1.3) has automatically bounded higher order derivatives in the L° norm.
In addition, extensive convergence analysis works have been undertaken for these various
energy stable numerical schemes, for both the SS and NSS equations.

On the other hand, it is observed that, a theoretical analysis of a (temporally) third order
accurate numerical scheme for the gradient equations remains an open problem. In this
article, we propose and analyze a (temporally) third order accurate numerical scheme for
the NSS equation (1.3), based on the exponential time differencing (ETD) temporal algo-
tirhm, combined with Fourier pseudo-spectral approximation in space. In general, an exact
integration of the linear part of the NSS equation is involved in the ETD-based scheme,
followed by multi-step explicit approximation of the temporal integral of the nonlinear term
[1,2,12,19,20]. An application of such an idea to various gradient models has been reported
in recent works [21-24,43,48], with the high order accuracy and preservation of the expo-
nential behavior observed in the numerical experiments. At the theoretical side, some related
stability and convergence analyses have also been reported for a few first and second order
accurate numerical algorithms, while a theoretical justification for the third order one has
not been available. To overcome such a difficulty, we make use of an alternate splitting idea,
as reported in [21]: to combine the surface diffusion term with an auxiliary linear diffusion
term, and make the corresponding revision in the explicit extrapolation part. As a result of
this splitting, the energy stability for the first order ETD scheme has been established in the
reported work.

Meanwhile, it is observed that, a theoretical justification of the energy stability for the
higher-order ETD-based schemes becomes very challenging, due to the explicit treatment
of the nonlinear terms, as well as their multi-step nature. In the alternate energy inequality
derived for the second order ETD-based scheme, as reported in [21], some positive increase
of the numerical energy becomes possible, so that a uniform-in-time bound for the numerical
energy is not theoretically available any more. To overcome this difficulty, we add a third
order Douglas-Dupont regularization term in the ETD-based scheme, namely in the form of
—AA2Po(L N)A%, (™! — u"). Furthermore, a careful eigenvalue analysis in the Fourier
space enables us to derive a rigorous stability estimate for a modified energy function, which
contains the original energy functional and a few non-negative numerical correction terms.
As a result of this modified energy stability, we are able to derive a uniform-in-time bound
for the original energy functional bound.

Moreover, we provide a theoretical proof of an O (A3 4 k™) rate convergence estimate
for the proposed third order ETD-based scheme, in the £°°(0, T'; H}:) n 62(0, T; H; ) norm.
To obtain such a convergence analysis, we have to decompose the numerical scheme into two
stages: the exponential integration for the linear part is considered in the first stage, with an
intermediate variable introduced, and the explicit multi-step extrapolation for the nonlinear
part is involved in the second stage. Error estimates are carried out in both stages, with
extensive applications of linearized stability analysis in the second stage. One key difficulty
in the analysis for higher order ETD-based numerical scheme is associated with various global
operators involved in the algorithm, as well as their inverse operators. To derive a uniform
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bound for these operators, we perform careful eigenvalue estimates for these operators, as
well as their composition. In addition, an aliasing error control technique has to be utilized
inthe £°(0, T, H }}) error estimate, combined with extensive scaling law arguments between
At and h. As a result of these careful estimates, the derived convergence estimate becomes
unconditional, i.e., no scaling law between At and A is needed to ensure the convergence
result. To our knowledge, it is the first such result for a third order accurate scheme for a
gradient flow.

The long time simulation results for the coarsening process have indicated a logarithm law
for the energy decay, as well as the power laws for growth of the surface roughness and the
mound width. In particular, the power index for the surface roughness and the mound width
growth, created by the proposed third order ETD-based scheme, is more accurate than those
created by certain second order schemes in the existing literature, with the same numerical
resolution. This experiment has demonstrated the robustness of the proposed third order
numerical scheme.

The rest of the article is organized as follows. In Sect. 2 we present the numerical
scheme. First we review the Fourier pseudo-spectral approximation in space and cer-
tain technical lemma to control the aliasing error. Afterward, the third order ETD-based
scheme is introduced, and a modified energy stability is established. Subsequently, the
£%°(0, T, th) N 620, T; H,f) convergence estimate is provided in Sect. 3. In Sect. 4 we
present the numerical results, including the accuracy test and the long time simulation for
the coarsening process. Finally, the concluding remarks are given in Sect. 5.

2 The Numerical Scheme
2.1 Review of the Fourier Pseudo-Spectral Approximation

For simplicity of presentation, we assume that the domain is given by © = (0, L)%, Ny =
Ny = Nand N - h = L. A more general domain could be treated in a similar manner.
Furthermore, to facilitate the pseudo-spectral analysis in later sections, we set N = 2K + 1.
All the variables are evaluated at the regular numerical grid (x;, y;), with x; = ih, y; = jh,
0<i,j<2K+1.

Without loss of generality, we assume that L = 1. For a periodic function f over the given
2-D numerical grid, set its discrete Fourier expansion as

K

fij= Y froexp(2mithx +£y))). 2.1)

kt=—K

its collocation Fourier spectral approximations to first and second order partial derivatives in
the x-direction become

K
(Dnxflij= Y. @kmi) fioexp (2mithxi + £y;)) . (2.2)
kt=—K
K A
(DXaf)iy = D (—47°K) freexp (2mithn + €y))). 2.3)
kt=—K

The differentiation operators in the y direction, namely, Dy, and D,z\,\,, could be defined in

the same fashion. In turn, the discrete Laplacian, gradient and divergence become
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Anf = (D}, +D3,) £,

VNf = <g1]\3;§> , Vn- (;;) ZDNxfl +DNyf2, (2.4)

at the point-wise level. See the derivations in the related references [3,4,16], etc.
In addition, with an introduced operator Ly = szA%V — k Ay, which will be repeatedly
used in this work, the operators (AzL ~) "L and e 2LV are defined as

K
—1 p .
(AL f) = X & A reexp (2mitkx; + £y)) (2.5)
kt=—K ’
K
(e*A’LN f)A = 3 e pexp (2mitkx + £y))). 2.6)
L]
kt=—K
with Ag e =&, +Kkhpe, e = (2km)? + (207)?, o))

for a grid function f with the discrete Fourier expansion as (2.1), with a zero-mean: f :=
n? lN j;lo fi.j = 0(sothat fy o = 0). Similarly, for a zero-mean grid function f, the operator
(I — e~ ALny=1 5 defined as

1 ~
((1 _ efAtLN)flf). = Z mfk’l exp (Zni(kxi + Eyj)) . (2.8)
B ez T C '

Given any periodic grid functions f and g (over the 2-D numerical grid), the spectral
approximations to the L2 inner product and L2 norm are introduced as

N—1
Ifll =V, ), with (f,8)=h> " fi g} (2.9)
i,j=0

A careful calculation yields the following formulas of summation by parts at the discrete
level (see the related discussions [5,7,17,18]):

(f.Ang)=—(Ynf.Vng). (f ARg)=(ANS, ANg). (2.10)
Similarly, for any grid function f with f = 0, the operator (—Ay)~! and the discrete | - ||
norm are defined as
1, I » .
((=Aan) lf)i,j = k%} )\—fk,( exp (2mitkx; + €y;)), (2.11)

If1-y = /{f. (=An)~Lf). (2.12)

In addition to the standard ¢2 norm, we also introduce the £ and discrete maximum norms
for a grid function f, to facilitate the analysis in later sections:

P

N—1
I/l == nila}XIﬁ,jl, s, = Z Ifijl?] » 1<p<oo. (2.13)
’ i,j=0
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Moreover, for any numerical solution ¢, the discrete energy is defined as

2
En(@) = Ec1n(@) + % INSTIER
N—-1

1
Ecin@) =h" ) <_§1n(1+|v,v¢|2)l.,j>. (2.14)

i.j=0

Meanwhile, an appearance of aliasing error in the nonlinear term poses a serious challenge
in the numerical analysis of Fourier pseudo-spectral scheme. To overcome such a well-known
difficulty, we introduce a periodic extension of a grid function and a Fourier collocation
interpolation operator.

Definition 1 For any periodic grid function f defined over a uniform 2-D numerical grid,
we denote fy as its periodic extension. In more detail, assume that the grid function f has a
discrete Fourier expansion as (2.1), its continuous extension (projection) into Pk (the space
of trigonometric polynomials of degree at most K) is given by

K

@) =Y froexp Quitkx 4 £y)). (2.15)
k. t=—K

And also, for any periodic continuous function f, which may contain larger wave length, its
collocation interpolation operator is defined as

K
fii= Y oweexp (2ritkx; +Ly)).
kt=—K
K A
PNy = " (foreexp @ritkx +£y)), (2.16)
kt=—K

in which the Fourier collocation coefficients ( fc)k ¢ could be obtained by discrete Fourier
transformation. Notice that f. may not be the Fourier coefficients of f, due to the truncation
and aliasing errors.

To overcome a key difficulty associated with the H™ bound of the nonlinear term obtained
by collocation interpolation, the following lemma is introduced. In fact, the case of kg = 0
was proven in earlier works [44,45]. The case of ko > 1 was analyzed in a recent article [18].

Lemma 2.1 For any ¢ € Pk in dimension d, we have

On the other hand, for f ¢ P, x, which may come from the nonlinearity in the denominator
(such as the NSS model), the following aliasing error control estimate has to be applied. This
inequality has been derived in an earlier work [4]; we cite the result here.

d
PYo| 0= (V) gl Yo €Z, ko= 0. @.17)

Lemma 2.2 Aslongas f and allits derivatives (up to m-th order) are continuous and periodic
on 2, the convergence of the derivatives of the interpolation is given by

d
If = PY fllge < CUflamh™ ™, for 0 <k <m, m > 5 (2.18)
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2.2 The Proposed Third Order ETD-Based Numerical Scheme

In the derivation of ETD-based numerical schemes, we rewrite the NSS equation in the
operator form as

du=—Lu— f(u), with Lu =¢e>A’u — kAu,

fw)=V- (L
1+ |Vul?

Moreover, with the Fourier pseudo-spectral spatial approximation, the corresponding system
could be expressed as

>+KAM (2.19)

d,u = —LNM — fN(u), with LNM = SZA?VM — KANI,{,

f ( )=V N + KA (2 20)
u N T K u. .

JN N 1 |VN |2 N

In fact, by using the integrating factor, an update of the exact solution from time instant ¢"
to the next time step could be represented as

At
ultys1) = e 2N u(t,) — / e ATOLY £ (u(ty + 7)) dr. 2.21)
0

We denote u” as the numerical approximation to the PDE solution at time step " :=
nAt, with any integer n. With an application of multi-step Lagrange extrapolation formulas,
required by the given accuracy order, we propose a third order ETD-based scheme for the
NSS equation (1.3):

u' = eTEVA  ANBGo (L) AR T — u™) — Atgo(Ly) f (u™)

3 1
—Atgi(Ly) (§fN W) = 2fx @) + 5 fN(u”*z))

1 n n—1 1 n—2
—Atga(Ln) Efzv(u ) — fn(u )+5f1v(u ) (2.22)

with

Go(Ly) = (AtLy)~' (I —e 2,

G1(Ly) = (AtLy) (I — (AtLy) ™' (I — e 21N,

a(L) = (ML) (1 =20 L) ™ (T = ArLy) ™' (1 = e™8E0))) . (2.23)
Remark 2.3 Without an artificial regularization term, the first, second and third order multi-
step ETD-based schemes have been analyzed in [21]:

the first order scheme (ETD1) : "+ = ¢ 2Ny — Argo(Ly) fv ("),  (2.24)
the second order scheme (ETDMs2) :

Wt = MY — Atgo(Ly) fy ") — At (L) (v ™) — fn@"™h), (2.25)
the third order scheme (ETDMs3) :

W= e AU — Argo(L) fiv (")

3 1
—Atgi(Ly) <§fN(u"> —2fn@"h + EfN(u"‘z))

1 1
—Atgr(Ly) (EfN ") — fn@" "+ Efmu”-%) : (2.26)
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In comparison with (2.26) reported in [21], we have added a third order Douglas-Dupont
regularization term, namely, —AA#? A% (u"*! — u™), in the proposed third order numerical
scheme. Such a regularization term enables one to theoretically justify the energy stability,
as will be demonstrated in later sections.

For the proposed scheme (2.22), the mass-conservative property is always valid: utl =
u"™ = u" := By, which comes from the following identities:

e~ ALnyn =y gince e~ A0 = 1, 2.27)
R VNMk

vy (—Y" ) _o. vk 2.28
Sn W) =V (1 n |VNu"\2) 228)
¢;(Ly)(g) =0, foranygwithg=0, j=0,1,2. (2.29)

2.3 Some Preliminary Estimates

To facilitate the stability and convergence analysis for the numerical error function, we
introduce the following linear operators:

Gy = (go(Ln) ™' = AtLy(I —e 2ty =1 (2.30)
G = (po(Ln) ' d1(Ly)
=1 —e 2Ny~ — (AtLy) " (I — e ANy, 2.31)

G = @oLn) ™ da(L)
= (] — e MLy~ (1 —2(AtLN)"N (I = (AtLy) " (T — e—AfLN))> . (232)

In more details, for any grid function f with the following discrete Fourier expansion:

K
fii= Y fepetmitston/L, (2.33)
kt=—K

an application of the above operators become

K
Gnfij= Z %ﬁlﬁm(kxi+l}'j)ﬂ7 (2.34)
=—K
h K 1_ 14kt
(G iy = h ZZ P vyl (SR (2.35)

with A ¢, Ay ¢ given by (2.7). Meanwhile, since all the eigenvalues in (2.34), %’ are

non-negative, we define g,(\(,’) = (Gn)"/? as

K 1
AtAhg 2 4 vy
G D=6 fi= Y (m) fepe?®FHODIL (237

k. t=—K
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Obviously, the operator gff,” is commutative with any differential operator in the Fourier
collocation spectral space, and the following summation by parts formula is available:

(f.Gng) = (91 1. 9's)- (238)

In fact, if we denote

—x )

1—e 2 X
go(x) = ;g1 =—, f)=—""7—"—, (2.39)
X X X

for x > 0, the following result will be used in later analysis.

Lemma 2.4 (1) gi(x) is decreasing, fori =0, 1, 2.

21(0) | () i
(2) wt0 = 1oe7 @ g5y = 12 VX > 0.

As a result, the following estimates could be derived, using a careful Fourier analysis.
Proposition 2.5 For any periodic grid function f with f = 0, we have
1712 < |08 f |, = C11f I + APl AN Fl2 + 6 IV fl), 240)
ML) < @nfo Sl (Lnf —Bye 2 f) = 0, @41)

1A= [0 r] | = Gy + A PV fla + € ), 242)

198 fll2 = VNG £ |, < CoUVFIl + A PelVnan fl), 243)
M @ !
16 fll2 = Call Flloe G 12 = Csllf o Ca=Cs = 1——. (244

in which the constants C;, 1 <i <5, are only dependent on 2, independent on f and N.

The detailed proof for both Lemma 2.4 and Proposition 2.5 will be provided in Appen-
dices A and B, respectively. Similar Fourier eigenvalue estimates could also be found in a
related work [10]. In addition, we denote

)= — N ey (2.45)
u) = —— +kVyu, .
8N 1+ [Vyul? N
so that fy(u) = Vy - gy ().
2.4 The Energy Stability Analysis
‘We choose ko = é and k > % so that
N 1
K* =K — Ko > EK. (2.46)
And also, we denote the following constants:
3 1
7 =G+, 1 =G+, 1 =G+, 247)

y @ =y 490 41y =304 + ), with Cy = (2.48)

_1
1—e=2"
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In addition, the constant g > 0 is introduced to be the unique solution of the following
equation:

) 1 50 y© 4 Le
e + 3T ie. ap =1In 7}/(0) - %K . (2.49)

The following two preliminary estimates in [21] will be useful in the energy stability
analysis.

Lemma 2.6 [21] Denote a mapping B : R> — R%: B(v) = Then we have

1+'\)v|2'
IB(v) — B(w)| < v —w|, Yo, w € R (2.50)

Lemma 2.7 [21] Define H(a, b) = 1 In(1+a®+b%) + %2 (a® +b?). Then H (a, b) is convex
in R% if and only if ko > %.

As a result of these convexity result, we are able to obtain the following energy estimate.

Lemma 2.8 For the numerical solutions u™t' and u™ with u"+' = u", we have
Ex@"™) — En") < (Lyu"™! + fy @), "' —u”)

2
&
—EHAN(u"“ —u"3 — kYN @ — w3, (2.51)

Proof For simplicity of presentation, we denote

f(o)(u) =Vy- __vNu + koAnu, so that
N 1+ |Vyul2
v = £ @) + kA (2.52)

By Lemma 2.7, f ]&0) (u) corresponds to a concave energy functional, so that the following
convexity inequality is valid:

(0" " ="y > Hy @) — Hy@"),  with
Ko
Hy (@) = Ec.1.n(9) — EHVN¢II§, (2.53)
with the nonlinear energy functional E. | y(¢) defined in (2.14). As a consequence, we get
(v, u ™ —uy = (7 @M, T — ) i (A — )
Ko
> Ecan @) = Ec @) = - (1Vxua"™ I3 = IVxu"15)
K 12 2 K« 1 2

—E(IIVW” 3 = IVyu"ll) + 7||VN(14"+ —u")ll3. (2.54)

Meanwhile, for the linear diffusion term Ly, the following equalities are available

2
&
XA =ity = (AR — | Avu"3)
82 )
+ AN = a3, (2.55)
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K
—ie{Ayu" )y = E(IIVNM"HII% — | Vyu"[13)
K
+ EnvN(u"“ —u")|3, (2.56)

so that

2
& K
(Lyu" 1 umt -ty = 3<||ANu"“ I3 — lANu"13) + 5<||vNu”+1 I3 — IVyu"13)

2
&€ K
+ 3||AN<M"+1 —u"|3 + E”VN(”"H —u")|3. (2.57)

Finally, a combination of (2.54) and (2.57) leads to (2.51), due to the fact that k = ko + ™,
and the inequality that § + % > «*. This completes the proof of Lemma 2.8. o

Moreover, a careful Fourier eigenvalue analysis enables one to derive the following esti-
mate, which will be used in the energy stability analysis.

Proposition 2.9 For any grid function f with f = 0, the following inequality is valid:
2
£ 1
(5 +aa) 1w s + 19w 13+ (708~ Ln) £.5) = v U501,
(2.58)

with y© defined in (2.48), provided that the coefficient A satisfies
4
A> (y“)) - %) ag2e™2, withy'©, ag given by (2.48), (2.49). (2.59)

Proof For the grid function f with discrete Fourier expansion (2.33) and the definition of
the operator G in (2.34), we see that

K

1 Ak,l A drilkxi4ly;
(EQN - LN) fii= 2. (m - Ak,/z) e Rt/
kt=—K
K —AtA
Ag e ke o x40 s
= D gy free TN, (2.60)
kt=—K ¢ ’

with Ay ¢ and Ay ¢ defined in (2.7). In turn, an application of Parseval equality to (2.60)
implies that

—AtAg g

1 2 K Ag e P )
L) 1) =0 Y T el (2.61)

ki=—K 1-e

Similarly, an application of Parseval equality to Vy f and Ay f gives

K K
IVNFIZ=L2 Y melfuel NANFIZ=L Y 2 lfeel® (262)
kt=—K kt=—K

Therefore, the two sides of (2.58) become the following expansions, in terms of Fourier
coefficients:
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2 1
(% + Amz) AN FI5 + 19w 115 + <(EQN - LN) f f>

K
=L Y RO el (2.63)
kt=—K

) A e—AtAM 82

with RIEI,Z = li[e_w + (3 + AA[Z) )\.I%’l + K*)»k,la (264)
K
2), 7 . 2

yOIVNFIB =12 Y ROIfel with R =y Py (2.65)

kt=—K

The rest work is focused on the comparison between R,(Clz and R,(sz, for any k, £. First,
we observe that

2

& 1
?)‘i,e + K Mg > EAH’ since k¥ > 5k (2.66)

—_

Consequently, if AtAy ¢ < g, (With ag defined in (2.49)), the following inequality is valid:

—AtAg g 2 —AtAg
) Ag e ! % 5 " Ag € 1
Rk,l > m—i_?)hkj—'—’( Mg > m-’—il\k'g
oA efAtAkyg 1 - ]/(O) A
= Mt \ 7" o=amne + 5 )= T Akt
>y Ohee =RE), if AtAge < . (2.67)

On the other hand, if AtAj ¢ > ap, we have Ag ¢ > %, so that

v

2
£ 1
Rl(clz)z j)‘/%,z + K Mo + AAIZA,%l > EAH + AA[Z)‘%,@

1 1 2.0
= ZAk’Z + ZAk'K + AAt )"k,l

a0
4At

1 &2 K
2 2
—Ake+ + (71 + AAt ) Aot 74)\1(,(. (2.68)

7 +AAPAL , =

@0
4At
Under the constraint (2.59), the following quadratic inequality is valid

&2 2 12 0 K\% _i
S +Aar ZA/sAtZ<y<)—Z> oy AL, (2.69)

which in turn results in

) @0 ( () ")2 -1 2 Kk
R,, > — - = Ath -\
ke = ga T\ T g) %o AtMet gk
K K .
> (V(O) - Z) Ao+ Z)\k,/é =y Ohee = Rz‘f@ if AtAge > ap.  (2.70)

Finally, a combination of (2.63), (2.65), (2.67) and (2.70) yields the desired estimate
(2.58). This completes the proof of Proposition 2.9. m}

The energy stability of the proposed third order ETD-based scheme (2.22)—(2.23) is stated
in the following theorem, in a modified version.
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Theorem 2.10 The numerical solution produced by the proposed scheme (2.22)—(2.23) sat-
isfies

EN(Mn+l, Mn7 un—l) < E(u", un—l’ un—2)’ with

EN(Mn+17 u", unfl) — EN(Mn+l) + )/](0) ”VN(unJrl _ u")||%

+ IV @ =3, @71
Sfor any At > 0, with y;O) (j =1,2,3) defined in (2.47), provided that (2.59) is satisfied.

Proof Applying an operator (At¢o(Ly)) ~140(2.22), and making use of the operators defined
in (2.23), (2.31), (2.32), we get a rewritten form of the nonlinear term fy (u"):

fN(un) =—Ly(— e—AtLN)—l(Mn—H _ un) _ LNun _ AAZ‘ZA?V(M"_H _ un)

3 1
~-GY <5fN<u”) —2fn ") + EfN(uH))

1 _ 1 B
-Gy (EfN(un) — "+ 5fN(u” 2)) . (2.72)
With an application of the preliminary energy inequality (2.51) in Lemma 2.8, we have

2
&
En("™) = En") + I AN @' = a5+ Va @ — a3
< (Lyu"™ 4 fy ), u"t =)
= (—Ly( — e—AtLN)—l(urH—l _ un) + LN(un+1 _ un), un+1 _ un>
_AAt2<A%V(un+l _ Mn), l/ln+1 _ Mn>
3 1
—<G$) (Efw") —2fn" ) + Efw"—z)) L't — u">
1 1
- <G§3) (E.fN(u”) — fv@" T+ EfN(”"_z)) ot — u">. (2.73)
The first term on the right hand side turns out to be
<7LN(I _ e*AtLN)fl(un+l _ un) + LN(un+1 _ un)’ un+l _ un>

1
- _E@N(u"“ —u"), u" T — ") Ly @ —u), W — ). (2.74)

The second term on the right hand side becomes
— AN (A @ —u), " —uty = —AAC AN @ —uM3. (275)

For the third term on the right hand side of (2.73), we begin with the following rewritten
form:

3 1
S - 2fn "N + Efmu"‘z)

3 1
=S Vn - (v ") = v ") — FVn - (en@"™h —gn@"™%).  (2.76)

Meanwhile, a careful calculation

n n—1

VNM VNM

n n—1
I+ V2 — L+ [V 12 + VW —u""") (2.77)

v ™) — gy =
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implies that

llgn ") — gn @ Hll2 < (1 + 1) VN @" —u" "2, (2.78)

with an application of Lemma 2.6. Then we apply summation by part formula and obtain

3 _
—5<G§V”vN (e ™) — gy @), W —

= §<G§$)(gN W") = gn @™ "), Vy "t —u™))

< %ncﬁé)(gzv(u") —en@" "Nl VN @™ = u")]

< %angzv(u”) —en @ D2 VN @ = w2

< %cm +OIVN @ =" D Yy @™ —u")]

< %@(1 + (VN " = u" D13+ 1V @™ —um))d), (2.79)

in which inequality (2.44) has been applied in the third step. Similar estimate could be derived
in the same fashion:

1

5 (G VN - (en ") — gy ")), u" — u)

1
= ;G + UV @ = u" )+ 1V @ = u™)3). (2.80)
In turn, a combination of (2.76), (2.79) and (2.80) yields
3 1
- <G(N” (Efzv(u") —2fn ") + Efw"*z)) et — u>
< C4(1 +x) (2.81)
3 1
(nvN(u"“ —u")3+ A G w13+ vaN(u"‘l - u”‘2)||%> :

The last term on the right hand side of (2.73) could be analyzed in a similar form; the
details are left to interested readers:

- <G§3) (%fzv(u") — v+ %fmun—%) 't — u">
< Cs(1+4) (2.82)
(%nwu"“ B4 IV DI+ N uH)u%) .
Its combination with (2.81) leads to
- <G§$) (%fm") —2fv@"h + %fw(u”‘2)> Lt — u">

1 1
- <G§3) <5fN<u"> — @+ Efw"—z)) o — u">

0 0 _
<1V @ = a3 4+ IV @ = u"H 13

IV @ — 23, (2.83)
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in which y;o) (j = 1,2,3) has been given by (2.47), and we have used the fact that C4 =
Finally, a substitution of (2.74), (2.75), and (2.83) into (2.73) results in (2.71). Notice that
we have made use of the following inequality

2
£
(5 + Amz) AN @™ = w5 + k¥ Vy @ — w3

1
+<(EQN - LN) @' =)~ u"> =y QIvn @™ —uMI3, 284)
which comes from an application of Proposition 2.9, provided that (2.59) is satisfied. This
completes the proof of Theorem 2.10. O

Corollary 2.11 The numerical solution (2.22)—(2.23), we have

En@®) < En@®) + yOUVn@® —u D13 + 101V @™ — a3 = o,
Vk >0, (2.85)

provided that (2.59) is satisfied.

Proof By the modified energy inequality (2.71), the following induction analysis could be
performed:

En@h) < Ey*, "1 uf=2) <. < Ey@® u™! u™?) := Co, Vk=>0.
(2.86)

)

Remark 2.12 For the first order ETD scheme (2.24), the energy stability has been proved in
[217, namely, Ey (") < En(u™), forany At > 0, provided that k > é A similar analysis
could also be found in an earlier work [5].

For the original version of the second order accurate ETD-based scheme (2.25), such an
energy estimate could hardly be theoretically justified, due to its multi-step nature. Instead,
an alternate energy inequality has been derived in [21] for (2.25):

1+«

En@"hy < Ey@") + T(nvN(u"“ —u" 3+ VN @ —u" D13, 2.87)

However, because of the two positive terms on the right hand side, a uniform in time bound
of the original energy functional is not theoretically available from such an energy inequality.

For the third order ETD-based scheme (2.26) reported in [21], a bound estimate for the
original energy functional has not been available, either. Our energy analysis has revealed
that, an artificial regularization term is needed to theoretically justify the energy stability for
a higher-order ETD-based schemes, as demonstrated in the proof of Theorem 2.10.

Remark 2.13 The requirement (2.59) for the parameter A indicates an order of A = O (72,
since y@ = 0(1), ag = O(1). Such a requirement is based on a subtle fact that, an extra
stability estimate from the surface diffusion term has to be used to balance the stability loss
coming from the multi-step explicit treatment of the nonlinear terms, and the surface diffusion
coefficient is given by &2 in the physical parameter.

On the other hand, such a parameter order A = 0(5_2) is only used for the theoretical
justification of the energy stability. In the practical computations, an extensive choice of
A = O(1) has never led to any energy stability loss for the proposed third order scheme.
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Remark 2.14 There have been other approaches to obtain the desired stability property for
the no-slope-selection thin film model. In another recent work [6], an artificial stabiliz-
ing term AAIZ% is added to the second order accurate ETD-based scheme, which was
exactly integrated over the time interval (¢, "1y Furthermore, a careful analysis justifies
the numerical stability, with the parameter A of an order A = O(1). A similar result has also
been reported in [33], in which a second order modified BDF approximation is used, and an
artificial regularization with a parameter A > %—2 is sufficient to ensure the energy stability.

The primary reason for the difference in the order of the artificial parameter A between the
second and third order numerical schemes is based on the following fact: for the second order
scheme, the artificial regularization, with magnitude O (Az?), and the temporal discretization
terms are sufficient to theoretically justify the energy stability; while for the third order
scheme, these two terms are not sufficient to ensure the numerical stability, since the artificial
regularization term has to be in the order of O (A7) to keep the third order temporal accuracy.
As a result, the stability estimate for surface diffusion term has to be involved, so that an
coefficient A = O(s72) is needed to pass through the stability analysis.

Remark 2.15 For the epitaxial thin film growth model with slope selection (1.5), there have
been some energy stability analysis works for the linear stabilization schemes. In more
details, the artificial regularization parameter is required to be of order O (¢ 2| In ¢) for the
first order scheme [32], while such a parameter becomes of order O (¢ ~"°) (with mg > 10)
for the second order scheme [31,41], in which the authors used the Cahn-Hilliard model to
illustrate the analysis techniques. For the third and higher order numerical schemes, there
has been no theoretical justification of the energy stability analysis for the slope-selection
model.

The reason why we are able to obtain such a sharp theoretical result is associated with
the subtle fact that: the nonlinear term in the NSS equation (1.3) has automatically bounded
higher order derivatives in the L° norm, which enables one to derive an energy estimate
with a much reduced artificial regularization for higher order numerical schemes.

3 The Convergence Analysis for the Third Order ETD-Based Scheme

The global existence of weak solution, strong solution and smooth solution for the NSS
equation (1.3) has been established in [29]. In more details, a global in time estimate of
L0, T; H™) N L0, T; H™*?2) for the phase variable was proved, assuming initial data
in H™, for any m > 2. Therefore, with an initial data with sufficient regularity, we could
assume that the exact solution has regularity of class R:

ue € R:=HY0,T:CONH'0,T; HY) N H*(0, T; H") N L0, T; H™**).
3.1)

Define Uy (-, t) := Pnu.(-,t), the (spatial) Fourier projection of the exact solution into
BX, the space of trigonometric polynomials of degree to and including K. The following
projection approximation is standard: if ¢, € L>(0, T’; Hpger(Q)), for some ¢ € N,

IUN — tellio,r:mm < Ch el po .1ty YO <k <4 (3.2)
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By Uy we denote Uy (-, t™), with " = m - At. Since Uy € Pk, the mass conservative
property is available at the discrete level:

— 1 1
U,@:—/ UN(-,tm)dx:—/ Un(otm)dx=U2"" YmeN.  (3.3)
2] Ja 12 Jo

On the other hand, the solution of the proposed scheme (2.22) is also mass conservative at
the discrete level:

um =ym-1 ¥YmeN. 3.4)

Meanwhile, we denote U™ as the interpolation values of Uy at discrete grid points at time
instant ¢": Ul.’"j = Un(x;, yj, ™). As indicated before, we use the mass conservative pro-
jection for the initial data:

w) ;= U0 = Un(xi, yj. t =0). (3.5)
The error grid function is defined as
e =U"—-u", YVme{0,1,2,3,---}. (3.6)

Therefore, it follows that ¢” = 0, for anym € {0,1,2,3,---}.
For the proposed third order accurate scheme (2.22)—(2.23), the convergence result is
stated below.

Theorem 3.1 Given initial data UX,, U;l, U,;Z IS Cg’er“(ﬁ), with periodic boundary con-
ditions, suppose the unique solution for the the NSS equation (1.3) is of regularity class R.
Then, provided At and h are sufficiently small, for all positive integers ¢, suchthat At-£ < T,
we have

‘ 1/2
IVnetlla + (s% > ||VNANe'”||%> < (AP + 1™, 3.7)

m=1
where C > 0 is independent of At and h.
3.1 The Error Evolutionary Equation

For the Fourier projection solution Uy and its interpolation U, a careful consistency analysis
implies that

U™l = e MENUT — AAP G (Ly)AY (U™ — U™) — Atgo(Ly) fy(U™)
3 1
— At$1(Ly) <5fN<U") —2fn U + EfN(U"—2)>
1 1
— Atgn(Ly) (EfN(U'U — v @ hH + Ewa"—z)) + A", (38)

with ||| = C (A + ™). In turn, subtracting the numerical scheme (2.22) from the
consistency estimate (3.8) yields

= e AN — AAP o (L) AR (" — ") — Atgpo (L) f (U™ u")

3 . ~ 1 .
— Aty (Ly) (EfN(U"’ u"y =2 fy (U + Ewa"‘z, u"‘%)
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1~ - 1 -
— Atgn(Ly) (5fN(U", u") = "t S e, uH))
+ Art", 3.9
with fiy (UK, ub) = fy (U = fy (b, k = 0.
On the other hand, the current form (3.9) for the numerical error evolution has not revealed
a clear interaction between the linear and nonlinear terms. Instead, if we denote e"+1* =

e AN e the error equation (3.9) could be rewritten as the following two-stage system, so
that the corresponding error analysis could be carried out in a more convenient way:

en+1,* n

— €
= —Ly¢o(Ly)e", 3.10
Y. NPo(Ln)e (3.10)

erH—l _ en+1,*
At
= —AAPo (L) A% (" — ") + " — ¢o(Ly) fy (U™, u™)

3 . ~ 1 -
—¢1(LN) <5fN<U", u"y =2 fy O + iwa"—z, u"—2>)

1 -~ ~ 1 -
— (L) (EfN(U"’ u"y — fy U uh + EfN(U”‘z, u”‘%) . (.11

3.2 Some Preliminary Nonlinear Error Inequalities

The following estimate for the nonlinear error term will be needed in later analysis; the
detailed proof could be found in Appendix C.

Proposition 3.2 Under the assumption that
IVyAnetlr < 1, (3.12)

the following inequality is available:

[on (v @h = iv@h)) | = e 1Vwaneln. (3.13)

3.3 The £2(0, T; H}) N £%(0, T; H?) Error Estimate

Now we get back to the error evolutionary system (3.10)—(3.11). By applying the linear
operator Gy = (¢po(L ~))~! to both equations, we get

gN(en—H,* _ en)
At
gN(en+] _en+l,*)
T
— —AAI‘ZA%V(C’H—I _ en) +gNTn _ fN(Un, un

= —Lye", (3.14)

3. ~ 1.
-Gy’ <5fN(U", u) =2fy " + S v, u”‘%)
1 . ~ 1 .
-Gy (51'N<U", u'y = fe @ 4 S v, u“)) SNEAR)
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Since the nonlinear error inequality (3.13) is based on the a-priori assumption (3.12), we
have to make such an assumption for any k < n. This assumption will be recovered by the
convergence estimate at the next time step.

Taking a discrete L? inner product with (3.14) by — Ay ("1 4 ¢") leads to

(Gn (e —e™), —AN (T + M) + At (Lye", —An(" T + ) =0.  (3.16)
The first term could be analyzed with the help of the summation by parts identity (2.38):
<gN(en+l.* — "), —Ap(" 1 +e") = (VNQN(E"“’* — "), Uy ("1 +eM)
_ (VNQI(\(/))(enH’* — M), VNgz(\(/))(enﬂ’* +en)>
= VNG e 5 = VNG e 3. (BT
For the second term appearing in (3.16), we begin with the following observation:
(Lye", —Aye" ) = (Lye", —Aye™br2e") = 0, (3.18)

in which the last step is based the second inequality of (2.41). The other part could be analyzed
in a more straightforward way:

(LNe”, —ANe"> = ((szA%\, —KkApn)e", —ANe”>
= *[VnAne" 5 +xl Axe" 3. (3.19)
In turn, a combination of (3.16)—(3.19) results in
IVNGY e 1513 — IVNGY I3 + 2 AtV Ane" |13 + k At[Aye" |3 < 0. (3.20)
Taking a discrete L? inner product with (3.15) by —2Aye™t! yields

<gN(en+1 _ e"+l’*), —ZANe'hLl)

=24A1% (A3 (" — "), Aye"™) + 241 Gy, —Aye")
+2A:1 <fN(U", "), ANe”“>
+ Ar(GR G W™, u") = 4 fx " + U ), Ay
+ A (G (U™, ") = 2@ + U ), Ae!).
(3.21)
The term on the left hand side could be analyzed in a similar way as (3.17):
(gN(en—H el —ZANe"“) _ 2<VNQ,(\(,))(€"+1 — ), VNgl(\(,))en+l>
= VNG e I3 = IVNGR e IE (3.22)
The first term on the right hand side turns out to be

2<A%\,(en+l _ en)’ ANen+l) — —2<VNAN(€n+l _ en)7 VNAN€n+l>

< —(IVyAxe"™ 3 — [VnAne"13). (3.23)
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The bound for the truncation error term could be obtained as follows:
_ (gNT", ANe"+1) _ <VN(_}(O)I”, VNQ'](\?)e"H)
<||VN9<°%" 15+ 198Gy e 13). (3.24)
For the first nonlinear inner product term, the following estimate could be derived:

(fn U™ ™), Aye™ ) = —(Vy (fn (U™ — fn ™), Vye"™)
< |V (fn @™ = fv @), - 1Vae™
(2) HVNANen ”2 ”VNg(O) n+1 2

| /\ A

IA

*82 ” VnAye" ”2
+4(C(2>>28‘2||VN9§8)e”+1 I3. (3.25)

in which Propositions 2.5, 3.2 have been applied in the third step. The nonlinear inner product
involving G 5\}) could be handled as follows:

G in u", Aye"™hy = =3(G\ Vi (fn (U™ — fx@™), Vye' )
=36V In (@™ = fx )| - 1Vwe

<3Cy |Vn (fn @™ = fn ™), - [ Ve,
3C57Ca | VnAye |, - 1VnG e 2

IA

A

1
< ¢ [vwane'];

+18(C)2CIe 2| VNG 13, (3.26)

with the inequality (2.44) applied in the third step. The other nonlinear inner product terms
could be analyzed in a similar way, and the following results are available:

G(l)f (Unfl unfl) A en+l)

782 Vv ane 3 + 32?2 Cie 2 Vg Vet 3, (3.27)
<G§v"fN<U" 24", —Ayet)
< 2 [Tnane s + 2P e IVNGY B, (3.28)
G(Z)fN(U" u), ANe"+1)

782 [VnAye ||2+2(c(2’)2c§e*2||v,vg(°) 3, (3.29)

G(Z)f un= 1 u 1) ANe”“)

782 | Vv ane 3 + 8PP C2e 2| VNG e 3 (3.30)
G(Z)f un- 1 u'— 1) ANen+l>

&2 HVNANe” 2”2_’_2((1(2)) Cz —2“VNg(0) n+1“2_ (3.31)
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‘We notice that all these estimates have to be based on the a-priori assumption (3.12), combined
with the nonlinear error inequality (3.13) in Proposition 3.2. In turn, a substitution of (3.22)—
(3.31) into (3.21) results in

IVNGY "3 = IVNGY e 15 + AP (IVy Ane 15 — [V Axe"(13)
< %&Az(HvNANe"” I+ | Vv Ane2|5) — %ezm |Vyaye|
+ AHIVNGY' T E + (T2(CACT + €D + 1) ArVNGY e 3. (3.32)
Its combination with (3.20) yields
IVNGY e M3 = 11VNGR " I3 + AAP(IVy Axe" 13 = IV Ane"|13)
+ gszAt |vnane |3
< iém(nwANe"“ I3+ 1VnANe"13) + AtIVNGR T3
+ (T2CEXCE + CHe2 4+ 1) At VNG e 3. (3.33)

In turn, an application of discrete Gronwall inequality results in the desired convergence
estimate:

1/2
1 n+1
IVNGY e 2 + VAAL Vi Aye o + <882Az > IVyANe™ 13

m=1
< C*™ (AP + ™). (3.34)

In addition, by the preliminary estimate (2.43) (in Proposition 2.5), we obtain the
£°(0, T; H') N £2(0, T; H3) error estimate, with C = 24/2C**:

n+l 172
[ Vne !, + VAALI VN Axe" Iz + (szm 3 ||VNANem||%>

m=1
< C(AP + 1™, (3.35)
Finally, we have to recover the a-priori assumption (3.12) at time instant "+, so that the
analysis could be carried out in the induction style. The convergence estimate (3.35) indicates
that
Ce= 1AL + h™)
— <

7 < Ce N AP + A1 2pm), (3.36)

|
IVyAne" T, <

Since a singular Az ™! term appears on the right hand size, a scaling relation between Az and
h is needed in further analysis. If Az > A" (which is a very relaxed condition), the following
inequality is valid:

IV Axe" o < Ce L AP2 + h™/2), if At > W™, (3.37)
Otherwise, if At < h™, we apply an inverse inequality and obtain

C|VneY,  CEALP +Rm™)  CCHh™ + h™)
2 = 2 = 2
CCh™ 2, if At < h™. (3.38)

IA

[VyAxe™

IA
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Therefore, a combination of (3.37) and (3.38) reveals that
IV Ay s < max(ézf1 (A2 4 g/, céh'H), for any At andh. (3.39)

Consequently, the a-priori assumption (3.12) could be recovered at time instant ! under
the following constraint:

At < QC)2PH, < 2C)"Hm2m, (3.40)

‘We notice that the constraints for At and & are independent, and no scaling law between At and
h is needed to pass through the analysis. In turn, this convergence estimate is unconditional.
This validates the convergence estimate (3.7), and the proof for Theorem 3.1 has been finished.

Remark 3.3 Since the third order algorithm (2.22) is a three-step scheme, the “ghost” point
approximations «~! and u~? are needed in the initial time step. If we take =2 = u~! = 10,
the energy bound estimate (2.86) becomes very simple, while the third order numerical
accuracy may have been lost in the initial step. Instead, we could use alternate explicit high-
order numerical algorithms, such as RK2 and RK 3, to update the numerical solutions at '
and u?, so that the third order numerical accuracy is preserved in the first few time steps.
This approach enables one to derive the full third order temporal convergence estimate in
the above theorem. In particular, we notice that the first two RK time steps in the initial
approximation will not cause any stability concern, since they are treated as the initial values
in the numerical scheme.

4 Numerical Results
4.1 Convergence Test for the Numerical Scheme

In this subsection we perform a numerical accuracy check for the third order accurate ETD-
based scheme (2.22)—(2.23). The computational domain is set to be Q2 = (0, 1)2, and the
exact profile for the phase variable is set to be

U(x,y,t) =sin(2mrx) cos(2my) cos(z). “4.1)

To make U satisfy the original PDE (1.3), we have to add an artificial, time-dependent forcing
term. Then the proposed third order numerical scheme (2.22)—(2.23) can be implemented to
solve for (1.3). We compute solutions with grid sizes N = 64 to N = 192 in increments of
16, and we solve up to time 7" = 1. The errors are reported at this final time. The surface
diffusion parameter is taken as ¢ = 0.5, the stabilization parameter is taken as k = %, and
we set the artificial regularization parameter as A = 1. The time step At is determined by
the linear refinement path At = 0.5h, where / is the spatial grid size. Figure 1 shows the
discrete L', L? and L norms of the errors between the numerical and exact solutions. A
clear third order accuracy is observed in all the norms.

4.2 Coarsening, Energy Dissipation and Other Physical Quantities
With the assumption that & < min {Lx, Ly}, how the solution to (1.3) scales with time has

always been of great interests. The physically interesting quantities that may be obtained
from the solutions are (i) the energy E(¢); (ii) the characteristic (average) height (the sur-
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Fig.1 L!, L2 and L® numerical errorsat T = 1.0 plotted versus N for the fully discrete second order scheme
(2.22)—(2.23). The surface diffusion parameter is taken to be ¢ = 0.5 and the time step size is Az = 0.5h.
The data lie roughly on curves CN ™, for appropriate choices of C, confirming the full third-order accuracy
of the scheme

face roughness) A (t); and (iii) the characteristic (average) slope m(z), the latter two defined
precisely as

h(t) = \/|512|/Q‘M(X 1) —i(t) *dx.  with i(t) = ﬁ/ﬂu(x ndx,  (4.2)

m(r) = \/|slz|/g|w(x’ 1)|? dx. 4.3)

For the no-slope-selection equation (1.3), one obtains 4 ~ O (tl/z), m(t) ~ O (t1/4), and
E ~ O (—1In()) ast — oo. (See [15,29,30] and other related references.) This implies
that the characteristic (average) length £(¢) := h(t)/m(t) ~ O (t1/4) as t — 00. In other
words, the average length and average slope scale the same with increasing time. We also
observe that the average mound height /(¢) grows faster than the average length £(¢), which
is expected because there is no preferred slope of the height function u.

At a theoretical level, as described in [25,26,30], one can at best obtain lower bounds for
the energy dissipation and, conversely, upper bounds for the average height. However, the
rates quoted as the upper or lower bounds are typically observed for the averaged values of
the quantities of interest. It is quite challenging to numerically predict these scaling laws,
since very long time scale simulations are needed. To capture the full range of coarsening
behaviors, numerical simulations for the coarsening process require short-time and long-time
accuracy and stability, in addition to high spatial accuracy for small values of €.

In this article we display the numerical simulation results obtained from the proposed
third order scheme (2.22)—(2.23) for the no-slope-selection equation (1.3), and compare
the computed solutions against the predicted coarsening rates. Similar results have also been
reported for many first and second order accurate numerical schemes in the existing literature,
such as the ones given by [5,21,42], etc. The surface diffusion coefficient parameter is taken
to be ¢ = 0.02 in this article, and the domain is set as L = L, = Ly = 12.8. The uniform
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t = 200,4000 t = 3000, 6000
t = 20000, 40000 t = 80000, 300000

Fig. 2 (Color online) Snapshots of the computed height function u at the indicated times for the parameters
L = 12.8, ¢ = 0.02. The hills at early times are not as high as time at later times, and similarly with the valley.
The average height/depth evolution with time could be seen in Fig. 3

spatial resolution is given by h = L/N, N = 512, which is adequate to resolve the small
structures in the solution with such a value of ¢.

For the temporal step size Az, we use increasing values of Az, namely, At = 0.004 on the
time interval [0, 400], At = 0.04 on the time interval [400, 6000], Ar = 0.16 on the time
interval [6000, 3 x 10]. Whenever a new time step size is applied, we initiate the two-step
numerical scheme by taking u~! = u=2 = u°, with the initial data u® given by the final
time output of the last time period. Figure 2 displays time snapshots of the film height  with
e = 0.02, with significant coarsening observed in the system. At early times many small
hills (red) and valleys (blue) are present. At the final time, = 300,000, a one-hill-one-valley
structure emerges, and further coarsening is not possible.

The long time characteristics of the solution, especially the energy decay rate, average
height growth rate, and the mound width growth rate, are of interest to surface physics
community. The last two quantities can be easily measured experimentally. On the other
hand, the discrete energy Ey is defined via (2.14); the space-continuous average height and
average slope have been defined in (4.2), (4.3), and the analogous discrete versions are also
available. Theoretically speaking, the lower bound for the energy decay rate is of the order
of —In(r), and the upper bounds for the average height and average slope/average length
are of the order of 1/2, t1/4 respectively, as established for the no-slope-selection equation
(1.3) in [30]. Figure 3 presents the semi-log plots for the energy versus time and log—log
plots for the average height versus time, and average slope versus time, respectively, with
the given physical parameter & = 0.02. The detailed scaling “exponents” are obtained using
least squares fits of the computed data up to time t = 400. A clear observation of the — In(),
172 and ¢'/* scaling laws can be made, with different coefficients dependent upon &, or,
equivalently, the domain size, L.
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Fig. 3 Left: Semi-log plot of the temporal evolution the energy Ey for ¢ = 0.02. The energy decreases like
— In(7) until saturation. Middle: The log—log plot of the average height (or roughness) of «, denoted as h(z),
which grows like 1172, Right: The log—log plot of the average width of u, denoted m(t), which grows like
1174 The dotted lines correspond to the minimum energy reached by the numerical simulation. The red lines
represent the energy plot obtained by the simulations, while the straight lines are obtained by least squares
approximations to the energy data. The least squares fit is only taken for the linear part of the calculated data,
only up to about time # = 400. The fitted line for the energy has the form a, In(t) + b,, with a, = —41.0983,
b, = —148.6410; the (blue) fitting line for the average height has the form ahtb/l, with a;, = 0.4071,
by = 0.5001, and the fitting line for the average width has the form ay, tb’", with a,, = 4.1747, b;, = 0.2545

Now we recall that a lower bound for the energy (1.1), assuming 2 = (0, L)%, which has
been derived and polished in our earlier works [5,7,42]:

L? 46272 4e272
E(p) > > (ln Iz ) - + 1) =:y. 4.4)

Obviously, since the energy is bounded below it cannot keep decreasing at the rate — In(#).
This fact manifests itself in the calculated data as the rate of decrease of the energy, for
example, begins to wildly deviate from the predicted — In(¢) curve. Sometimes the rate of
decrease increases, and sometimes it slows as the systems “feels” the periodic boundary
conditions. Interestedly, regardless of this later-time deviation from the accepted rates, the
time at which the system saturates (i.e., the time when the energy abruptly and essentially
stops decreasing) is roughly that predicted by extending the blue lines in Fig. 3 to the predicted
minimum energy (4.4).

Remark 4.1 1In this presented numerical simulation, the spatial resolution and time step sizes
are taken as the same as the ones presented for the second order energy stable scheme [7].
Meanwhile, since a linear iteration algorithm has to be applied for the highly nonlinear
numerical scheme in [7], the computational cost at each time step is about 3 to 5 times as the
proposed 3rd order ETD-based one. For the long time simulation, both numerical schemes
have produced similar evolutionary curves in terms of energy, standard deviation, and the
mound width. A more detailed calculation shows that long time asymptotic growth rate of the
standard deviation given by the third order numerical simulation is closer to ¢!/2 than that by
the second order energy stable scheme: m, = 0.5001, as recorded in Fig. 3, while in [7] this
exponent was found to be m, = 0.5132. Similarly, the long time asymptotic growth rate of
the mound width given by (2.22)—(2.23) is closer to £/ than that by the second order energy
stable scheme in: b,, = 0.2545, as recorded in Fig. 3, in comparison with m, = 0.2607
reported in [7]. This gives more evidence that the third order scheme is able to produce more
accurate long time numerical simulation results than the second order schemes, even if the
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computational cost is even less than the one given by [7], due to the linear iteration algorithm
to implement the nonlinear numerical scheme.

Similar comparison has also been made between the second order ETD-related scheme
and the proposed third order ETD-based scheme, given by (2.25) (outlined in [21]) and
(2.22)—(2.23), respectively: m, = 0.5001, b,, = 0.2545 for the proposed third order scheme,
in comparison with m, = 0.510, b, = 0.258, for ET DM s2, as reported in [21]. This gives
another evidence of robustness of the third order accurate numerical scheme for the NSS
equation (1.3).

In the future works, some ideas of adaptive time step analysis [8,27] and benchmark
simulation [11] could be similarly applied, so that more extensive comparison could be
undertaken.

5 Concluding Remarks

In this article, we propose and analyze a third order accurate ETD-based numerical scheme
for the NSS equation (1.3) of the epitaxial thin film growth model, combined with Fourier
pseudo-spectral spatial discretization. An exact integration of the linear part of the NSS
equation is involved in the ETD-based scheme, followed by multi-step explicit approximation
of the temporal integral of the nonlinear term. More importantly, a third order accurate
Douglas-Dupont regularization term is added in the numerical scheme. In turn, a careful
Fourier eigenvalue analysis leads to the energy stability in a modified version, and a uniform
in time bound of the numerical energy becomes available. Furthermore, the optimal rate
convergence analysis and error estimate are derived in details, with a decomposition of
the numerical scheme into two stages. Error estimates are carried out in both stages, with
extensive applications of linearized stability analysis in the second stage. To overcome the
difficulties associated with many global operators involved in the algorithm, as well as their
inverse operators, we have to perform careful eigenvalue estimates for these operators, as
well as their composition. In addition, an aliasing error control technique has to be utilized
in the £*°(0, T, H;f) N €20, T; H,?) error estimate, combined with extensive scaling law
arguments between At and h. This convergence estimate is the first such result for a third
order accurate scheme for a gradient flow. Some numerical simulation results are presented
to demonstrate the robustness of the numerical scheme and the third order convergence. In
particular, the long time simulation results have revealed that, the power index for the surface
roughness and the mound width growth for & = 0.02 (up to T = 3 x 10°), created by the
proposed third order ETD-based numerical scheme, is more accurate than these created by
certain second order accurate, energy stable schemes in the existing literature.

Acknowledgements This work is supported in part by the Longshan Talent Project of SWUST 18LZX529
(K. Cheng), Hong Kong Research Council GRF Grants 15300417 and 15325816, (Z. Qiao) and NSF DMS-
1418689 (C. Wang).

A Proof of Lemma 2.4

First, we review the following estimate in Calculus.
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Lemma A.1 Suppose that f(x) and g(x) are continuous functions, f(x) > 0, g(x) > 0, and

u ((f)) is decreasing over (0, 4-00). Define H(x) = fox L0ty on H (x) is decreasing over
(go ' oo) Jo g(ndt
, TOQ).

Proof Denote F(x) = [ f(t)dt, G(x) = [i g()dt, so that H(x) = 5&3. Forany 0 <
X1 < x3, we make a comparison between H (x1) and H (xz)._

We denote C; = % By the decreasing property of g ((f)) ,

0 <x <xp,and % < Cj for x; < x < x3. This in turn implies that

fx)
E) > () for

we see that

fx) = Cigx), for0<x <x;, f(x)=<Ciglx), forx; <x < xa. (A.1)

As a result, we get

X1 X1 X2 X2
/ fdi > / g, / Fodi <€y / g(n)dr. (A2)
0 0 X1 X1
In turn, if we denote A| = J' f@dt, B) = 6” gt)dt, Ay = f;lz f()dt,By = f;clz g(t)dt,
we have
Ay Aj

7>C>*. A3
3 =123 (A.3)

Then we arrive at

2 f(dt A+ A A
Hxy) = oxzf() _ At A A b, (Ad)
fo g(t)dt B + B> B

This completes the proof for the decreasing property of H (x). m}
Next, we proceed into the proof of Lemma 2.4.

Proof The function go(x) could be represented as

—e (f e ldr

= . A.
Jo 1dt (A

1
go(x) =

On the other hand, ? = e~ is a decreasing function over (0, +00). By Lemma A.1, we
conclude that go(x) is decreasing.
Similarly, g1 (x) could be rewritten as

x—(l—e™) [r(d—edt
X) = = . A6
g1(x) = T (A.6)
Since 1_2‘;‘ = %go (x) is a decreasing function over (0, +00), an application of Lemma A.1

reveals that g1 (x) is also decreasing.
For g>(x), we look at its rewritten form

X2=2x—(1—e™)  [720—(1—e)dt

A7
x3 Jo 3t2dt A

g2(x) =

Since w = %gl(x) is a decreasing function over (0, 400), an application of

Lemma A.1 reveals that g»(x) is also decreasing. This finishes the proof of the first part of
Lemma 2.4.
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As a direct consequence of their decreasing property, we see that go(x) < go(0) = 1,

g1(x) < g1(0) = S and g2(x) < g2(0) = §, Vx> 0.
In turn, we observe that

D=

g10) _ 810 _

< = - = —> forx <2,
go(x) ~ go(2) 1—26 l1—e
1— l—e™* 1
§1(x) = X < , forx > 2.
go(x) 1 —e* 1 —e2
For the function ggg;, we have
0 3 2
g2(x) < £2(0) _ 372 _ - forx <2,
go(x) ~ go(2) 1_26 3(1—e™2)
P
§2(x) - X < , forx > 2.
go(x) | 1 —e2
1 82(x)

: e 81(X)
Therefore, the inequalities 2000 < == wm S 0o
of Lemma 2.4.

B Proof of Proposition 2.5

(A.8)

(A.9)

(A.10)

(A.11)

< —L are valid. This finishes the proof

m}

An application of Parseval equality to the discrete Fourier expansions for f and g,i(,’) f, given

by (2.33) and (2.37), respectively, leads to

2_ g2 S 2 O *_ g2 Y AtAke 2 o
1= 3 el oV s, =17 Y —Selhel B
kl=—K k=—K
Meanwhile, the following observation is made:
AtA 1
Lo : (B.2)
1 —e ke go(AtAke)
With an application of Lemma 2.4, we obtain
1 1 X
= < = — <1+x, Vx>0. (B.3)
80(0) 7 go(x) 1 —e7¥
This in turn implies that
AtAg e
1 < m < 1+ A[Ak’[, for anyk, £. (B4)
Its combination with (B.1) reveals that
0 .I2 N A
B <o r|) =L X a+aiacolfie?
kt=—N
_ 2 2 2 2
= I1fllz + At AN fIIZ + € IVN f1I2), (B.5)

which in turn results in (2.40), by taking C; = 1.
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The proof of the first inequality of (2.41) follows a similar form of Fourier analysis,
combined with the following identity:

AtAk,[

l_e_iATAkl > AtAk,[, Vk, L. (B6)

For the second inequality of (2.41), we begin with the following identities

K
ANPij= Y, Axefree? ®itont,

kt=—K

K
(—Aye EvAf), = Z (=)o DrAke fo  2mitkaitt)/L,
kt=—K
so that
K
(Lns —awem B2 p) =12 3 (G dee M fP 20, B
kt=—K

since —Ax¢ > 0, Agg > 0, and e 245 > 0, for any k, .

The proof of (2.42) and (2.43) could be carried out in the same manner; the details are
left to interested readers.

For the analysis of GE\}) f, with its discrete Fourier expansion given by (2.35), an appli-
cation of Parseval equality gives

- w2 Y
2 _ g2 ) _ 72 k.t Y
”f”Z_L Z |fk,l| 5 HGN sz—L Z W |fk’g| .
ke=—K kt=—K
(B.8)
On the other hand, the following observation is available:
| |—e—ArAL e
T T ArAe _ 81(ArAR) - 1 (B.9)

I—e MMt gg(ArAgy) ~ 1—e™?’

with an application of Lemma 2.4 in the second step. Its substitution into (B.8) results in

K R > 1 2
I3 =L7 37 1fuel ”GS)fHQS(l_e,2> 1715 (B.10)
kt=—K

Then we have proved the first inequality of (2.44), with C4 = ﬁ

The analysis of GE\?) f could be carried out in the same manner, and the second inequality
of (2.44) is with C5 = 1_1? This finishes the proof of Proposition 2.5.

C Proof of Proposition 3.2

We begin with the following expansion:

U (v U5 = fv @) = ViV - (en U = v @) (8

@ Springer



Journal of Scientific Computing (2019) 81:154-185 183

Meanwhile, we denote U 1’;, u’j\, and e’l‘v as the continuous extension of UX, u* and ¢*, as the
formula given by (2.15). We notice that gy is defined in the sense of collocation way, at a
point-wise level. Since gn (U k )—gnN (uk ) is the grid point interpolation of g(U 11\‘,) — g(ull‘v),
we apply (2.18) (in Lemma 2.2) to control the aliasing error. Subsequently, we arrive at
VAV - (gn(U") = gn D12 = IVV - PY (g(UY) = 8@y

< CIPN (gUN) — gyl

< Cllg(Uy) = gwillye, (€2)
in which the fact that 2 > % = 1 has been used. On the other hand, we have the following
expansion for g(Ujlf,) — g(u’j\,), in a similar form as (2.77):
vek VUK +uk)) - vek,

VU +kVek. (C3)
Tr v A vUE R v N e

UK — gk =

A repeated application of Holder inequality and Sobobev inequality leads to the following
estimates:

Vek
7Nk 2 + K e’j\,
1+ |Vuk| "
< CUIUK I3 + W 15,0 (IVel |+ 1Ak | + 1V ALK D). (C4)
VUK +ub) - vek, '
N
(+ VUL P + |Vl ) "
< CUIUK G + Il 15,0 (Ve | + 1A | + 1V A ). (C5)

Meanwhile, with the a-priori assumption (3.12), we have

IUNI s < Cx,

Ik s < UK N as + el llgs < IUR s + CollVAeR | < C* + Co == 1. (C.6)
in which Cg is a constant associated with elliptic regularity: ||e’1‘v lgs < C6||VAe’1‘V II, since
Jo e’l‘v dx = 0. Then we arrive at

IV (v (UF) = fy @Dz = V8 Vi - (gn (U*) — gn )12
< Clig(Uy) — gkl g2
< CUUNIGs + ey 1) UIVeR T+ [ Aek | + [V Aek D)
< CUCH* + CHCs|IV ALYl
< C(C*)* + CHC6l Vy Anet|. (€7

As aresult, (3.13) has been established, by taking Céz) = CH(CH? + C‘lz)Cﬁ. This finishes
the proof of Proposition 3.2.
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