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Abstract We present a linear iteration algorithm to implement a second-order energy stable
numerical scheme for a model of epitaxial thin film growth without slope selection. The PDE,
which is a nonlinear, fourth-order parabolic equation, is the L? gradient flow of the energy
Jo (—% In(1+ |V¢|2) + §|A¢ (x)|2) dx. The energy stability is preserved by a careful
choice of the second-order temporal approximation for the nonlinear term, as reported in
recent work (Shen et al. in SIAM J Numer Anal 50:105-125, 2012). The resulting scheme
is highly nonlinear, and its implementation is non-trivial. In this paper, we propose a linear
iteration algorithm to solve the resulting nonlinear system. To accomplish this we introduce
an O (s?) (with s the time step size) artificial diffusion term, a Douglas-Dupont-type regular-
ization, that leads to a contraction mapping property. As a result, the highly nonlinear system
can be decomposed as an iteration of purely linear solvers, which can be very efficiently
implemented with the help of FFT in a collocation Fourier spectral setting. We present a care-
ful analysis showing convergence for the numerical scheme in a discrete L>°(0, T; H 1) N
LZ(O, T: H 3) norm. Some numerical simulation results are presented to demonstrate the
efficiency of the linear iteration solver and the convergence of the scheme as a whole.
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1 Introduction

In this article we consider an efficient numerical implementation of a second order accurate
and energy stable scheme for an epitaxial thin film growth model. (See the review [4] for
the recent history of such models of thin film growth.) The equation is the gradient flow
associated with the following energy functional

1 2
E(¢>:=/ (‘51“(1 +|Ve[*) + %mw) dx, (1
Q

where Q = [0, L] x [0, Ly], ¢ : & — R is a periodic height function, and € is a constant.
We note that the first term, which is clearly non-quadratic, represents the Ehrlich—Schwoebel
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 [3,11,12,18]. 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 [12,14]. For the Ehrlich—Schwoebel term we will use the notation

1
Ec1(p) = / Fea(Ve)dx,  Fei(y) =—31In (1+1y), (@)

Q

wherey € R?and [y| = \/y} + »3. Hence, E(§) = Ec.1($)+5 | Ag|1%, where | - || denotes
the L2 norm. See, for example, [8]. Note that F, : R? — R is bounded above by 0 and
F.1 — —oo as |y| — oo. Since F, 1 has no relative minima, there are no energetically
favored values for | V¢ |. This implies that there will be no mechanism in any energy-gradient
dynamics model that could select a preferred slope of the mounds. See the relevant discussions
in [9,10,12,13,22].

The chemical potential is defined to be the variational derivative of the energy (1), i.e.,

s pev. (Y _ 2,2
=84 =V (1+|V¢|2)+€ A2, )

assuming such boundary conditions as make the boundary integral vanish. Herein we consider
the L? gradient flow:

v (Y ) _ o
Mo ==y (1+|V¢|2) cae @

where the boundary conditions for the height function ¢ are taken to be Q2-periodic. We refer
to (4) as the no-slope-selection equation, following most other references. Equation (4) may
be rewritten in the form

_ IVo|® 20
a,¢_v.<1+|v¢|2v¢) Ap — e“A%¢. (5)

In the small-slope regime, where |V¢|? < 1, (5) may be replaced by
0p =V - (IVI’Vg) — Ap — €A%, ©)

which we refer to as the slope-selection equation [9,10,12,14]. Solutions to Eq. (6), unlike
those of Eq. (4), exhibit pyramidal structures, where the faces of the pyramids have slopes
[V@| =~ 1. Solutions to the no-slope-selection equation (4), on the other hand, exhibit mound-
like structures, the slopes of which (on an infinite domain) may grow unbounded [12,22].
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Solutions of (6) and (4) have up-down symmetry in the sense that there is no way to dis-
tinguish a hill from a valley. This can be altered by adding adsorption/desorption or other
dynamics. Both the slope selection (6) and the no-slope selection (4) models are shown to
be well posed in [12].

Numerical simulations of the model (4) with high order accuracy and energy stability have
attracted a great deal of attention in recent years. In the paper of Li and Liu [12], a classical
second order accurate semi-implicit numerical scheme (implicit for the linear term, explicit
for the nonlinear term) is applied. The numerical results showed reasonable stability, though
the theoretical justification for such a scheme may not be easily available. Besides our own
work, there have been other efforts to devise and analyze schemes for the slope selection (6)
and no-slope selection (4) equations. Numerical schemes and analyses for the slope selection
equation (6) can be found in [2,16,17,23]. Recent numerical methods and analyses for the
model without slope selection (4) can be found in [2,15].

In [22], the authors studied an unconditionally energy stable scheme. The derivation of the
scheme is based on the idea of a convex splitting of the energy (1) into a purely convex part and
a purely concave part, motivated by Eyre’s earlier work [5]. But there are two shortcomings
of the scheme in [22]: it is only first order accurate (in time), and it is highly nonlinear, due
to the implicit treatment of the nonlinear term. In a more recent work [1], we introduced an
efficient linear, unconditionally stable, unconditionally solvable scheme for approximating
solutions to the no-slope-selection equation (4); also see the related discussion in [21]. The
key idea of this linear scheme is an alternate, and more advantageous, way of decomposing
the energy into convex and concave terms, so that the nonlinear part of the chemical potential
is placed in the concave part instead of the convex part. As a result, the implicit part of the
chemical potential is completely linear. And numerical efficiency is greatly improved (over
the scheme in [22]) due to the fact that the linear operator involved in the scheme, which is
positive elliptic with constant coefficients, can be efficiently inverted by FFT.

It should be noted that the linear scheme in [1] is only first-order accurate in time. Second-
order (in time) accurate and energy stable schemes are discussed and analyzed in detailed in
another recent paper [19], for both the slope selection (6) and no-slope-selection models (4).
These second order schemes come in two varieties, those that inherit the variational structure
of the original continuous-in-time gradient flow or those that do not. But in either case, the
unconditional energy stability and unique nonlinear solvability are established in detail. The
related work of second order convexity splitting for gradient system can be found in [7].

Meanwhile, these second order schemes are highly nonlinear, and their numerical imple-
mentations are highly non-trivial. In [19], we performed a second order accurate numerical
simulation of the slope-selection model (6), using the approach without preserving the vari-
ational structure. For the slope-selection model, the nonlinear term is still in the polynomial
format so that a nonlinear conjugate gradient solver can be efficiently applied. However, for
the no-slope-selection model (4), the numerical difficulty associated with the high degree of
nonlinearity is much more prominent, due to the complicated terms appearing in the fractional
quotients, either with or without the preservation of the variational structures.

As aresult, the numerical implementation of the second order accurate and unconditionally
energy stable scheme for the no-slope-selection model (4) has become a very challenging
problem. In this paper, we present an efficient linear iteration solver to implement it, with an
introduction of second order accurate O (s2) artificial diffusion term in the form of Douglas-
Dupont regularization. In turn, although the numerical scheme itself is highly nonlinear, we
treat the nonlinear term explicitly at each iteration stage. Moreover, by a careful nonlinear
analysis and using a subtle estimate of the functional bound for the nonlinear quotient term
in the no-slope-selection model, a contraction mapping property is theoretically justified if a
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parameter associated with the artificial diffusion coefficient is greater than a given constant
%. In other words, the highly nonlinear numerical scheme can be very efficiently solved
by such a linear iteration algorithm, and a geometric convergence rate is assured for this
linear iteration under the given constraint. Similar to the linear splitting scheme reported
in [1], the linear operator involved in the scheme, denoted £ : H2,. — H,2, is positive
elliptic with constant coefficients, and it can be efficiently inverted at the discrete level by
FFT or other existing fast linear solvers. Here we use the notations I-OI[%”::H;” N L% and
° *

2= (v e (H2,) ‘(v, n=o.

In addition to the unconditional energy stability and unique solvability of this second order
scheme, its convergence analysis is also non-trivial, due to the complicated nonlinear terms in
a quotient form. In this paper, we also provide a detailed convergence analysis and numerical
error estimate in H ' norm for this fully discrete scheme (with Fourier spectral differentiation
in space), with a fixed final time. The convergence analysis follows the standard procedure
of consistency and stability estimates. In the error estimate, the key part is the control for the
nonlinear error terms, in which the bound can be obtained with the help of the specific quotient
form in the no-slope-selection model. Subsequently, a careful application of summation by
parts in Fourier spectral space leads to the convergence of the numerical scheme in a discrete
L0, T; HY N L2(0, T; H?) norm.

The rest of the manuscript is organized as follows. In Sect. 2 we present the numerical
scheme. First we recall a second order convex splitting scheme for the no-slope-selection
model (4) with unconditional energy stability and unique solvability, as reported in [19].
Then we propose an O (s?) artificial diffusion term in the form of a Douglas-Dupont-type
regularization, and a linear iteration algorithm to implement it. We show that the unconditional
energy stability is preserved for such an addition of artificial diffusion, and the corresponding
linear iteration algorithm is assured to be a contraction mapping under a condition for the
artificial diffusion constant. In Sect. 3 we present the fully discrete scheme, where Fourier
spectral differentiation is utilized in space. The convergence analysis is provided in Sect. 4.
In Sect. 5 we present some numerical simulation results. We offer our concluding remarks
in Sect. 6.

2 The Numerical Scheme
2.1 A Second-Order Convex Splitting Scheme

Second order accurate convex splitting schemes for the epitaxial thin film growth models, with
and without slope selection[see (6) and (4)], were studied in detail in a recent article [19].
Two variants were presented: those schemes that preserve the variational structure of the
gradient flow, and those that do not. For simplicity, we recall the one without variational
structure. The extension of our method to the scheme with the variational structure can be
carried out in a similar manner.

First, consider the energy decomposition given by E(¢) = E. | + E.> — E., where

Ec1 —%/ln(1+|V¢|2)dx, E.p= %/{A|V¢|2+(62+3) (Ap)*}dx, (7)
Q Q

E, = % / {AIVo]> + B(A$)?} dx, (8)
Q
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where A and B are artificial splitting parameters. It is straight forward to show that the
contractive part, E.:=E. 1 + E. 2 is convex, provided A > 1 and B > 0. The expansive
part, E,, is convex for any A, B > 0. Our second-order scheme will respect this convex
splitting, and in doing so we can guarantee unconditional stability and unconditional uni-
solvency of the scheme, as we show below.

To describe the scheme, we first focus on the treatment of the logarithmic, non-quadratic
part of the energy density. For the logarithmic term, set L(x, y) = In (1 +x2 4 y2). Suppose
that ¥, ¢ € R2 are given, with ¥ = (Y, 1//y)T and ¢ = (¢, ¢y)T. Define

_1 L(l/fm 1py) - L(¢’Xa 1;[fy) _ lL(%, ¢)) - L((b)m ¢y)

L AF Yy # @rs
4 x — Px 4 x — @x
Law={ | Ut e ©)
- - - - : if Y = s,
214+ (V)2 + (y)? 214 ()2 + (¢y)?
_1 L(‘()[/Xs 1py) - L(l///\'s ¢y) _ ll—((bx’ 1r/fy) - L(¢x’ ¢y) if 1/[ 7& ¢
L _ 4 1//)’ - ¢y 4 % - ¢y ' Y y710
y (V’? ¢) - 1 '(/fy 1 wy ] ( )
214 WP+ ()2 214+ @02+ (P2 £y =dy.
Now, define

M”+1/2:=MC,1(¢H+1, ¢n)= _ axLX (V¢n+17 V¢ﬂ) _ ayLy (V¢n+1’ V¢Vl) . (11)

1

The second order convex splitting scheme for the no slope selection model (4) is given by

n+l_ 4n . 2 A 3 1
EE =P S @ ) a0 ) - a8 (Go - 50
_gAZ (¢n+1+¢n)+BA2 (g(bn_%d,n—l)’ (12)

in which s is the time step size. In respecting the convex splitting introduced above, we
have treated the contribution to the chemical potential from the contractive part, E., using
an implicit Crank—Nicholson/secant approximation, and the contribution from the expansive
part, E,, using an explicit Adams—Bashforth approximation.

Employing the notation

Asg"=¢" ! — 2" + 4", (13)
the scheme can be written as
n+l _ 4n 2 A ~ B ~
u =P = S (g 49" + TA (Bg") - Sa% (Beg") . (14)

Theorem 2.1 Forany A > 0 and any B > 0 the scheme (14) is second order; i.e., its local
truncation error is O (sz), and is unconditionally strongly energy stable with respect to the
discrete energy

B 2

A
E(¢", ¢" 1 ):=E(¢") + n IV (6" —¢" |2 + " |A (" =" D], (19

ie., 5((1)”"'1, ") < E(P", ¢"_1), foranyn > 1, and any s > 0. Furthermore, if A > 1 the
scheme is unconditionally uniquely solvable.

@ Springer



J Sci Comput (2014) 59:574-601 579

Proof The assertion regarding the order of the method can be verified by Taylor expansions,
assuming sufficient regularity. We omit the details for brevity. For energy stability, we use
the identities

(0" = 0" ) = —Eer @) + Eea @), (16)

which follows from the careful construction of pL"H/ 2 [19],

20 =" AR = LIV @ =)+ IV 0" )
e N an

@ g A (Bg) = =5 V@ =) [t A" - )
R INCESI 1s)

and
2 2 2
_ % (¢n+l _ ¢n’ A2 (¢n+l +¢n)) — _% ||A¢n+l“iz + % ”A¢n Hiz ) (19)

Testing the scheme (14) with ¢"*! — ¢, using the identities above, and rearranging terms,
we have

A
£ o) + IV B o+ 5 |4 B2

n+1 _ 4n 2
PV~ 0)
N L2
which proves the unconditional energy stability. The assertion regarding the unconditional
solvability follows from similar arguments in [19], and we omit the details here. O

2.2 A Linear Iteration Scheme

The unconditional energy stability and unique solvability of the second order scheme (14)
having been established, it remains to efficiently “invert” the method at each time step.
However, the numerical implementation of the scheme is clearly a challenge, due to its
highly nonlinear nature. In this section, we propose a linear iteration method to solve the
scheme, and prove that the iteration in question always converges to the unique solution of
(14) if the splitting parameter A is chosen judiciously.

From here let us fix the value of one of the splitting parameters, setting B = % The
scheme (14) then becomes

¢n+l ¢n n+1/2 A 2 2 3 n+1 1 n—1
p +2A(A¢) A(4¢ +4¢> ) (1)
The splitting parameter A will be chosen later; for now we only assume that A > 1, so that
the scheme enjoys unconditional solvability. The purpose for taking B > 0 is to place heavier
weight on the highest order linear term at the time step t"*!. This has the effect to simplify
the convergence analysis that will follow later. Our choice of B fixes the discrete energy for
the scheme to be

£@". " ): E(¢>+f||V( oM+ 5 A - @)
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Now, the scheme (21) can be rewritten as

n+1 1 A 362 2 n+1 n+l . n n an—1
L(¢p )2=(;1—§A+TA)¢ = —pe1(@" 9"+ F (9", ¢" "), (23)

where

1 A 2
F ((pn’ ¢n—l) ::7¢Vl + EA (_2¢Vl +¢n—l) _ %A2¢n—l. (24)
s
Recall, 1t¢ 1 (¢"H, ") = /ngl/ 2, as defined in (11). £ is a positive, linear, constant coeffi-
cient differential operator.
Now, we propose the following linear iteration method to solve the scheme (23): given
o, ¢"_1, and wk smooth enough and periodic, find the unique periodic solution, wk"'l , that
satisfies

£ (W) = —pea @t ¢M + F (9", 25)

Here k stands for the iteration index, not the time step index. The method is initialized via
YO:=¢". Clearly, y = ¢"*! is the unique fixed point solution:

L) = —pe (W, ¢") + F (9", ") (26)

We now prove that the linear fixed point iteration (25) must converge, and therefore to the
unique fixed point, provided A is sufficiently large.

Theorem 2.2 The linear iteration (25) is a contraction mapping provided that a:=% +

A 5

> > -
Two preliminary estimates are needed for proving the theorem and are given in the next
two lemmas.

Lemma 2.3 Let a, b € R be arbitrary but fixed. Define hy : R — R via
L(x,a) — L, a)
x—b
2b

Then hy € C'(R) and |h’1(x)| <2, forall x € R.

L if x #b,

hi(x) = 27)

if x =0.

Proof Define f(x):=L(x,a) = In(1 + x4+ az) for any x € R. It is clear that hj(x) =
W for x # b and h; is at least twice continuously differentiable for all such x. A

direct calculation yields

/ —b)— — I(x) — LO=fB)
7, (x) = J) - =b) = (f) = fB) _ ) x—b 28)
(x —b)? x—b
Without loss of generality, suppose x < b. An application of the mean value theorem gives
—f®
M = f’(S), (29)
x—b
for some & € (x, b). We obtain
= LD SO e =8 0
x—b x—b
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for some n € (x, &), where we have invoked the mean value theorem a second time in the
last step. We clearly have |x — &| < |x — b|, and, as a result, we arrive at

[Ri)| < | "] = max |f"()]. (31)
ne(x,b)
Meanwhile, we have
2x 2(1 = x2 +4d?)
Ter) — 7y — -7 d i <2. 32
Fix) 1+x24a% ;e I+2+a2 @ Teanéqf ] = 32)

The result then follows from (31).
Now, a detailed Taylor expansion for f shows that

2b 1-¢%+d?

= In(1 2 2 = b - . —b R —b 27
F@ =M 422 4 = fB) s =D+ oy D)
(33)
for some ¢ = ¢(x) between x and b. This in turn yields
f(x)— f(b) 2b 1-¢2+a?
h = = - (x = D), 34
1) x—b Tt arcrar 7Y 9
so that
hi(x) —hi(b 1-¢24+a?
1) —hi(d) _ {7ta” (35)
x=b (I1+¢%2+a%)?
Since ¢ — b as x — b, we have
1 — b +a?
hb)= ———. 36
1) (14 b2 +a?)? (36)
From here it is easy to show that |h’1 (b)} < 1, and the result is proven. O
Lemma 2.4 Let a, b € R be arbitrary but fixed. Define hy : R — R via
L ) - L bv .
Lb(x), ifab.
ha(x) = ‘. (37)
—, ifa=0b.
14+ a? + x2 ta
Then hy € CY(R) and ’h’z(x)| <1, forallx € R.
Proof If a # b, a direct calculation shows that
—2x(a + b)
() = (38)

(I +a? + )1+ 02 +22)

From this, it is straightforward to show that |h’2(x)| < 1 for all x, a, b € R. On the other
hand, if a = b, we have

—4xa
W = 39
2= G2 oy (39)
It easily follows that |h’2(x)| < 1 forall x, a € R, and the result is proven. |

We now proceed to prove the theorem.
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Proof of Theorem 2.2 Letyr € H,
error at each stage via

(2) be the unique solution to (26) and define the iteration

per

F=yk —y, (40)

where wk S H 4 o (§2) is the k™ jterate generated by the linear iteration scheme (25). Sub-
tracting (26) from (25) yields

k1) _ « (VYK ver) — Ly (Vyr, Vo)
E(e )_ v ( L, (Vyk, Vo) — L, (W, qu”))' @1

Taking the inner product with ¢*! leads to
1 A 2 3¢2 2
k1) 1) = L] ke A k+1 € k+1
(e(e) ) = Sl o 3 [ve o 5 et
= (Lo (Vo4 V") - Lo (Vi Vo) L et
— (L (vt V") Ly (Vo V") 0 HY) @)

Now, define
N LU 00) —L (309" Y L (00w 5yy) — L (09" Byv)
" 0. YF — 09" 0.V — 0" ’
N . L (3x1ﬁk» ay¢n) - L (8x¢na ay¢n) L (axW7 8y¢n) - L (3x¢n, 8y¢n) (43)
a 0uyk — 0,9 RN '
Then, with L, as in (9), we have
1
Lo (V4. V9") = L (V9. V") = =3 Vi + ). (44)
The second nonlinear error term N> can be represented as
Na = Iy (axwk) —hy @), with a=d,¢", b=0d¢". (45)
An application of the mean value theorem and Lemma 2.3 yields point-wise estimate
W20 < [1} € - [0 — v < 2 xeQ,  (@6)

where £ (x) is between 0 1/f)’§ (x) and 0, ¥ (x).

Note that for the first nonlinear error term A7, neither Lemma 2.3 nor Lemma 2.4 can be
applied directly. Instead, we perform the following, further decomposition: N7 = N3 + N,
with

L (3% 8y9) =L (3:¢" 8y¥) L (8:¥.9y¥) — L (3:9". 9 1/f)

Nyi= ok — 0.g" ocy) — 0xg"
e O ) L@ 50Y) L@ ) L (36", 8y)
= St ; — - - . 47
YK — 0x Yt — 0y
Observe that N3 and Ny can be represented as
N3 = Iy (axw") —hy (3c), with a=0d,¢, b=20,9", (48)
Ni=hy (aywk) —hy (9,). with a=a.y*, b=a" (49)
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Now, applications of the mean value theorem and Lemmas 2.3 and 2.4 result in the point-wise
estimates

N300 < [ 6000 - [0, 00 = w0 <2
NG = [ @) - 8,0 x0)

Substitution of (46), (50), and (51) into (44) yields the point-wise estimate

N k(x)‘, vxeQ,  (50)

Vx € Q. (51)

1
ek’ +5 ‘ayek‘. (52)

Lo (V¥ V") = Le (Vv V") < Jos

With an application of Cauchy’s inequality, we arrive at
— (Lo (V04 V") — Le (Vi V9") et
1
S( et 1)+ 5 (Joet] foue1)

1 2.5 2
[+ gl g o] )

8xek‘ s

The second component of the nonlinear error term associated with L, can be analyzed in
exactly the same fashion. Specifically, one obtains the point-wise estimate

1
=< 1 54

‘Ly (vwk, v¢") —L, (Vy, V")

which, in turn, yields

- (Ly (Wf", v¢") —L, (VY. Vo"), 0 "+1)

k +’ayek

2
ezl gl

(55)
Finally, a substitution of (53), (55) into (42) yields
oy o I G ) I L L L Y

On the other hand, an application of Cauchy inequality shows that

*Ilfll + elari? >2,/ £l IIAfII—LIIfII IAfI = V3e IV £II757)

g s
for any f € per(Q) The last step comes from a simple estimate based on integration by
parts: for all f € per(Q)
IVAIP == (. AF) < IFI-IAF] (58)
Now, going back to (56) and using (57), we get
V3 A 5 w2 S 2
7 rros) el =5l 5
( o2 sl A 59
As a result, the contraction mapping property is assured under the following condition
V3 A 5
=~ 4+ > 60
7 +35 >3 (60)
The result is proven. O
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Remark 2.5 In Theorem 2.2, the reason for establishing the contraction mapping property

with respect to || Vel rather than |le|| is because of the gradient structure of this thin film

model. However, using (56), (60), which implies % > %; and elliptic regularity we have

ot = 5 e+ e fac
H? K} 4
1 k+lH2 A 5 H K+ H2 3, H K+ H2
- — =)V ~e A
< P He —+ > 3 e —+ 46 e
5 2 5
<5 |ve] = gt el (1)

for some Co = Cp(e,s) > 0 and some 0 < B < 1. This, together with the Sobolev
embedding H> < L°°, implies a geometric convergence in L.

3 A Fully Discrete Scheme
3.1 A Collocation Fourier Spectral Discretization of Space

So far, we have ignored the discretization of space, which is required for a fully practical
method and implementation. Of course, Galerkin (spectral or finite element) methods will
automatically inherit the properties described above. One can also use finite difference or
collocation methods, the idea being to mimic the variational structure using summation-by-
parts formulae and carefully constructed finite difference operators. In [19] we used a finite
difference method and in [1] we used a spectral collocation method in precisely this way.

Motivated by the presence of the constant coefficient linear operator £ appearing in the
linear iteration scheme (25), together with the assumption of periodic boundary conditions, a
natural choice here is to use collocation Fourier spectral differentiation in spatial discretiza-
tion. Assume that Ly, = Ny - hy and Ly = N, - hy, for some mesh sizes h,, hy > 0 and
some positive integers N, and N,. For simplicity of presentation, we use a square domain,
ie., Ly = Ly = L, and a uniform mesh: h, = hy = h, Ny = Ny, = N. We will always
assume that N is even. All the variables are evaluated/defined at the regular numerical grid
vertices (p;, pj),0 <i, j < N, where p; =i -h.

For a periodic grid function f : {0,...,N — 1} x {0,..., N — 1} — R, its discrete
Fourier expansion is given by

N/2

fii= 2 fiaeE Kpiton, (62)

K,|=—N/2+1

The fAkJ are the collocation Fourier coefficients and are different from the regular Fourier
coefficients, in general, due to aliasing error. However, the two are equivalent if the continuous
“version” of f isin Py, the span of the trigonometric polynomials of degree not greater than
N /2. See, for example [20].

The collocation Fourier spectral approximations to the first and second order partial deriv-
atives (in the x direction) of f are given by

N/2

2kwi\ .
(D f), i = Z ( Lm) fie e ikpitipp/L, (63)

Kl=—N/2+1
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N/2

2 —A72KN & it tp)/L
(DN,xf)i,j: Z iz fk.ie PRI (64)

Kl=—N/2+1

The corresponding collocation spectral differentiations in the y direction can be defined in
the same way. In turn, the discrete Laplacian, gradient and divergence operators become

D X X
Anf =D f+D% f, Ynf= (Dz:yﬁ) . Uy (;y) = Dy fo+ Dy f
(65)

all at the point-wise level.
The fully discrete scheme is formulated as follows: given periodic grid functions ¢" !
and ¢”", find the periodic grid function ¢™+! that satisfies

¢n+1 — " v (Lx (VN(ZW-H, VN¢”))
S = VN Ly (VN¢n+lv VN¢n)

Ay (Rsg") — A% (§¢”“ + }p“*‘) : (66)

4

A
2

with the logarithmic flux terms L, L, given in (9) and (10). The corresponding linear algo-
rithm becomes

k+11Y . 2 A2 k+1
ﬁN(l,// ).—(s 2AN+76 AN)\/f

_ . Lx (Vka, vN¢n)) _ n n—1
- VN (Ly (VNl/fk, VN¢”) FN (¢ ’ (P ) ) (67)

with the forcing term Fy (¢”, ¢>”*1) ::%(/)” + %AN (—2¢” + ¢"*l) — %GZA%Vq)”*l. The

spatially discrete fixed point, ¥, satisfies

_ Lx (VNW7 vN¢n) n an—1

The unique solvability of the fully discrete linear iteration scheme (67) (at each iteration
stage, k) is clear. For each discrete eigenfunction e27ikPi+!P))/L the corresponding eigen-
value for the operator Ly is precisely

1A 3, )
)\.k’l:=; o) (Ak + A + ZE Ak +AD” >0, (69)

with Ak = —4’222k2 JA = —4’?2. This implies the unique unconditional solvability of the
fully discrete algorithm (67). Naturally, the FFT can be very efficiently utilized to invert £y

and, therefore, to obtain numerical solutions.

3.2 Fully Discrete Energy Stability

Similar to an earlier work [1], we define a fully discrete analogue of the energy (1) and
establish a discrete version of the global in time energy stability property, regardless of the
time step size s and independent of the spatial resolution N. With any periodic grid functions
f and g (over the 2D numerical grid described above), the discrete approximations to the L?
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norm and inner product are given as

N—1N—

Ifll, =/{f. f), with (f g =h? fij8ij- (70)

i=0 j

=

~.
Il
(=}

A careful calculation shows that the following summatio arts formulas are valid:

<f’ v (§;)> < anzyp)> (7D

(f,Ang) =— (VN[ VNg) . (f.Ajg)= (AN ANS) ; (72)
see the related derivations in [1]. The fully discrete energy is defined as

N—1N-1
1
EN<¢>—E61N(¢>+—||AN¢||2, Ecin($)= hzzz(—qn +1VnoP); )
i=0 j=0
(73)

The proof of the following result is similar to the spatially continuous case and is, therefore,
skipped to keep the presentation short.

Theorem 3.1 Forany A > 0 the scheme (60) is second order in time and spectrally accurate
in space, i.e., its local truncation error is O (h™) + O (sz), and is unconditionally strongly
energy stable with respect to the discrete energy

2

A
Ev@" ¢ =En @M + 7 [V (6" =" S+ HAN (6" =" )l

(74)
ie, En(@"TL @) < En(d", d)"_l), forany n > 1, and any s > 0. Furthermore, if A > 1
the fully discrete scheme is unconditionally uniquely solvable.

In addition to the unconditional energy stability, the following proposition states a global
in time bound for || A¢ II% of the numerical solution.

per
solutions of the fully discrete second order scheme (66), we have the global in time bounds

Ex@") < Co. |An¢"[; < Ci, (75)

forany n > 1, and any h and s, where Cy, C1 > 0 depend upon €, L and the data, but are
independent of the step sizes h and s and of the final time T .

Lemma 3.2 Ler ® € H (). Suppose that ¢2j::d>(p,~, pj) and ¢~ = @O Then, for

Proof First, by the energy stability above and the definition of Ey,
En@") <En@"¢" )= <en@.¢7) = En@’) < Ch* + E(®) < Co,  (76)

where a consistency argument for the collocation spectral approximation is applied in the
last steps. For the second part, we need the point-wise estimate (see [1,22])

1 1
F(y)=—51n(1+|y|2)z—i(myﬁ—ln(ﬁ)w—l), VO<B <1, VyeR?

(77)

and the following discrete elliptic regularity estimate in 2D: for all periodic grid functions ¢,
2 2 472

Angll; = C2IVNOIl;, Co= N (78)
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EC2

Then, with the choice of 8 =

2C 2C 2
EN<¢)>—(( 2) 22 )+%||AN¢||%. (79)

, we obtain, for all periodic grid functions ¢,

This, in turn, shows that

€2C
||AN¢”||§_ (EN(¢>+—(—1n( ) 1 ))
2
< — (EN(¢°)+—(—ln( ) Cz ))
4 L €20, €20,
57(c0+ 2( In ( > )+ > —1))::c1. (80)

[m}

Remark 3.3 It is clear that the numerical solution of the fully discrete second order scheme
(66) is mass-conserving at the discrete level, i.e., "1 = ¢" = ¢0, where

_ 1 —
F=xz 20 g @1)

i,j=0

Without loss of generality, we may assume that ¢ = 0 so that ¢7 =0,forn=0,1,2,...,
since only the gradient of ¢ is of consequence. Under this assumption, a discrete elliptic
regularity can be applied so that we obtain a global in time H? bound for the numerical
solution, at the discrete level:

[#wll 2 < Cladh ], < cVC1=Cs, (82)

where ¢}, is the continuous version of the discrete numerical solution ¢” obtained by inter-
polating into the space Py. Note that C3 is also a global in time constant, only dependent
upon €, L, and the initial data.

Remark 3.4 There are some alternate approaches to develop the energy stability for a second
order accurate numerical scheme for the no-slope-selection model (4), in a modified way.
For instance, in a very recent article [15], the authors found a certain PDE satisfied by the
nonlinear integrand appearing in the nonlinear energy (1), and proposed a second order
scheme to update such a nonlinear integrand. In turn, an alternate energy was defined and the
non-increasing property was proved for the scheme with respect to the alternate energy. While
the approach in [15] represents a clever way to achieve the desired numerical stability—since
it avoids the complicated form of the nonlinear energy in the numerical scheme—it appears
that such an alternate energy stability cannot assure an H? stability of the variable ¢ at the
theoretical level. To the best of the authors’ knowledge, the schemes presented in [19] and the
linear iteration algorithm given by this paper are the only second order numerical schemes
in which a global in time H? stability can be established for the height function ¢.

3.3 Contraction for the Fully Discrete Linear Iteration Method

For the fully discrete linear iteration scheme (67), all of the derivations and estimates in the
proof of Theorem 2.2 can be extended to the spatially discrete case, with summation-by-parts
replacing integration-by-parts in the arguments. The proof of the following is skipped for
brevity of presentation.
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Theorem 3.5 The fully discrete linear iteration defined in (67) is a contraction mapping

provided that a::% + % > %.

4 Convergence Analysis for the Fully Discrete Scheme

We present a detailed convergence analysis for the fully discrete second order scheme (66) in
this section. To simplify the presentation, a preliminary estimate for the nonlinear error term
is given in the following lemma. For brevity, we state this preliminary result in the case with
space kept continuous. Its extension to the fully discrete error estimate is straightforward and
we will cite this lemma in later analysis.
Lemma 4.1 Ler ®", &1 ¢", 9"t e Cll)er(Q) be arbitrary, and define e :=®* — ¢*  k =
n,n+ 1. Then

Lo (F071, V07 — L (9474, 947 < (ja.e™1] + [ore’])

)., (83)

1 (e +]oge”
Ly (Vo Vo) — Ly (V9" 99| = 1 (0| +[oce”)

+ (|aye™ ] + [9ye"]) - (84)

Bl

Proof For the term L, we start from the following calculation:
Lx (vq)nJrl’ chn) _ I—x (V¢n+17 V¢n)
1 (L (axq)n-%—l’ 3)v¢n+1) L (3X¢n’ 8yq>n+l) L (3x¢"+l, 3y¢n+1) —L (ax(pn, 3y¢n+1))

4 A on+l _ 9, P 3X¢r1+l — D"
1 L@, 9y®") — L (8,®", 0,@") L (30", 8,0") — L(3,0", 0y9") (85)
_4 3x¢n+1 — 3, D" - ax(pn-%—l — 0" :

The first term appearing above can be decomposed as follows:

L0, D", 0, @™ ) — L(3, D", 9y®" 1) L(0,¢" ™", 8y¢"t!) — L(0x9", 9yp" ")
3xq)n+l - 3xq>n ax¢”+l - ax¢n
=Ns5 + N+ M7, (86)

where

L (axq)n-&-l’ 3yq>n+1) _L (BXCD”, 3)yq)n+1)
9, Pl — 3, pn

L (3X¢n+1’ 3yq>n+1) _L (3Xq>n’ ayq)n+l)

Ns:=

T , (87)
Ao (0", 3y @) — L (3x9H, 0, 0" )

6= axq>n _ ax¢n+l

L (39" 9y ") — L (09" t!, 0, " T1) , (88)

02" — g+
L (3x¢"+1, ayqu—l) —L (3x¢", ayq>n+l)
Al — 9

N7:=
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B L (8X¢n+l’ 8y¢n+l) —L (ax¢n’ 8y¢n+1)

Bt~ augn (89)
The following representations are clear:
Ns = hy (3" ) = hy (3:0™™), a=8,0""!, b=20d,d", (90)
Ne = hy (3:D") — hy (d:0"), a=d,®"", b=0a.¢""", o1
N7 = hy (8,@" ") — hy (8,0"t") . a=0a,¢""", b=0d.9". (92)

Similar to (46), (50), (51), applications of the mean value theorem and Lemmas 2.3 and 2.4
result in the point-wise estimates

Vs < [BjEE)] - [0 2" (x) — 0" T ()| < 20" T (0)|. Vx e Q. (93)
INe(®)| < [R](E2(0))] - [8:@"(x) — 89" (x)| < 2]dre"(®)|, Vx €, (94)
INZ()| < [B(EX)] - [y @" T (x) — 3,(x)9" T < |dye" T (x)|, ¥xe Q. (95)

Then we arrive at
L (ax(DnJrl, ay¢n+l) —L (aqun, 3y<I>”+1) L (ax¢n+l, ay¢n+l) —L (ax(zsn7 ay¢n+l)
3x Pn+l ax(bn 3x¢n+l _ 3x¢"

<2(Jaxe" |+ [ace"]) + [aye" . (96)

The second term in (85) can be analyzed in an analogous manner; the details of the
following are omitted for the sake of brevity:

L(9,@" 1, 9,@") — L (3,®", 8,®") L (39", dy¢") — L (00", 3y¢")

0, dntl — 9, o APt — 9, "
<2 (Jace" ™| + [ae"]) + [3ye”] - 97)

A combination of (85), (96) and (97) results in (83). The estimate (84) involving L, is derived
by a similar approach. The result is proven. O

The convergence theorem for the fully discrete second order scheme (66) is stated below.

Theorem 4.2 Denote by ® the exact smooth, periodic solution for the no-slope-selection
model (4). Set(l)gj = ®(pi, pj,0) and =1 = ¢, Define e;fj::dD (x,', V.S n) —¢i’fj, with
¢ the fully discrete solution for the second order scheme (66). Then, provided s is sufficiently
small, we have the following error estimate in a discrete L*°(0, T} Hl) N L2(0, T; H3)
norm: for any k, with 1 <k < T/s,

1/2
2 k 2
k se ! 2
e+ (5 S (@)) zeteem. o
where C > 0 is a constant that depends upon €, L, the final time T, and the exact solution
@, but is independent of the step sizes h and s.

Proof A consistency analysis shows that

il Vy - (L" (Vyert, VNCD")) + A (@™ — 20" + ")

s Ly (V@ vyor) ) 7 2
3 1
_EZA%V (Z(Dn+l + Z®n71) + rn+l/2’ (99)
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where the local truncation error satisfies the estimate
[+, < € (s* +h™). (100)

The functions Ly, L, are given in (9) and (10). The last estimate is based on a Fourier spectral
differentiation analysis in space and Taylor expansions in the time dimension. The details
are left to interested readers.

Subtracting the numerical scheme (66) from (99), we get the equation for the numerical
error function:

_en

S 4 4

— Ly (de)’hLl, VNQ)”) —L, (VN¢n+l, VN¢”) w12
=Vpy - (Ly (VNCVH_I, VNq)n) -L, (VN¢n+l, VNd)n) +7 . (101)

A 3 1
— EAN (en+l —2e" +€n71) +62A/2V (7en+1 + 76"71)

Taking the discrete L? inner product with —2A ye"*! gives

||VNe”+1H§ _ ”VNe””; + HVN(en+1 —e")||§+As(ANe"+l, Ay (! = 2¢" +en—1))
_€2S <AN€n+1, A%} (%en-H + %en—])>+2s(l_n+l/2’ ANen+])

_ <(LX (VN ", Vyd") — L, (Vyo"HL, V"

) n+1
Ly (Va1 vy @) — L, (V¢! Vi) J2VNANe™ ), (102)

where the summation-by-parts formulae (71) and (72) were applied. The term associated
with the truncation error can be controlled by Cauchy’s inequality:

_ 2(Tn+1/2’ ANe"'H) <2 H1.n+1/2 ”2 . ”ANe”'H Hz < ”T"+1/2 ”5 + H Ayt ”5 (103)
The term associated with the artificial diffusion can be handled by

_(ANenJrl, AN(en+l — 2" _’_enfl))

- _ ||ANen+lH§ +2(AN€”+1, AN@”) _ (AN@”+1, ANel’lfl)

IA

2 2 1 2 112
—lave 5+ fave |y + [ave |3+ 5 (lawe s 15+ [ane""[3)
1
= ave"];+ 5 (lave s 5+ [ane"[3) - (104)

The term associated with the surface diffusion can be analyzed as follows:

3 ! 3 1
~[avertt oy (Gt e 5o ) = (naner i wnan (G 30
= % ‘|VNAN€W'_1 ||§ + % (VNANe"'H, VNANe"_l)
3 1 1
=5 [VyAye ™! ”2 -5 |V Aye! ”§ - |V Aye! ”2
5 1
= [vvaye™! 5~ 2 [Vvaye™ 5 (105)
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For the nonlinear term, an extension of Lemma 4.1 to the space discrete case indicates
that

Ly (V@™ Vy@") — Ly (Vg™ V")
< (|Dnxe"t!| + [Duxe”]) + % (IDnye™ ] + [aye”]) . (106)
ILy (V@™ vy ") — L, (Vg™ V")
< (|Dnye™™ | + [Dyye?|) + % (|DNce™™ | + [Dnre”|) . (107)
Therefore, we arrive at

Ly (Vy@"H, Vy@") — L (Vg™ ™!, Vyo") -+l
_<(Ly (VN1 vy dn) — L, (Vyg"t!, Vygh) ' ZVnAye
€2 2 4 (17 2 17 2
< loane e S (G e 4 1w ). aoy
Subsequently, a substitution of estimates (103)—(108) into (102) yields

[Vwe" ! [ = [Vwe" [+ € [V ane™ |3

1 17
< L vy ane ™ |24 Lo (1vne 24 |9 ) +5 [+

A A
+ (5 + 1) s|ane™ |3+ As | Aye” |3 + 58 A" 5. (109)
Meanwhile, the following estimate for ” A Nek H; is valid:
2 2 1 2
Jane ;= {one et < e e+ g [one o a0

for all B > 0. Using the last estimate, with a careful choice of 8, we obtain
[ Ve = [ Vve" | + iezs [Vnaye 1
3 21 2
= gezs |Vnaye l”2 + gfzs |Vnave|;
+€%s (I9ne' 5 + [ Ve I3+ [one " 5) +5 |12 )5 ar

Finally, if s is small enough (s < %), summing in time and applying a discrete Gronwall

inequality, we arrive at the desired discrete L>°(0, T'; H 1) N L2(0, T:H 3) error estimate for
solutions of the fully discrete scheme (66). O

Remark 4.3 A detailed consistency analysis shows that a regularity of & € W3°°(0, T; H™)
N W2'°°(0, T: H ’”+4) is needed for the exact solution ® to make the local truncation error
estimate (100) valid at every time step. Moreover, a more careful analysis indicates that a
reduced regularity assumption ® € H3(0, T; H™) N H%(0, T; H™**) can be made for @,
if we only need the local truncation error estimate (100) satisfied in £2(0, T), at the discrete
time level. That could also lead to the desired convergence analysis result as in (98).

In this paper, we made an assumption that “® is the exact smooth solution” in Theorem 4.2,
for simplicity of presentation.
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Remark 4.4 To derive the convergence from (111), we cannot avoid a severe constraint

s < €

> compared with the unconditional energy stability (s independent on €). Moreover,

T
the convergence constant appearing on the right hand side of (98) is of order O (e < ), with

T the final time. In other words, Theorem 4.2 is only valid for a fixed parameter € and final
time 7, as always in the nonlinear analysis.

Remark 4.5 We note that the initialization ¢~ = ¢° is only first order accurate. However,
this “one-step” degradation of accuracy does not affect the overall numerical accuracy. In
more detail, we observe that, although truncation error at the first time step is only of O(s),
the numerical solution d)] updated from the fully discrete scheme (66) is still an 0(s?)
approximation to ®'!, because of its detailed expansions. In other words, we have an exact
approximation ¢° and an O (s%) approximation ¢'. Subsequently, after the first time step, all
the local truncation errors are of second order accurate in time. In turn, both the theoretical
analysis presented in this paper and the numerical experiments have indicated a full second
order accuracy in time.

5 Numerical Simulation Results
5.1 Convergence of the Linear Iteration Scheme

In this subsection we present some tests, the results of which support the theoretical conver-
gence for the proposed linear iteration algorithm (25). It is clear that the convergence rate of
the linear iteration scheme will dependent on the values of surface diffusion coefficient, €,
the artificial diffusion coefficient, A, and time step size s, as well as others, like the value of
N. We will vary €, A, and s and compare the convergence rates. We take the following exact
profile for the phase variable:

Y(x,y) = sin(2rx)cos(2my) (112)

over the domain € = (0, 1)>. Making this the exact solution requires that we manufacture
appropriate values for ¢" and F in (26). In Figs. 1, 2, 3, we plot the iteration error Hek ||2
versus k, where ek::ljfk — ¢, as in Theorem 2.2. For the tests, we fix N = 64, and do not
explore the convergence rate dependence on this parameter here. Of course, (112) will not
be the solution to the fully discrete equation (68). We expect to and, in fact, do see a finite
saturation of the iteration error in Figs. 1, 2, 3. And, as expected, the saturation levels differ
for different values of the parameters. Naturally, a larger value of N will allow for smaller
saturation levels in each case, but at the cost of more computation.

For the first test, the results for which are reported in Fig. 1, we fix s = 0.01 and A = 2
and vary €: € = 1,€ = 0.1 and € = 0.01. It is clear that the linear iteration error reaches
a saturation after a few (k < 8) iteration stages. From Fig. 1, we observe that the conver-
gence rate for the linear iteration increases with an increasing value of €. This implies that
numerical implementation of the linear iteration algorithm (25) becomes more challenging
with a smaller surface diffusion coefficient. This result matches with our theoretical analysis
in proof of Theorem 2.2. Also note, that each iteration of the linear iteration method reduces
the iteration by roughly a constant amount, which is not surprising since we have a pure
contraction of the error.

For the second test, the results for which are reported in Fig. 2, we fix s = 0.01 and
€ =0.01 and we vary A: A =2, A =4 and A = 8. Again, the linear iteration error reaches
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Fig. 1 Dependence of the convergence rate of the linear iteration method on the surface diffusion parameter
€. Here we plot the L2 norm of the error for the linear iteration versus the iteration stage k, with time step
s = 0.01 and artificial diffusion parameter A = 2

XO*H
>

[e-B - \V]
T

X O *
O *

Error for the linear iteration

Fig.2 Dependence of the convergence rate of the linear iteration method on the artificial diffusion parameter
A. Here we plot the L2 norm of the error for the linear iteration versus the iteration stage k, with time step
s = 0.01 and the surface diffusion coefficient ¢ = 0.01

a saturation after a few (< 8) iteration stages. Moreover, the convergence rate for the linear
iteration increases with an increasing value of A. For the third test, the results for which
are reported in Fig. 3, we fix € = 0.0 and A = 2 and we vary s : s = 1072, s = 1073
and s = 10~*. The linear iteration error reaches a saturation after a few iteration stages.
The convergence rate for the linear iteration increases with a decreasing value of s. These
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Fig. 3 Dependence of the convergence rate of the linear iteration method on the time step s. Here we plot
the L2 norm of the error for the linear iteration versus the iteration stage k, with artificial diffusion parameter
A = 2 and the surface diffusion coefficient € = 0.01

results likewise match with our theoretical analysis in the proof of Theorem 2.2. As before,
the iteration error is decreased by roughly the same amount for each iteration stage.

5.2 Convergence of the Convex Splitting Scheme

In this subsection we perform a numerical accuracy check for the energy stable, fully discrete
second order scheme (66). Similar to the last example, the computational domain is set to be
Q = (0, 1)?, and the exact profile for the phase variable is set to be

D (x, y,t) =sin(2mwx) cos(2mwy) cos(t). (113)

As with the last test, to make & satisfy the original PDE (4), we have to add an artificial,
time-dependent forcing term, which we do. The proposed second order scheme (66) (with
Fourier spectral differentiation in space) can be implemented to (4), with the linear iteration
(25) applied to solve the nonlinear system. 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. Two parameters for the surface diffusion are used: € = 0.5 and € = 0.05.
The time step s is determined by the linear refinement path s = 0.5k, where / is the spatial
grid size. Figures 4 and 5 show the discrete L', L? and L> norm s of the errors between the
numerical and exact solutions. A clear second order accuracy is observed in all cases.

5.3 Coarsening and Energy Dissipation

Typically one is interested in the how properties associated with the solutions to (4) and
(6) scale with time, where it is assumed that € <« min { L,, Ly}. The physically interesting
quantities that may be obtained from the solutions of the no-slope selection equation (4) are
(1) the energy E (¢); (2) the characteristic (average) height (also called the surface roughness)
h(t); and (3) the characteristic (average) slope m(t), the latter two defined precisely as

@ Springer



J Sci Comput (2014) 59:574-601 595

* L% norm
" * O L! norm
10} X 2norm | 1
0 *
o
[l A x
e O
8 5 *
@ *
g ~ *
2 °  x *
g O X *
[ O X *
2 10} O 5
S O x
5 O
i
10°
N

Fig. 4 L', L2 and L numerical errors at T = 1.0 plotted versus N for the fully discrete second order
scheme (66), with the linear iteration algorithm (25) applied. The surface diffusion parameter is taken to be
€ = 0.5 and the time step size is s = 0.5k. The data lie roughly on curves CN =2, for appropriate choices of
C, confirming the full second-order accuracy of the scheme
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Fig. 5 L', L2 and L numerical errors at T = 1.0 plotted versus N for the fully discrete second order
scheme (66), with the linear iteration algorithm (25) applied. The surface diffusion parameter is taken to be
€ = 0.05 and the time step size is s = 0.5h. The data lie roughly on curves CN ~2 for appropriate choices of
C, confirming the full second-order accuracy of the scheme
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h(t) = é/‘qs(x,z)—&(z) 2dx, with q_b(t)::|—;2|/¢(x,t)dx, (114)
\ Q Q

m(r) = é/lV(b(X, |? dx. (115)
\ @

For the no-slope-selection equation (4), one obtains 2 ~ O (t!/2) ,m(t) ~ O (t'/*), and
E ~ O (—In(?)) ast — oo. (See [6,12,13] and references therein.) This implies that the
characteristic (average) length £(¢):=h(t)/m(t) ~ O (tl/ 4) as t — oo. In other words,
the average length and average slope scale the same with increasing time. Observe that the
average mound height i (¢) grows faster than the average length £(¢), which is expected
because there is no preferred slope of the height function ¢.

In the rigorous setting, as detailed in [9, 10, 13], one can only (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. Predicting these scaling laws numerically is quite challenging,
since doing so requires very long simulation times. To adequately capture the full range of
coarsening behaviors, numerical simulations for the coarsening process require short- and
long-time accuracy and stability, in addition to high spatial accuracy for small values of €.

Here we show a numerical simulation result using the proposed second order scheme (66)
combined with the linear iteration algorithm (25) for the no-slope-selection equation (4) to
compare our computed solutions against the predicted coarsening rates. This test is a repeat
of those given in our previous papers [1,22]. The surface diffusion coefficient parameter is
taken to be € = 0.02. For the domain we take L = L, = L, = 12.8 and h = L/N, where
h is the uniform spatial step size. For such a value of €, our previous numerical experiments
have shown that N = 512 is adequate to resolve the small structures in the solution.

For the temporal step size s, we use increasing values of s, namely, s = 0.004 on the time
interval [0, 400], s = 0.04 on the time interval [400, 6, 000], s = 0.16 on the time interval
[6, 000, 10° ],and s = 0.32 forr > 10°. Whenever a new time step size is applied, we initiate
the two-step numerical scheme by taking ¢~! = ¢°, with the initial data ¢° given by the
final time output of the last time period. Both the energy stability and second order numerical
accuracy are assured by our arguments in Sects. 3, 4. Figure 6 presents time snapshots of
the film height ¢ with e = 0.02. Significant coarsening in the system is evident. 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 scientists. The
last two quantities can be easily measured experimentally. Recall that, at the space-discrete
level, the energy, Ey is defined via (73). The space-continuous average height and average
slope are defined in (114), (115), and the analogous fully discrete versions are also available,
and these discrete quantities are the quantities reported below. Rigorously, the lower bound
for the energy decay rate is of the order of — In(¢), the upper bounds for the average height
and average slope/average length are of the order of ¢1/2, t!/4, respectively, as established
for the no-slope-selection equation (4) in Li and Liu’s work [13]. Figures 7, 8, 9 present 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
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Fig. 6 (Color online) Snapshots of the computed height function ¢ at the indicated times for the parameters
L = 12.8, € = 0.02. Note that the color scale changes with time. The hills (red) at early times are not as high
as time at later times, and similarly with the valley (blue). To see how the average height/depth changes with
time, see Fig. 8

h
-

to time ¢ = 400. A clear observation of the — In(z), /2 and ¢1/4 scaling laws can be made,
with different coefficients dependent upon €, or, equivalently, the domain size, L.

Now we recall that a lower bound for the energy (1), assuming Q@ = (0, L) x (0, L),
which has been derived in our earlier article [22] and polished in a more recent one [1]:

L? 4272 4e27?
E(@®) = 7 In 12 - T +1)=:y. (116)

Obviously, since the energy is bounded below it cannot keep decreasing at the rate — In(z).
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. 7 to the predicted
minimum energy (116).

Remark 5.1 In this numerical simulation, the time step sizes are taken as 4 times larger as
the ones taken in the first order linear splitting scheme presented in our earlier work [1], at
different time range. Meanwhile, the computational cost at each time step is about 3 to 5
times as that of the first order scheme, due to the presence of linear iteration algorithm. Thus,
in the final analysis, the total computational cost is at a comparable level as that of the first
order scheme.

@ Springer



598 J Sci Comput (2014) 59:574-601

-100

-200

-300

-400

-500

-600

~700 ‘ ‘ ‘ ‘
time

Fig.7 Semi-log plot of the temporal evolution the energy E for e = 0.02. The energy decreases like — In(¢)
until saturation. 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 r = 400. The fitted line has the form a, In(¢)+b., witha, = —40.68, b = —152.73
(Color figure online)
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Fig. 8 The log-log plot of the average height (or roughness) of ¢, denoted /(¢) for € = 0.02. For the no slope
selection model, A (¢) grows like 11/2 The red lines represent the plot obtained by the numerical simulations,
while the straight lines are linear least squares approximations to the /2 growth. The least squares fit is only
taken for the linear part of the calculated data, only up to about time r = 400. The (blue) fitting line has the
form ahtbh , with a;, = 0.40, b;, = 0.51 (Color figure online)
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Fig. 9 The log-log plot of the average slope of ¢, denoted m(¢) for ¢ = 0.02. For the no slope selection
model, m(t) grows like 1174 The red lines represent the plot obtained by the numerical simulations, while
the straight lines are linear least squares approximations to the 1174 growth. The least squares fit is only taken
for the linear part of the calculated data, only up to about time ¢ = 400. The (blue) fitting line has the form
amthm , with a,,, = 4.13, by, = 0.26 (Color figure online)

For the long time simulation, both the first order and second order schemes have produced
similar evolutionary curves in terms of energy and the standard deviation, as presented in
Figs. 7 and 8. A more detailed calculation shows that long time asymptotic growth rate of
the standard deviation given by the second order numerical simulation is closer to #!/? than
that by the first order scheme. Here we found m, = 0.51, as recorded in Fig. 8, while in [1]
this exponent was found to be m, = 0.52. This gives more evidence that the second order
scheme is able to produce more accurate long time numerical simulation results than the first
order schemes, even if its time step size is 4 times larger than the later (so that they have
comparable computational costs).

6 Summary and Remarks

In this paper we have presented a linear iteration algorithm to implement an unconditionally
energy stable second-order convex splitting scheme for thin film epitaxy without slope selec-
tion, i.e, the no-slope-selection equation (4). The second order convex splitting was given by
arecent article [19]. Here an O (s?) artificial diffusion term, a Douglas-Dupont-type regular-
ization, is added to assure a contraction mapping property of our proposed linear iteration.
The addition of this regularization does not affect the unconditional unique solvability and
unconditional energy stability of the scheme. Moreover, a global in time H? bound for the
numerical solution is obtained at the discrete level and the convergence for the numerical
scheme in a discrete L0, T; H') N L%(0, T; H3) norm is proved. This convergence is
made by the available bounds of the nonlinear terms involved in the numerical scheme.
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The work here demonstrates an important tool to implement a highly nonlinear scheme,
namely a linear iteration. We envision that this technique will have more applications in many
other nonlinear convex splitting schemes for gradient equations. Here, the nonlinear system
can be decomposed as an iteration of purely linear solvers, which can be very efficiently
implemented with the help of FFT in a collocation Fourier spectral setting. The numerical
simulation experiments showed that the second order scheme, combined with the linear
iteration algorithm, is able to produce a more accurate long time numerical results than
the first order schemes reported in [1,22], with a comparable computational cost. This is
remarkable when one notes that the scheme in [1] is linear.
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