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1. Introduction

Defects, such as vacancies, grain boundaries, and dislocations, are observed in crystalline materials, and a precise and
accurate understanding of their formation and evolution is of great interest. The phase field crystal (PFC) model was proposed
in [1] as a new approach to simulate crystal dynamics at the atomic scale in space but on diffusive scales in time. This model
naturally incorporates elastic and plastic deformations, multiple crystal orientations and defects and has already been used to
simulate a wide variety of microstructures, such as epitaxial thin film growth [2], grain growth [3], eutectic solidification [4],
and dislocation formation and motion [3,5]. The idea is that the phase variable describes a coarse-grained temporal average
of the number density of atoms, and the approach can be related to dynamic density functional theory [6,7]. The method
represents a significant advantage over other atomistic methods, such as molecular dynamics methods where the time steps
are constrained by atomic-vibration time scales. More detailed descriptions are available in [3,8,9], and the related works
for the amplitude expansion approach could be found in [8,10].

Consider the dimensionless energy of the form [1,2,11]:

_ 1, 1-¢ 2 2, 1 2
E(¢)—/Q[4¢ + 3 ¢ — |Vl +2(A¢)]dX, (1.1)
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where £2 = (0, Ly) x (0, Ly) x (0, L,) C R3, ¢ : 2 — Ris the atom density field, and ¢ > 0 is a constant. We assume that ¢
is periodic on £2. The PFC equation [1,2] is given by the H~! gradient flow associated with the energy (1.1):

¢ =V -(M(@)Vu), in2r = x(0,T),
w=08E=¢>4+(1—e)p+2A¢+ A%p, in2r, (1.2)
o(x,y,2,0) = ¢o(x,y,z), inS2.

in which M(¢) > 0 is a mobility and p is the chemical potential. Periodic boundary conditions are imposed for A¢ and p.

The PFC equation is a high-order (sixth-order) nonlinear partial differential equation. Regarding the PDE analysis,
existence and uniqueness of a global-in-time strong solution and smooth solution for the modified phase field crystal
(MPFC) equation - which generalizes the PFC equations and includes a second order temporal derivative 8¢, — has been
established in a recent work [12]. In more detail, it was proved that, for any H™ (m > 3) initial data (for the phase variable
¢), there is an H™ estimate for the solution at any time T > 0, so that a global-in-time strong solution and smooth solution
is available, dependent on the regularity of the initial data. Such an analysis could be easily extended to the case with
B = 0, corresponding to the parabolic PFC equation. Therefore, one could always assume the existence and uniqueness
of the solution for the PFC equation (1.2), if the initial data has a regularity of at least H>.

There have been some related works to develop numerical schemes for the PFC equation. Cheng and Warren [13]
introduced a linearized spectral scheme, similar to one for the Cahn-Hilliard equation analyzed in [14]. This scheme is not
expected to be provably unconditionally energy stable. The finite element PFC method of Backofen et al. [6] employs what
is essentially a standard backward Euler scheme, but where the nonlinear term ¢ in the chemical potential is linearized via
(@*1)3 = 3(p*)2pkt! — 2(¢*). Both energy stability and solvability are issues for this scheme, because the term 2A¢ is
implicit in the chemical potential. Tegze et al. [15] developed a semi-implicit spectral scheme for the binary PFC equations
that is not expected to unconditionally stable. Also see other related numerical works [16-19] in recent years.

The energy stability of a numerical scheme has always been a very important issue, since it plays an essential role in
the accuracy of long time numerical simulation. The standard convex splitting scheme, originated from Eyre’s work [20],
has been a well-known approach to achieve numerical energy stability. In this framework, the convex part of the chemical
potential is treated implicitly, while the concave part is updated explicitly. A careful analysis leads to the unique solvability
and unconditional energy stability of the numerical scheme, unconditionally with respect to the time and space step sizes.
Such an idea has been applied to a wide class of gradient flows in recent years, and both first and second order accurate in
time algorithms have been developed. See the related works for the PFC equation and the modified PFC (MPFC) equation
[12,21-27].

On the other hand, a well-known drawback of the first order convex splitting approach is that an extra dissipation has
been added to ensure unconditional stability; in turn, the first order numerical approach introduces a significant amount of
numerical error [28]. For this reason, second-order energy stable methods have been highly desirable.

There have been other related works of “energy stable” schemes for the certain gradient flows in recent years. For
example, an alternate variable is used in [29], denoted as a second order approximation to v = ¢> — 1 in the Cahn-Hilliard
model. A linearized, second order accurate scheme is derived as the outcome of this idea, and the stability is established for
a modified energy. A similar idea has been applied to the PFC model in a more recent article [30]. However, such an energy
stability is applied to a pair of numerical variables (¢, v), and an H? stability for the original physical variable ¢ has not been
justified. As a result, the convergence analysis is not available for this numerical approach. Similar methodology has been
reported in the invariant energy quadratization (IEQ) approach [31-33], etc.

In comparison, a second order numerical scheme was proposed and studied for the PFC equation in [21]. By a careful
choice of the second order temporal approximations to each term in the chemical potential, the unique solvability and
unconditional energy were justified at a theoretical level, with the centered difference discretization taken in space. In
particular, this energy stability is derived with respect to the original energy functional, combined with an auxiliary, non-
negative correction term, so that a uniform in time H? bound is available for the numerical solution. Meanwhile, a detailed
convergence analysis has not been theoretically reported for the proposed second order scheme, although the full conver-
gence order was extensively demonstrated in the numerical experiments. The key difficulty in the convergence analysis is
associated with the maximum norm bound estimate for the numerical solution, and such a bound plays an essential role
in the theoretical convergence derivation. In more details, the unconditional energy stability indicates a uniform in time H?
bound of the numerical solution at a discrete level. Although the Sobolev embedding from H? to L* is straightforward in
three-dimensional space, a direct estimate for the corresponding grid function is not directly available. In two-dimensional
space, such a discrete Sobolev embedding has been proved in the earlier works [21,27], using complicated calculations of
the difference operators. However, as stated in Remark 12 of [21], “the proof presented in [27] does not automatically extend
to three dimensions. This is because a discrete Sobolev inequality is used to translate energy stability into point-wise stability, and
the inequality fails in three dimensions. We are currently studying the three dimensional case in further detail”.

In this paper, we provide a detailed convergence analysis for the fully discrete scheme formulated in [21], which is shown
to be second order accurate in both time and space. In particular, the maximum norm estimate of the three-dimensional
numerical solution is accomplished via a discrete Fourier transformation over a uniform numerical grid, so that the discrete
Parseval equality is valid. And also, the equivalence between the discrete and continuous H? norms for the numerical grid
function and its continuous version, respectively, can be established. In turn, the discrete Sobolev inequality is obtained
from its continuous version. Such an £* bound of the discrete numerical solution is crucial, so that the convergence analysis
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could go through for the scheme. Moreover, the Crank-Nicolson approximation to the surface diffusion term poses another
challenge in the convergence proof, since the diffusion coefficients at time steps t**! and t* are equally distributed, in
comparison with an alternate second order approximation reported in a few recent works [34,35], in which the diffusion
coefficients are distributed at time steps t**! and t*~!, respectively. To overcome this difficulty, we have to perform an error
analysis at time instant t**'/2, in combination with a subtle estimate for the numerical error in the concave diffusion term.

In addition, we also present various numerical simulation results of three-dimensional PFC model in this article. It is
noted that most numerical results for the PFC equation reported in the existing literature are two-dimensional, or over
a two-dimensional surface; see [13,21,22,36-38], etc. For a gradient flow in which the nonlinear terms take a form of
¢> pattern, great efficiency and accuracy of the nonlinear multi-grid solver have been extensively demonstrated in the
numerical experiments; see the related works [21,22,35,39-42]. We apply the nonlinear multi-grid algorithm to implement
the three-dimensional numerical scheme; its great numerical efficiency enables us to compute the three-dimensional model
using local servers. Both the numerical accuracy check and the detailed numerical simulation results of three-dimensional
polycrystal growth are reported.

The rest of paper is organized as follows. In Section 2, we introduce the finite difference spatial discretization in three-
dimensional space, and review a few preliminary estimates. In Section 3 we review the second order numerical scheme
proposed in[21], and state the main theoretical results. The detailed convergence proof is given in Section 4. Furthermore, the
details of the three-dimensional multi-grid solver is outlined in Section 5. Subsequently, the numerical results are presented
in Section 6. Finally, some concluding remarks are made in Section 7.

2. Finite difference discretization and a few preliminary estimates

For simplicity of presentation, we denote (-, -) as the standard L? inner product, and || - || as the standard L?> norm, and
Il - llym as the standard H™ norm. We use the notation and results for some discrete functions and operators from [27,35,42].
Let 2 = (0, L) x (0,L,) x (0, L,), where for simplicity, we assume L, = L, = L, = L > 0. It is also assumed that

hy = hy = h, = hand we denote L = m - h, where m is a positive integer. The parameter h = # is called the mesh or grid
spacing. We define the following two uniform, infinite grids with grid spacing h > 0:

E.= {§i+%|i c z} . C={&lien),

where & = £(i) := (i — %) - h. Consider the following 3D discrete periodic function spaces:

Cper == {v:CxCxC—>]R

Vijk = Vitam,j+pm k+ym, Vi j, ko, B, Y € Z} s

per

gX = {V:EXCXC—)R

Vit Lik = Vit ramjspmfetyme ¥ b Js koo, B,y € Z} :

The spaces 3 and Eper are analogously defined. The functions of Cpe are called cell centered functions. The functions of £},
Eger, and £&;,,, are called east-west face-centered functions, north-south face-centered functions, and up-down face-centered

functions, respectively. We also define the mean zero space

P
V= ﬁ Z Vijk = 0
i.j.k=1

Cper = §V € Cper

We now introduce the important difference and average operators on the spaces:

1 1

Axvip 1= 3 (Vistik + Vi) » Dxvip1 0= h (Vit1jik = Vi) »
1 1

Ayvi,j+%.k =3 (Vi,jﬂ,k + Vi,f,k) ) Dy"z‘,j+%,k = (”i-jﬂ,k - Ui,j.k) ’
1 1

szi,j,,&% =5 (Vijkr1 + Vi‘j,k) , Dzv,»_j;,ﬁ% = (Vi,j‘k+1 - Vi,j,k) ,

with Ay, Dy : Cper = EXrn Ay, Dy : Cper = Efers Azy Dy @ Cper — EL,. Likewise,

1 1

AxVijk = 5 <Ui+%,j,k + Vi—%,j.k) ) dyVijk == n (vi+%,j,k - UF%,j,k) ’
1 1

ayVijk == 5 (vi_j+%,,< + Vlg,;_;,k) ’ dyvijk = n <Vi,j+%,k - Vi,j—%,k) )
1 1

GzVijk = 5 (Vi,j,k+% + vi,j,kf%) ’ dzvijk = n (vi.j,k+% - Ui,j,k—%) )
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with ay, dy : Eg‘er — Cper, Gy, dy : Eg,'er — Cperrand az, d, : Eéer — Cper- The standard 3D discrete Laplacian, A, : Cper = Cper,
is given by
Apvijk = dy(Dxv)ijk + dy(Dyv)ijk + dz(Dzv)ijk
= % (Vi+l,j,k + Vi—1jk + Vij+1k + Vij—1k + Vijk+1 + Vijk—1 — 6Vi.j.k) -
Now we are ready to define the following grid inner products:

W 8) =1 Y vijrkije v, € € Car [V, £l = (a(VE), 1y, v, § € Eer,
ij.k=1
[v,£ly = (a(v8),1),, v, § €&l [V,E], 1= (@), Dy, v, & € &y

We now define the following norms for cell-centered functions. If v € Cper, then [[V[13 = (v, V),; Ivib = (IvPP, 1)2
(1 <p<oo)and ||V = maxi<jk<m }u,-,j,k|. Similarly, we define the gradient norms: for v € Cper,

||th||§ := [Dyv, Dyv], + [Dyv, Dyv]y + [D,v, D,v],.
Consequently,
I35 == VI3 + IVavlI3 + | ApvII3 .
In addition, the discrete energy Fy(¢) : Cper — R is defined as
1 ., 1= , 1 2
Fu(¢) = ZII¢|I4 + TII(ﬁIIz — IVhollz + 5||Ah¢||z- (2.1)

The following preliminary estimates are cited from earlier works. For more details we refer the reader to [21,27].
Lemma 2.1. Forany f, g € Cper, the following summation by parts formulas are valid:
(. Ang) = —(Vif, Vig), (. Ajg) = (A, Ang),  (f, Aj8) = —(VaAuf, ViArg). (22)
Lemma 2.2. Suppose ¢ € Cper. Then
184815 = 55 1613 + 5 1A, 23
is valid for arbitrary a > 0.

Lemma 2.3. For ¢ € Cper, we have the estimate
3

L
Fu(®) = Cllg I3, — 7

with C only dependent on §2, and Fy(¢) given by (2.1).

(2.4)

3. The fully discrete second order numerical scheme and the main results

Let N, € Z*, and set T := T/N;, where T is the final time. For our present and future use, we define the canonical grid
projection operator Py, : CSEF(Q) — Cper via [th]i.j.k = v(§;, Sj, &). Set Vp,s i= Ppu(-, s).Then Fh(vh,s)+ % ”Vh(vh,s - Uh,O)”% -
E(u(-,0))ash — 0and s — O for sufficiently regular v. We denote ¢, as the exact (periodic) solution to the PFC equation
(1.2) and take ®¢ := Ppge( - , t;).

Our second order numerical scheme in [21] can be formulated as follows: for 1 < x < N; — 1, given ¢*, ¢*~! € Cper, find
RO RO = Cper Such that

Kk+1 _ g«
PO et
T
WL = g (@ ) 4 (1= ) T + AR 4 Ayt 2,
1 1
Wt = Ah¢K+js
where ¢° := @0, ¢! = @',
3

1 1
=29 — ¢ and (@)= @+ ) (0 +v7).

[N

1 1 -
¢K+j — 5 (¢K+1 + ¢K) , ¢K+
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A direct application of the Crank-Nicolson/trapezoidal discretization is made to w, while the chemical potential, w, is
approximated using several different second-order temporal stencils. Our careful treatment facilitates the energy stability
and solvability analyses, which can be found in the following result from [21]:

Proposition 3.1. Suppose that the exact solution ¢, is periodic and sufficiently regular, and ¢°, ¢! € Cper is obtained via grid
projection, as defined above. For each 1 < k < N; — 1, there is a unique solution ¢**1 e Cper to the scheme (3.1). Furthermore,
the scheme (3.1), with starting values ¢° and ¢, is unconditionally energy stable in the following sense: forany T > O and h > 0,
and any positive integer 2 < k < N,

« 1y, 1 1_ 0y2
Fn(¢*) < Fu(¢") + 5||Vh(¢ — ¢z = Go, (32)

where Cy > 0 is independent of h, t, e and T.

Remark 3.2. In the earlier work [21], the energy stability is based on a “ghost” point initial data assumption: ¢! = ¢°.
Under such an assumption, the energy stability result turns out to be simpler, and the addition correction term appearing in
(32), 311 Va(¢p" — ¢°)I12, does not appear. In this article, we make an alternative assumption: ¢° := ¢°, ¢! := &', which in
turn leads to the O(t2) numerical correction term. Meanwhile, such an additional term still assures a uniform in time energy
bound, since both ¢! and ¢ are given initial data.

On the other hand, with the “ghost” point initial data assumption as presented in [21], a theoretical justification of the
second order temporal accuracy is not obvious, since ¢~! = ¢° is only an O(t) approximation to ¢~. Such a theoretical
puzzle could be explained as follows. Although the “ghost” extrapolation formula ¢~' = ¢° is only first order accurate
in time, the corresponding numerical solution for ¢! is still second order accurate, due to the subtle fact that, a first order
accurate approximation for the right hand side, combined with the temporal discretization M, yields a second order
accurate ¢'. In other words, a first order numerical scheme in the first time step results in a second order accurate solution
for ¢!. After an O(t2) accurate solution for ¢! is obtained, the numerical algorithm at all the subsequent time steps has the
0(t?) temporal truncation error, so that a second order accuracy in time is formally assured.

In this article, the alternative initial data we use: ¢° := @9, ¢' := &, avoid the above complicated argument, so that
this approach is expected to simplify the convergence analysis in later sections.

Remark 3.3. In the standard PFC model, the parameter ¢ is set to be 0 < ¢ < 1, so that the energy % l#11? is convex in

the expansion of (1.1); most practical physical cases have also supported such an assumption. On the other hand, even if in
the case of ¢ > 1, the corresponding energy functional % l¢ 1> becomes concave, we are still able to treat the associated
chemical potential in an explicit way, namely to replace ¢**1/2 by ¢*+1/2 = 3¢k — 1¢*=1 to ensure the energy stability.

The || - ||o bound of a grid function could be controlled with the help of a discrete Sobolev inequality, as stated by the
following theorem; its proof will be given in Section 4.

Theorem 3.4. Let ¢ € Cper. Then there exists a constant C independent of © or h such that

¢l < Cligll2,2- (3.3)
As a combination of Proposition 3.1, Theorem 3.4 and inequality (2.4) in Lemma 2.3, the following || - ||, estimate for the
numerical solution is available.
Corollary 3.5. For the numerical scheme (3.1), we have
3 -
l9*lleo < C (Co + Z) =Co, Vi >0. (34)

The main theoretical result is stated in the following theorem. Its proof will be given in Section 4.

Theorem 3.6. Suppose the unique solution ¢, for the three-dimensional PFC equation (1.2), with M(¢) = 1, is of regularity class

¢e € R == H*(0, T; C,,) NH*(0, T; C;;

per

)N L®(0, T; C5,,), (3.5)

per

and the initial data ¢°, ¢! € Cper are defined as above. Define efy = Ppy — ¢y Then, provided T and h are sufficiently small, for
all positive integers k, such that t - k < T, we have

lle“ll, < C(h? + %), (3.6)

for some C > O that is independent of h and t.
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4. The detailed convergence analysis
4.1. The proof of Theorem 3.4

We begin with the proof of Theorem 3.4, which provides a tool to bound the || - |, norm of a grid function in terms of its
discrete || - ||2,, norm.

Proof. For a function ¢ € Cper with value ¢y at (&, &, &), the IDFT is given by [43]:

R
Bje= Y @ UEEEGHEIL =1, m, (4.1)

r,s,t=—R

where z} is the DFT of ¢, and, for simplicity of writing, where we have assumed that mis odd: m = 2R+ 1. The corresponding
interpolation function is defined as

R
Gr(x,y,2) = Y Gy HIHIL,

r,s,t=—R
Using the Parseval’s identity (at both the discrete and continuous levels), we have

2

5

R
1613 = lgelZ =1 " |

r,s,t=—R

1
DX¢[+%J“]< = —(Piy1jk — Pijk)

érst [eZJTi(rE,‘+1+SEj+tEk)/L _ e2ﬂi(V€i+55j+tEk)/L]

-
Il

Il
=l -~
i\

r.s,t=—R

1 & o 2ifre, g +sges )L wrh
i 1S5 ..
= M Prsee 2 - 2isin —
r.s,t=—R
R .
~ 2”'(r§+1 +s§j+t€k>/L
= Z ur¢rste 2 B
r,s,t=—R
R
Pr(x,y,2) = Z Ur¢rste2”l(m+sy+tz)/'_,
r,s,t=—R
with
2isin ”Trh 2inr
U = ———, U= ——.

h L
A comparison of Fourier eigenvalues between |u,| and |v,| shows that

2
;Ivrl <lu| <|v|, —R=<r <R,

m P R R )
[Dx¢p, Dx¢]x=h3 Z Dx¢,'+%‘j,k‘ =0 Z |ur|2|¢rst| s
ij.k=1 r,s,t=—R
R 2
1oxgel> =12 > [or Pl
r,s,t=—R
Then we get
2 v |? 7\2
0r? = | | (Dsg. Digle = () 1Dut Dl
T

Similarly, the following estimates are available:
T\2
10,¢¢ 17 < (5) 1Dy Dyl
T\2
10.0¢1 < (5 ) 1D:. Do
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For the second order derivatives, the following estimates are valid:

dx(Dx¢)i.j.k =7 (Dx¢,-+%,j,k - Dxd’,-,%_jyk)

R ( R :
N 2rmi(rE 1 +s§j+ték)/L ~ an(rs__l+s.{fj+ték>/L
( Z Urdrsee 2 - Z UrPrsee 2

r.s,t=—R r.s,t=—R

Si= S

R
= ) Ul eI,

r,s,t=—R

R
3x2¢F(X, y,2) = Z Urza)rstezni(m+sy+t2)/l--

r,s,t=—R

As a consequence, these inequalities yield the following result:

4 4
182r12 = | 22| Nidy(Deg)I2 < (%) ldy(De) 2.

Ur
U
Similarly,
T\ N4
107612 < (5) IdDy8)I3. 1026l < (5) Id:D:)E.
and

1
1.3y r 11” < 5(||33¢F”2 + l13y e l®),

1
l|8¢0,¢pr 1> < 5(||63¢F||2 + 1102¢¢ 1),

1
1,32 11* < STl + 1079 11%).
Then we arrive at

g2 = 105 + 101, + 1615,
I 12 + 10xe 112 + 18y 1 + 1820611 + 2011025 1> + 11820 17 + 1925 [12)

2 (7Y
< 1913+ (5) (16, Dgl+ D, Dyl + D6, D. L)

IA

AN 2 2 2
+2x (2) (14913 + 1D, + 1(D:)13)
2 4
= 1613+ (5) 1913 +2x (5) 180913

A

4
= 2-(2) W13 + 1Vl + 1 2ng13)

2-(5) 1618

Meanwhile, since ¢ is the discrete interpolant of the continuous function, we observe that ||¢||s < [|¢F |10, which implies
the following estimate:

ﬁnz
lAlloc < NPEllie < Cillgrllpz <

Cillpll2.2,

which gives (3.3). This completes the proof of Theorem 3.4. ®

4.2. The proof of Theorem 3.6

Corollary 3.5 is a direct consequence of Theorem 3.4, so that a uniform in time || - ||, bound of the numerical solution
becomes available. With the help of the bound (3.4), we proceed into the convergence proof in Theorem 3.6.
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Proof. An application of the Taylor expansion for the exact solution ¢ at (&;, &, &, ¢, 1 ) implies that

k+1

o - op

T

+1 +3 e+ 1 +3 « - k+l ook

U 2 = (@ 2NPE) T2 + (1 — &)y 2 + 3040k, — Andfi ' + An(Ap i) 2 + Sk (42)
1<i<m, 1<j<n, 1<k<l 2<k <N,

Oh =V E. &) 1<i<m, 1<j<n 2<k=<l

!
= AUy P 4Ry, 1<i<m, 1<j<n 1<k<Il 2<k <N,

in which the local truncation errors RY, and S

ik ik satisfy

IR < G2+ 1), ISl < G(r®+1P), 1<i<m 1<j<n 1<k<l2<k<N, (4.3)

for some C3 > 0, dependent only on T and L.
To facilitate the convergence analysis, we denote

Cq = | @ |lre(0,1:2)- (4.4)

The uniform in time || - ||, bound for the numerical solution is given by 60, as defined as (3.4). These two bounds will be
useful in the nonlinear error estimate.
Subtracting (3.1) from (4.2) leads to the following error evolutionary equation:

= anf[(o017) @htd = (943) (@1t [+ (1 - et

+ (3Ape* — Ahe“_I) + Ah(Ahe)’H—% + SK} + R“.

e/(+1 — X

T (4.5)

Taking a discrete inner product with (4.5) by e”%, we get

K+1 __ ok
(6 [ ) €K+%> — <¢K+%(¢2)K+% _ ¢K+%(¢2)K+%’ AheK‘F%) +(1—¢) (Ahek+%
T

e/(+%>
+ (Ah(3Ah€K _ Ahe"*l), el(+%) + (AgeK+%’ eK‘F%) (46)
+ (Ahsx’ eK+%> + <RK7 eK+%) .

For the left hand side of (4.6), the following identity is valid:
eK+] — X ] 1
PE—— 7 ) — K+1)12 K12 . 47
( e Zr(lle 5 — le“ll3) (4.7)

For the nonlinear error term on the right hand side of (4.6), we have
(¢K+%(¢2)K+% _ ¢K+%(¢2)K+% Alle»(-%—%)
K\2 Kk+1y2 K\2 K+1\2
_ (45”%@ ) +2(<P ) _¢K+%(¢ ) +2(¢ ) ,Ahe”%)

k+1y2 _ K 2 K\2 _ K\2 T 1 K\2 k+1\2 1
:<¢K+% <(<p+) @ NP @) ~@) >+(¢H7_¢K+7>(¢ ) +2(¢+> ,Ahe“7>

Kk+1 Kk+1 K K K\2 K+1\2
— (¢K+% <¢ +¢ eK+1+ @ +¢ (:’K)+ (¢ ) +(¢ ) eK+%,AheK+%>

2 2 2

IA

1 ~ 1
2 [+ oGP i + el - et |

IA

1 1 2 ~ K K
> Jane 2|+ cct + Ene I3 + e 1),

in which the discrete Holder inequality has been repeatedly applied. The second and fourth terms on the right hand side of
(4.6) could be analyzed in a straightforward way:

2
(1—¢) (Ahe”%, e”%) = —(1—¢) the”%
2

(4.9)

2

(Af,e”%, e”%) = H VyApet (4.10)
2
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For the third term of the right hand side of (4.6), the following estimate is applied:

<Ah(3Ahe” — Apeth, e"+%) (4.11)
= (BAhe" — Ape, Ahe’”%) = (BAhe" — Ap <2e"’% — e") , Ahe”%) (4.12)
= (4Ahe" —2ARe 3, Ahe“%) (4.13)
= ((ZAhe'(“ 4 2ARe5) — (2855 — 2Ape%) — 2A46° 7, Ahe”%) (4.14)

2
=4 HAheH’% — AR TR + (| Apet |2 — 2 (Ahe’(_%, Ahe”%) (4.15)
2
12 12 12
<4 HAheK+z AR R 4 [ Anet ]2 + HAheKﬁ n HAheK+z (4.16)
2 2 2
2 2
<5 HAhe”% - HAhe’“’% 12 B+ 1 Ane (4.17)

The fifth term and sixth terms on the right hand side of (4.6) could be bounded with an application of Cauchy inequality:

2

1 1
<Ah5”, e“+%> < SISKIE + = HAhe‘“’% , (4.18)
2 2 2
K K+l 1 K12 1 K+l 2
<R e z) < SIRCY2 + = et (4.19)
2 2
Therefore, a substitution of (4.7)-(4.18) into (4.6) yields
1 12 12
e E — e 12+ | Vaane 3 |+ (1 &) | vierth
2T 2 2
- 1 1 1
< OG-+ G I3 + e 13) + S e 215 + S (IS I3 + IR°13)
2 2
6] ane |+ | ane ]~ nawe I + 1 awer 13 (420)
2 2
. 1
= C(GE+ GG+ DU TIE + 1e13) + SIS I3 + IRAI)
2 2
+6 ] anett |+ | aneE | — 1A IR+ et 2.
2 2
By Lemma 2.2, we obtain
2 122 2 2 2
GHAhe”% <6(—= |3 +—thAheK+% , (421)
2 3 2 36 2
12 12 12 2 112
HAhe"’i <(—[e? +7HVhAhe"’7 . (422)
2 3 2 3 2
Going back (4.20), we arrive at
1 12 " «
SO 13 = e 13) + | Vadne 3|+ lane I3 — 1 Aner 3
i+ 2 1 (2 2 1 K- 2 2 c—1 2
<288 [|e<+3 +7”V11Ahe o T P +7thAhe } (423)
2 3 2 3 2 3 2
1 ~
+ 5(||5“||§ +IRC113) + C(CF + Co + 1)U 12 + lle“[13).
A summation in time implies that
1 K 2 2 K 2 2 1 - in2 i2 - 4 ~4 in2
25 — et I3) + NAne™ 15 — I ane' I < 5 > (IS5 + IRZ) + € Y (Ci + G + 1)lell3. (424)

i=1 i=0

Note that the constant C appearing on the right hand side of (4.24) is different than that appearing on the right hand side of
1 -

(4.23), and we have used the fact that m <14 C'(C4 + Cy + 1)r. In turn, an application of discrete Gronwall

inequality (cited from [44], stated in Apzpencfix)? combined with the local truncation error estimate (4.3), yields the desired



L. Dong et al. | Computers and Mathematics with Applications 75 (2018) 1912-1928 1921

convergence result

12 12
e 15 + 2711 Ape ™ I3

A

(le'l13 + 2zl Ane' 13 + 2C3T(x? + h?)?) exp(Ct*)
C3(2T + 2) exp(Ct*)(t? + h?)?, (4.25)

IA

with € = C(lel + 66‘ + 1). Therefore, the convergence estimate (3.6) is valid, for the right hand constant C taken as

C = G3(2T + 2)% exp(Ct*¥). (4.26)
This completes the proof of Theorem 3.6. W

5. Nonlinear multigrid solvers

In this section we present the details of the nonlinear multigrid method that we use for solving the semi-implicit

(rzllirrnseuri;alhs;:theme (3.1). The fully finite-difference scheme (3.1) is formulated as follows: Find ¢,"]+k1 uffk/z and ffk/z in
¢${1 - Td"(M (A"&H%> D"MH%)U k
( <Ay(7)x+%> me%)ij -, (M (AZJ,H%) DZMH%)U =0 (5.1)
“:(;rkz - % (@55 + i) (@15 7 + (@f,)°) — 1 ; - (¢! i+ 90
— 3An + Al — Ahw,fkl =0, (5.2)
arfd = 5 (SwE+ By = 0, (53)
where 43"*% = —¢” — 1¢K‘1 Denote u = (d),"*kl, *VZ Wt ). Then the above discrete nonlinear system can be written
in terms of a nonlmear operator N and source term § such t’lllat
N(u)=S. (54)
The 3 x m x n x I nonlinear operator N(u**1) = ( i k(u) N(] (), N” k(u)) can be defined as
N = o — (M (a4 ) Darrtd)  — vy (M (A ) D)
—rdz<M (AZ$K+%>DZM+%)W, (5.5)
N = w5 = 5 O+ 050 (G + 00.07) — 50 — dvl. (56)
N (w) = wff,} - %Amﬁ;, (5.7)
and the 3 x m x n x l source S = (Sl(})k, S,f)k, S,j)k) is given by
Si(.}.)k = P (5.8)
Stk = 12;8¢’ik,j,k +38n0f5 1 — Ak (5.9)
S = %Ahcpif}.‘,‘. (5.10)

The system (5.4) can be efficiently solved using a nonlinear Full Approximation Scheme (FAS) multigrid method
orithm 1: vy and v, are pre-smoothing and post-smoothing steps, ¢, L are the current level and coarsest levels, and
Iﬁ 1 are coarsening and interpolating operators, respectively). More details can be found in [45]. Since we are using
a standard FAS V-cycle approach, as reported in earlier works [21,22,35,42,46], we only provide the details of nonlinear
smoothing scheme. For smoothing operator, we use a nonlinear Gauss-Seidel method with Red-Black ordering.
Let n be the smoothing iteration, and define

Mx . x—1
i+ ..k ¢x+ gk X¢z+ gk
o = Ay~ Ay ,
ij+.k VWil 2 Y u+ k

M? — k=1
i,j,k+% Z¢)l] k+1 Z¢1] k+

(g
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Algorithm 1 Nonlinear Multigrid Method (FAS)
1: Givenu®

2: procedure FAS(N®, u®, S°, vy, 15, £ = 0)

3: while residual > tolerance do

4 Pre-smooth: u’ :=smooth(N¢, u®, 8¢, v;) > nonlinear Gauss-Seidel method
5: Residual: r‘ =S¢ — N‘u*

6: Coarsening: ‘! = I/ 'r!, u*! = [[*'u’

7 if ¢ = L then

8 Solve: N¢+1yf+1 = NéF1gt+1 4 pb+1 > Cramer’s rule
o: Error: eft1 = ytt+1 — g1
10: else
11: Recursion: FAS(N“H, ut*1, 1 vy vy, £+ 1)
12: end if
13: Correction: u® = u’ +1{_ et
14: Post-smooth: u :=smooth(N¢, u’, S, v,) > nonlinear Gauss-Seidel method

15: end while
16: end procedure

Then the smoothing scheme is given by: for every (i, ], k), stepping lexicographically from (1, 1, 1) to (m, n, ), find
bl kF3antl k3t

Gijk s Mijk Kk that solve the 3 x 3 linear system
1
k+lnkl | T x M* M M M? M? Kyt s
P F h2 ( i+%,j,k+ i—%,j,k+ i,j+%,k+ i.j—%.k+ ioktg + k=1 ) Hijk = ik
K+%‘”+1 1 K+1,12 K \2 1—¢ k+1,n+1 6 K+%.n+1 @
KijK —\2 (Dija ) +(B14)° ) + 3 b+ 2 ik = Sijks
Kty +3 eIl S03)
Wijic TP = Sijwe
where
1 1 1 1
ROBR l X k+5.n X k+5.n+1 y k+5.n y k+5.n+1
Sijk = Sijxt h2 Mi+%‘j,kui+l,j,’< +Mi—%,j,k’ui*1-}'-k +Mf,j+;,k“i.j+1,k +Mi,j—%,kui’j’1-l‘

1 1
z K+5.1 z K+7.n+1
+Miyj’k+%,ui,j.k+1 + Mi,]"k_%ll“i,j,k—l ;

~ 1
2) . (2) K+1,
si(,j,k =Skt 2 <(¢i,]irk "+ (‘f’fj,k)z) Dk

1 k4o k41 n+1 K+ k44 n+1 K+ k4141
2 2’ 2 2’ 2’ 2
+ 2 O T O T o5 o ol >

~ 1
3) . (3 K+1,n K+1,n+1 k+1,n k+1,n+1 k+1,n k+1,n+1
Sijk = Sijkt o2 <¢i+1,j,k + ok Tkt Ok T D TPk ) .

The above linearized system, which comes from a local Picard linearization of the cubic term in the Gauss-Seidel scheme,
can be solved by Cramer’s Rule.

6. Numerical results

In this section, we perform some numerical simulations for the three-dimensional scheme (3.1), to verify the theoretical
results.

6.1. Convergence and complexity of the multigrid solver

In this subsection we demonstrate the accuracy and efficiency of the multigrid solver. We present the results of the
convergence tests and perform some sample computations to verify the convergence and near optimal complexity with
respect to the grid size h.

In the first part of this test, we demonstrate the second order accuracy in time and space. The initial data is given by

$o(X.y,z) = 0.2 + 0.05 cos(2mx/3.2) cos(2my/3.2) cos(272/3.2), (6.1)

with £2 = [0, 3.21%,e = 2.5 x 1072, ¢ = 0.05h and T = 0.16. We use a linear refinement path, i.e., t = Ch. At the final time
T = 0.16, we expect the global error to be O(t?) + O(h?) = O(h?) under either the £2 or £ norm, as h, T — 0. Since we
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Table 1

Average CPU time for each time iteration (relatively fine grid), errors and
convergence rates. Parameters are given in the text, and the initial data are
defined in (6.1). The refinement path is ¢ = 0.05h. The grid sizes indicate
the relatively coarse-fine grid sizes.

Grid sizes 16> — 323 323 — 643 64° — 1283
CPU (s) 0.5744 1.5149 8.8971
Error 2.3371 x 108 5.8027 x 107° 1.4411 x 107°
Rate - 2.0099 2.0096

Table 2

The number of multigrid iterations of each residual below the tolerance tol =
10-8 at the 10-th time step (i.e. at time 1.0 x 1072 with time steps 7 =
1.0 x 1073), The rest of parameters are ¢ = 2.5 x 1072, and £2 = [0, 3.2] x
[0, 3.2] x [0, 3.2].

(v1, 1) Grid sizes
16 32 64 128
1,1 7 9 12 21
2.2) 4 5 5 5
-10
0675 . . . . . . . 25 X100 . . . . . .
2
067 0.652084 ]
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o
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<3 1 @
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0.66 Time x10 s 0
=
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-
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0 002 004 006 008 01 012 014 016 0 002 004 006 008 01 012 014
Time t

(a) The energy decay.

(b) Mass conservation.

1923

Fig. 1. The plots of energy decay and mass conservation. The rest of parameters are £2 = [0, 3.2]*, h = 3.2/128,& = 2.5 x 1072,7 = 0.05hand T = 0.16

and the initial condition is (6.1).

Scaled 2-norm of the Residual

Multigrid V-cycle lterations

@vi=v,=1.

Multigrid V-cycle Iterations
(b)vy =vy =2.
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Fig. 2. The reduction in the norm of the residual for each V-cycle iteration at the 10th time step (i.e. at time 1.0 x 10" with time steps T = 1.0 x 1073).
The rest of parameters are ¢ = 5.0 x 1072, and £ = [0, 3.2] x [0, 3.2] x [0, 3.2] and the initial condition is (6.1).
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t =40 t =200

t = 2000 t = 4000

t = 6000 t = 8000

t = 10000 t = 12000

Fig. 3. Three-dimensional periodic micro-structures snapshots with initial condition (6.2) at t = 40, 200, 2000, 4000, 6000, 8000, 10 000 and 12 000.
Left: iso-surface plots of ¢ = 0.0, Right: snapshots of micro-structures plots. The parameters are ¢ = 2.5 x 107!, h = 64/64 = 1.0, 2 =
[0, 64] x [0, 64] x [0,64], 7 = 1.0 x 1072,

do not have an exact solution, instead of calculating the error at the final time, we compute the Cauchy difference, which is
defined as 8, := Pn; — I£ (¢n, ), where I{ is a bilinear interpolation operator (We applied Nearest Neighbor Interpolation in
Matlab, which is similar to the 2D case in [47,48]). This requires having a relatively coarse solution, parametrized by h., and
a relatively fine solution, parametrized by hy, where h, = 2hy, at the same final time. The £2 norms of Cauchy difference and
the convergence rates can be found in Table 1. The results confirm our expectation for the convergence order. Moreover, the
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Fig. 4. The plots of energy evolution and mass difference depicted in Fig. 3.

plots of the energy and mass difference evolution indicate that the energy is non-increasing and the mass is conservative,
up to a tolerance of 10~1°, for the simulation with initial condition (6.1) (see Fig. 1).

Remark 6.1. When calculating the Cauchy difference between the two different grids, the interpolation operator should
be consistent with the discrete stencil, otherwise the optimal convergence rate may not be observed. We applied Nearest
Neighbor Interpolation in Matlab.

In the second part of this test, we investigate the complexity of the multigrid solver. The number of multigrid iterations
to reach the residual tolerance is given in Table 2, for various choices of grid sizes and (v1, v,). Table 2 indicates that the
iteration numbers are nearly independent on h, when we use 2 pre-smoothing and 2 post-smoothing. The detailed reduction
in the norm of the residual for each V-cycle iteration at the 10th time step can be found in Fig. 2. As can be seen, the norm of
the residual of each V-cycle is reduced by approximately the same rate each time with v; = v, = 2, regardless of h. Thisis a
typical feature of multigrid when it is operating with optimal complexity [42,45,49]. For v; = v, = 1, we do not observe a
similar feature. Moreover, we also observe that more multigrid iterations are required for smaller values of h, which confirms
our convergence analysis.

6.2. Growth of a polycrystal

The initial data for this simulation are taken as essentially random:
¢0ix =0.2+0.005 - 1y, (6.2)
where the 11 are uniformly distributed random numbers in [0, 1]. We use ¢ = 2.5 x 107!, and L = 64 (in the simulation
shown in Fig. 3) and L = 128 (in the simulation shown in Fig. 5). Time snapshots of the micro-structure can be found
in Figs. 3 and 5, which display the transition between the liquid and solid states with random initial liquid density. The
numerical results are consistent with the experiments on this topic in [37]. The corresponding energy and mass difference
evolution depicted in Fig. 3 are presented in Fig. 4.

7. Conclusions

In this paper, we have provided a detailed convergence analysis of a finite difference scheme for the three-dimensional
PFC equation, with the second order accuracy in both time and space established. The numerical scheme was proposed
in [21], with the unique solvability and unconditional energy stability already proved in the earlier work. Meanwhile, a
theoretical justification of the convergence analysis turns out to be challenging, due to a difficulty to obtain a maximum
norm bound of the numerical solution in three-dimensional space. We overcome this difficulty with the help of discrete
Fourier transformation, and repeated applications of Parseval equality in both continuous and discrete spaces. With such a
discrete maximum norm bound developed for the numerical solution, the convergence analysis could be derived by a careful
process of consistency estimate and stability analysis for the numerical error function.

In addition, we describe the detailed multigrid solver to implement this numerical scheme over a three-dimensional
domain. Various numerical results are presented, including the numerical convergence test and the three-dimensional
polycrystal growth simulation. The efficiency and robustness of the nonlinear multigrid solver has been extensively
demonstrated in these three-dimensional numerical experiments.
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t = 10000 t = 12000

Fig. 5. Three-dimensional periodic micro-structures snapshots with initial condition (6.2) at t = 40, 200, 2000, 4000, 6000, 8000, 10 000 and 12 000.
Left: iso-surface plots of ¢ = 0.0, Right: snapshots of micro-structures plots. The parameters are ¢ = 2.5 x 107!, h = 128/128 = 1.0, 2 =
[0, 128] x [0, 128] x [0, 128], 7 = 1.0 x 1072,
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Appendix. The discrete Gronwall inequality

We need the following discrete Gronwall inequality cited in [44]:

Lemma A.1. Fix T > 0. Let M be a positive integer, and define t < ,% Suppose {am}“,{,':o, {bm}m:0 and {cy, ’n‘f;(} are non-negative
sequences such that t Z'g;& cm < Cq, where C; is independent of T and M. Further suppose that,
¢ -1
G+T) bn<C+T) antm, YI<C<M, (A1)
m=0 m=0

where C; > 0is a constant independent of t and M. Then, for all T > 0,

¢ -1
ag+thm§C2exp chm <Gexp(Cy), V1<{¢<M. (A2)
m=0 m=0
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