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Abstract

We consider numerical approximations for the modified phase field crystal equa-
tion in this paper. The model is a nonlinear damped wave equation that includes
both diffusive dynamics and elastic interactions. To develop easy-to-implement
time-stepping schemes with unconditional energy stabilities, we adopt the “Invari-
ant Energy Quadratization” approach. By using the first-order backward Euler, the
second-order Crank—Nicolson, and the second-order BDF2 formulas, we obtain
three linear and symmetric positive definite schemes. We rigorously prove their
unconditional energy stabilities and implement a number of 2D and 3D numerical
experiments to demonstrate the accuracy, stability, and efficiency.
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1 Introduction

The phase field crystal (PFC) equation was proposed by Elder and Grant in [8, 9]
as a continuum model of crystalline phase to study the dynamics of atomic-scale
crystal growth on diffusive time scales. An order parameter (phase field variable) that
represents the concentration field of a coarse-grained temporal average of the density
of atoms is introduced to describe the phase transition from the liquid phase to the
crystal phase. More precisely, the density is relatively homogeneous in the liquid
phase and spatially periodic (i.e., crystalline) in the solid phase. Thus, a free energy
is postulated to generate the periodic structure of a crystal lattice, by incorporating
a specific form of the spatial gradients. The equation has been used to study various
phenomena, including elastic and plastic deformations, grain growth, dendritic and
eutectic solidification, and epitaxial growth [10, 19].

The PFC equation evolves only on diffusive time scales; thus, it does not contain
a mechanism for simulating elastic interactions, for example, the deformation prop-
erties of noncrystalline solids. In order to overcome this problem, Stefanovic et al.
[22, 23] introduced the modified phase field crystal (MPFC) equation that includes
both diffusive dynamics and elastic interactions. The MPFC equation is a sixth-order
nonlinear damped wave equation modeling a viscoelastic response to perturbations
to the density field. In this equation, perturbations in the density field are transmit-
ted by waves that travel essentially undamped up to a certain length scale determined
by the parameters. When this length scale is of the order of the size of the system, a
separation of elastic relaxation and diffusion time scales may be practically observed
[22]. Since the MPFC equation adds a wave operator for elastic interaction on the
basis of PFC equation, compared with the PFC equation, the MPFC equation has a
more complicated form which brings more difficulties in developing time-marching
schemes.

There have been a few works on the numerical approximation for the MPFC equa-
tion. Stefanovic et al., [23] employed a semi-implicit finite difference scheme with a
multigrid algorithm for solving the algebraic equations. They did not give any rele-
vant numerical analysis about unique solvability and energy stability. Wang and Wise
[25] proposed a first-order energy stable convex splitting nonlinear scheme for the
MPFC equation. Subsequently, a second-order energy stable convex splitting scheme
was presented by Baskaran et al. in [1, 2]. Lee et al. [17] proposed first- and second-
order energy stable schemes based on a new convex splitting of energy functional
for the MPFC equation. Dehghan and Mohammadi [7] used a semi-implicit method
for the PFC and MPFC equations, which split the linear terms into backward and
forward pieces while treating the nonlinear term explicitly. Grasselli and Pierre [15]
proposed an energy stable and convergent finite element scheme for the MPFC equa-
tion, and their time discretization can be seen as a Crank—Nicolson scheme with a
second-order stabilization term. Guo and Xu [16] developed first- and second-order
energy stable schemes with adaptive time-stepping strategy for the MPFC equation.

Although there had been quite a few schemes developed for the MPFC equation, it
is worth noting that almost all those schemes were based on convex splitting approach
and thus nonlinear. Hence, the implementations are often complicated and the com-
putational costs are high. To obtain linear schemes for this model, the main difficulty
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is on how to discretize the quartic potential. One solution is to use the so-called lin-
ear stabilization approach [20, 26] that can introduce purely linear schemes and is
therefore easy to implement. Its stability, however, usually requires a special property
(generalized maximum principle) [20, 21] satisfied by the classical PDE solution and
the numerical solution, which is very hard to prove in general.

The main purpose of this paper is to construct linear time-marching schemes
with unconditional energy stabilities, namely, the schemes preserve the thermo-
dynamically consistent dissipation law (energy stable) at the discrete level without
any constraints on the time step size. This goal is achieved by adopting the “Invariant
Energy Quadratization” (IEQ) approach (cf. [4-6, 12-14, 18, 27-34]). We pro-
pose three time discretization schemes based on the first-order backward Euler, the
second-order Crank—Nicolson, and the second-order BDF2, respectively. We further
show that these schemes satisfy modified energy laws and therefore unconditionally
energy stable. Moreover, at each time step, the schemes lead to a symmetric posi-
tive definite linear system and one can always solve it using the well-developed fast
matrix solvers efficiently.

The paper is organized as follows. In Section 2, the governing equation and corre-
sponding energy law are presented in the continuous case. In Section 3, we propose
three numerical schemes and prove the unconditional energy stability and the well-
posedness of the linear systems in the time semi-discrete case. The fully discrete
schemes and algorithm implementation are presented in Section 4. In Section 5, var-
ious numerical experiments in 2D and 3D are carried out to illustrate the accuracy,
energy stability, and efficiency of the proposed schemes. Finally, some concluding
remarks are given in Section 6.

2 Governing systems

Before introducing the governing equation, we first fix some notations that will be
used later. For each s > 0, let (-, -); and ||-||s be the H*(£2) inner product and norm,
respectively. Note that H 0(Q) = L3(Q).In particular, we use (-, -) and ||-|| to denote
the L2 inner product (-, -)o and norm ||-||o, respectively. We define Sobolev spaces
L{(Q) ={v € L*(Q) | (v, 1) =0}, L3,,(2) = {v € L*(Q) | v is periodic on 98},
H;e,(Q) = {v € H*(Q) | vis periodic on 02}, and denote by Hp_esr(Q) the dual
space of H,,, (2).

We consider a free energy functional of Swift—-Hohenberg type [8, 9, 24]

(Ll 24 g2
E<¢>—/Q<4¢ + 501+ A7¢ 2¢)dx, @1

where Q is a domain in R? (d =1,2,3), ¢ is the atomic density field,and0 < ¢ < 1
is a positive constant with physical significance. Then the modified phase field crystal
(MPEFC) equation is the pseudo-gradient flow

G + B = MAp, 2.2)
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where 8 > 0 is a constant, M > 0 is a constant mobility and p is the chemical
potential defined as

SE 3 2
M3=g=¢ + A4+ A)¢ —e€d, (2.3)
and ‘;—g denotes the variational derivative of E with respect to ¢. We assume all
variables are periodic on 9€2, that is, the values of variables on the opposite facets
of a hypercube @ C R (d = 1,2, 3) are identified. The analysis is also true for
physical boundary conditions like Neumann type, or any other type of boundary
conditions which do not involve any boundary integrals in the variational formula-
tion of the equation. We use periodic boundary condition since that is used in most
analytical/numerical works of MPFC equation.
The mass conservation will hold provided the initial condition satisfying
fQ ¢:(x,0)dx = 0. To see this, by integrating (2.2) over 2 with the periodic
boundary condition for x, we obtain

i/ ¢,(x,t)dx+/3/ ¢:(x,t)dx =M Vu-nds =0, 2.4)
dt Jo Q Q

where n is the unit outward normal on the boundary 9€2. (2.4) is actually an ODE
system for time, and its solution is

/qﬁ;(x,t)dx =e—f"/ ¢: (x,0) dx. (2.5)
Q Q
Thus, if the initial condition satisfies fQ ¢:(x,0)dx = 0, we obtain the mass
conservation
/ ¢ (x,t)dx =/ G (x,t)dx = 0. (2.6)
Q Q

We now derive the energy dissipation law for MPFC model (2.2) and (2.3), for
which the inverse Laplace operator (—A)~! and H[;rl inner product are needed. Sup-

pose f € L%(Q), we define vy € H;er ()N L%(Q) to be the unique solution to the
periodic boundary value problem

— Avg = finQ. @.7)

In this case, we define vy := (—A)~! f. Suppose that f, g € L%(Q), then we define
H > inner product and norm

per
(f.8)-1:=NVvp, Vug), Nfll-1:=v(fi - (2.8)

Note that, via integration by parts, we have the following identity
(fo-1= (07 rg) = (a7 f) = 6 N1 (2.9)

We introduce a new variable v = ¢;. Since [, ¥ dx = [o¥;dx = 0, ie.,
Y e L%(Q) and ¥, € L%(Q), using the operator A~!, we rewrite the system (2.2)
and (2.3) as follows,

Ay, + BA Y =M<¢3+(1+A)2¢—e¢). (2.10)
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By taking the L? inner product of (2.10) with ﬁqﬁt, we obtain the following energy
dissipation law

B

—ann%l <0, (2.11)

d

where the pseudo energy £(¢, V) is defined as

& =E ! 2 2.12
(¢, V) = (¢)+WIIWII_1~ (2.12)

This means that the pseudo energy £(¢, V) of the system (2.2) and (2.3) decays in
time.

Remark I Note that in [3, 11, 25], the MPFC equation is written in another version,
namely,

B+ ¢ =MAp, B >0, (2.13)

which expresses the model as a perturbed parabolic equation. In this paper, we focus
on the version (2.2), but all numerical schemes and analysis can be also true for the
version (2.13).

3 Numerical schemes

In this section, we develop a set of time-marching schemes to solve the system (2.2)—
(2.3) by using the IEQ approach. Its essential idea is to transform the nonlinear
potential into a simple quadratic form in terms of some new variables. Such simple
way of quadratization has the following advantages: (i) the complicated nonlinear
potential is transferred to quadratic polynomial form that is much easier to handle;
(ii) the derivative of the quadratic polynomial is linear, which provides the fundamen-
tal support for linearization method; (iii) the quadratic formulation in terms of new
variables can automatically preserve the positivity ( or boundedness from below) of
the nonlinear potentials [29, 32]. To this end, we introduce two auxiliary functions as
follows,

p=A"', U=.,F(p) +B, (3.1)

where F(¢) = 4_1‘(]54 — %(]52 is a nonlinear potential, and B is a positive constant to
ensure F(¢) + B > 0, V¢ € R. In turn, the free energy functional (2.1) can be
rewritten as

. 1
E(¢.U) = / <U2 +o¢ 0+ A6 - B) dx, (3.2)
Q
and the pseudo energy (2.12) becomes

A 4 s 5
5(¢7Ua17)—E(¢,U)+2M||VP|| . (3.3)
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Now, we have a new but equivalent PDE system as follows:

Vi + By = MAu, (3.4a)
w=H@®U+ (1 + A)>¢, (3.4b)
v = ¢, (3.4¢)
U, = %H(qﬁ)q&,, (3.4d)
where
H(¢) = 19) f(p) = F'(¢). (3.4e)

VF(@) + B’

(3.4d) is an ODE system for time; thus, U does not need any boundary conditions.
Therefore, the system (3.4a)—(3.4d) form a closed PDE system for the variables ¢,
W, ¥, and U with the periodic boundary conditions and the following compatible
initial conditions,

Olie=0) = 8%, Vlu=0) =0, Uly=o) =+ F(@°) + B, (3.5)

where we simply set the initial profile of ¥ to be zero point-wise.

The new system (3.4) in terms of the new variables still follows an energy dissipa-
tive law. By applying the inverse Laplace operator A~! to (3.4a), taking the L? inner
product of it with %, of (3.4b) with ¢,, using (3.4c) and (3.4d), and summing them
up, we can obtain the following energy dissipation law of the new system (3.4) as

B

—71VpI? <0. (3.6)

d

5, £@.U.p)=
Remark 2 We note that the transformed system (3.4) is equivalent with the original
system (2.2)—(2.3). The energy (3.3) and its dissipation law (3.6) for the transformed
system are equivalent with the original energy (2.12) and dissipation law (2.11).
Therefore, in the following sections, we will propose numerical approximation for
the transformed system (3.4) and show the numerical schemes preserve the properties
of mass conservation and energy dissipations, accordingly.

Remark 3 For the nonlinear potential F'(¢) = %¢4 - %q&z, by taking B = %, we
can obtain f(¢) = ¢> — e¢p, U = 3(¢> — €) and H(¢) = 2¢.

We now develop time-marching numerical schemes to solve the new system (3.4).
The proof of the unconditional energy stability of the schemes follows the similar
lines as in the derivation of the energy law (3.6). Let §¢ > 0 denote the time step size
and set 1" = nét for 0 < n < N7 with the final time T = N7 8¢, and u” denote the
numerical approximation of u(¢").

3.1 The first-order scheme

We first develop a first-order scheme derived by the backward Euler method.
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Scheme 1 Assuming that (¢", ", U™) are already calculated with n > 0, we then
update (¢"t1, ¢+ U1y as follows,

want_ y" + Byt = MAE, (3.7a)
W= H@MU™ 4 (1+ AP, (3.7b)
i o — 9" (3.7¢)
ot
yntl _yn — %H(q&")(cf)"“ — "), (3.7d)
where n
HG" = %. (3.8)

Since the nonlinear coefficient H (¢) of the new variable U is treated explicitly,
we can rewrite the equations (3.7¢) and (3.7d) as follows:

1

Ut = SH@"¢" e, (3.9)
1

prl= g e, (3.10)

where g} = U" — %H(d)")gb", g = —%. Thus (3.7a) and (3.7b) can be rewritten
as the following linear system:

a*¢" T = MAP T + g, (3.11)
wt = Pi@" T + g, (3.12)

* : + B :
o == —,
8t 8t

Pi¢"th = %H(¢")H(¢”)¢"+‘ + (1 + A2,

where

(3.13)
1
n __ _k_ n g
g =H@"gl.
Therefore, we can solve ¢"*! and p/*! directly from (3.11) and (3.12). Once we

obtain ¢" !, U"*! and "+ are automatically given in (3.9)—(3.10). Furthermore,
we notice

1
(Pi(®), V) = 5(H(¢>">¢, H@"Y) + ((1+ Mg, (1 + A)y), (3.14)

if ¢ enjoys the same boundary condition as ¢. Therefore, the linear operator Pj(-) is
symmetric (self-adjoint). Moreover, for any ¢ with fQ ¢ dx = 0, we have

1 n 2 2
(P1(9), 9) = §||H(¢ )Pl” + 1I(1 + A)olI” = 0, (3.15)

where “=" is valid if and only if ¢ = 0.
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We first show the well-posedness of the linear system (3.7) (or (3.11)—(3.12)) as
follows.

Theorem 1 The linear system (3.11)—(3.12) is uniquely solvable, and the linear
operator is symmetric positive definite.

Proof From (3.7a), by taking the L? inner product with 1 and notice fQ vOdx =0,

we derive
1 n+1 1/ n
— dx = — dx = 0. 3.16
((St—i—ﬂ)/gw = Qlﬂ x (3.16)
From (3.7¢c), we have
/qs”“dx:f ¢”dx=~-~=/ ¢ dx. (3.17)
Q Q Q

Let Vy = ﬁ Jo ¢ dx, and we define

¢’;Il+l — ¢n+l _ V¢ (318)

Thus, from (3.11)=(3.12), (¢" !, u"*1) are the solutions for the following equations
with unknowns (¢, w),

a*p = MAw + [, (3.19)
w = Pi($)+g", (3.20)

where f" = gt —a*Vy, [ f"dx =0, g" = g}, [o#dx = 0. Applying —A~! to
(3.19) and using (3.20), we obtain

—a*A'p+ MP(¢p) = —Mg" — AL (3.21)
Let us express the above linear system (3.21) as A¢ = b.

i. For any ¢; and ¢, in H*(Q) with the periodic boundary condition and
Jo®1dx = [o ¢2dx = 0, using integration by parts, we derive

(A1), #2) = — " (A7 1, 62) + M(P1($1), $2)
=1 (IVAT'$11IVA™ g2l + A1 1A

HIVeLlIIV2ll + ligrll ||¢2||>

<Cllg1ll2lip2ll2.

Therefore, the bilinear form (A(~), ) is bounded.
ii. Forany ¢ in H%(), it is easy to derive that,

(3.22)

M
(A(g), ) = a*llplI2, + 7||H(¢”)¢||2 + M|(1+ M)l = Csllgl3, (3.23)

for [, ¢ dx = 0 from Poincaré’s inequality. Thus, the bilinear form (A(), ) is
coercive. Here, C; > 0, Cp > 0, and C3 > 0 are constants.
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Then, the well-posedness of the linear system A¢ = b in the weak sense comes
from the Lax—Milgram theorem, i.e., the linear system (3.21) admits a unique weak
solution in HZ(R).

For any ¢ and ¢, with [, ¢1dx = 0 and [, ¢ dx = 0, we can easily derive

(A@1), 92) = (1, Ae2)). (3.24)
Thus, A is self-adjoint. Meanwhile, the positive definiteness of A follows from
coercivity in (3.23). Therefore, the operator A is symmetric positive definite. O

Theorem 2 The scheme (3.7) (or (3.11)—(3.12)) is unconditionally energy stable,
that is, it satisfies the following discrete energy dissipation law

n+1 n 2
By —Ely < —EHVan H <0, (3.25)
ot M -
where
Eiy = UI* + —Il(l + Mgl + IIVPII — B|Q|. (3.26)

Proof Firstly, we combine (3.7a) and (3.7b) together and apply the A~! to obtain

1

I | n+l _ n ﬁ -1 n+1 _ nyyrn+l 2 n+1
A (! = ")+ AT = H@MUT 4 (14 A (327)

M

Secondly, by taking the L? inner product of (3.27) with ¢"*! — ¢", and applying
the following identities

2a—b,a)=a’>—b>+(a—b)* 2a—bb)=a>—b>—(a—b)> (3.28)

we obtain

ﬁ (A—l (wn-ﬁ—l N I/fn) o ¢n) n % (A—lwn+l,¢n+1 _¢n>
_ (H(¢n)Un+l’¢n+l _¢n> + % (Il(l + A2 (3.29)
—l1(1 + 208" 2 + (1 + A)@" ! = ¢M)2).

Thirdly, by taking the L? inner product of (3.7d) with 2U"+!, we obtain

(U = U R 4 U = o2 = (Hgh (67 - 97) U (3.30)

Fourthly, define p"+! = A=1y"*+1 By subtracting with the nth step, we obtain

A(pn+l _ pn) — Iﬂ’H—l _ Iﬂn. (331)

@ Springer



1560 Q.Lietal.

From (3.7c) and (3.31), we derive

&LM (Afl (wn+1 . wn) M — ¢n> _ % <pn+1 — W"H>
_ % <pn+1 o Apn+1)> (3.32)
= o (9P 1V VG - ),
and
% (A—lwn+l’¢n+l _ ¢n> _ %(pn+l’ Yy = %(pnﬂ’ Ap")
- _%uvp"“nz. (3.33)

Finally, by combining (3.29), (3.30), (3.32), and (3.33), we obtain
1
U2 = Ui+ 5 (10 + 29" = 1L+ )¢ 1)

1
+ = (IVp™ I = 1V 12)

2M
1
+ U= UM+ S+ AT - ")
1 5tp
— IV n+l _ _nyj2 — My n+1 2’ 3.34
t oIV POl Vel (3.34)
that concludes the result (3.25) after dropping some positive terms. O

3.2 The Crank-Nicolson scheme
A second-order scheme, based on the Crank—Nicolson method, reads as follows.

Scheme 2 Assuming that (qb"’l, w”’l, U1 and (¢", ¥, U") are already
calculated with n > 1, we then update (¢" !, ¢+, U"*1!) as follows,

wnJrl _ wn wn+] + wn

= ny _ — MA™?, (3.35a)
) Un+1 un n+1 n
Mn+% _ HLn+I—+ +0+ A)Z%, (3.35b)
n+1 n n+l _ 4n
LA A ¢ ’ (3.35¢)
2 &t
| -
yrtl _pn — EH',HH((;,"H — oM, (3.35d)
where
+.n+1 3 1
HT’"_H _ f(¢ ) ’ ¢’r,n+1 — _¢n _ _¢n—1. (3.36)
[F(@Tn+1) + B 2 2
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We can rewrite the equations (3.35¢) and (3.35d) as follows,

1

Un+1 — EI{'(’,l’l-‘rlqbl’l-‘rl + hn’ (337)
2

Yt = E¢"+1 + hZ, (3.38)

where A" = (U" — YHT" ") ht = —Z¢" — y". Thus, (3.35a) and (3.35b) can
be rewritten as the following linear system

af "t = MApT 4 7, (3.39)
Wt = Py(¢mt) + (3.40)

1 B\ 2
(L B2
¢ _<3t+2)5t’

P2(¢n+1) — %HT,H+1HT,H+1¢H+1 + %(1 + A)2¢n+1,

n_ _ l B 1 é n
hs = <8t+2)h2+<8t 2)‘”’

1 1
hi = Emn“h'f + EHTU" + 5(1 + A)?m

where

(3.41)

Actually, we can solve ¢"+1 and u"“ directly from (3.39) and (3.40). Once we
obtain ¢"*1, U"*+! and " +! are automatically given in (3.37)—(3.38). Furthermore,
we notice

1
(P(), ¥) = (HT "o, By + S+ 8¢, A+ 2)y),  (42)

if ¢ enjoys the same boundary condition as ¢. Therefore, the linear operator P (-) is
symmetric (self-adjoint). Moreover, for any ¢ with fQ ¢ dx = 0, we have

1 1
(P2(9), ¢) = Z||bﬂ’"“¢||2 + 30+ A)p|* = 0, (3.43)
where “=" is valid if and only if ¢ = 0.

Theorem 3 The scheme (3.35a)—(3.35d) (or (3.39)—(3.40)) is unconditionally energy
stable satisfying the following discrete energy dissipation law

51 V(p
1
E = Bty = —=- |~ <o, (3.44)
where
Ecpp = IUN* + —||(1 + Aol + IIVPII — B|S2]. (3.45)
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1562 Q.Lietal.

Proof Firstly, we combine (3.35a) and (3.35b) together and apply the A~! to obtain

1 B urtt 4 un
A_l n+l _ n A_l n+1 ny\ _ HT,n-H
StM (w v ) oM (‘/’ v ) 2
n+1 n
+ a4+ A)2¥. (3.46)

Secondly, by taking the L? inner product of (3.46) with ¢"+! — ¢, we obtain

1

StM (A_l (wn+1 - 1#") L ¢n> + B (A—l (I/,n-‘rl + wn) L — ¢”>

2M
Un+] Ly 1
= (HTT, ¢! - ¢") +5 (10 + 2™ 12 = 11+ 2)¢" 1)
(3.47)
Thirdly, by taking the L? inner product of (3.35d) with U"+! 4+ U™, we obtain

1
o2 — o )i? = (EHT'”H (¢"“ - ¢") LUty U") : (3.48)

From (3.35¢) and (3.31), we derive

1 (A—l (wn+1 _ ,wn) P! _¢n> _ 1 <pn+1 — 4 wn)

StM Y
1 n+1 n n+1 n ) 1 ( n+12 n 2)
=— -p A =—— (Vv — ||V
(P =P A 4 ) = = (IVPE = 19 E).
(3.49)
and
ﬁ (A_l (wn+l + wn) ’¢n+1 _¢n) — % <pn+1 + pn’ wn+1 + wn)
2M aM (3.50)
8t'3 n+1 n n+1 n ) St:B H V(P"H + Pn) ‘2 ’
= — A = -\
] (P +p" AP +pY) v >
Finally, by combining (3.47), (3.48), (3.49), and (3.50), we obtain
1
IO = 071+ 5 (0 4+ 20" = [+ 2)" 1)
(3.51)
1 n+l)2 2 8t V(p"t' + p") 2
s (1971 197) = 4| L
+ 557 (VPP = 19p"1?) = == .
that implies the desired result (3.44). O]

3.3 The BDF2 scheme

We also can easily develop an alternative version of second-order scheme based on
the Adams—Bashforth backward differentiation formulas (BDF2).
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Efficient numerical schemes with unconditional energy stabilities... 1563

Scheme 3 Assuming that (d)"‘l, w”_l, U1 and (@", ¥", U") are already
calculated with n > 1, we then update (¢"*!, ¢+, U"+1) as follows:

3¢n+1 _ 4¢n + 1}0nfl

261 + By = MAE, (3.52a)
Mn+l — grntipgntl +(1+ A)2¢”+l’ (3.52b)
a3 —dgr g
n+l _

¥ , (3.52¢)

26t
1
3Un+1 —4U" + Un—l — EH*JH—I (3¢n+1 _ 4¢n +¢ﬂ—1> , (3.52d)

where

H*,n+1 — f(¢*’n+1)

We can rewrite the equations (3.52¢) and (3.52d) as follows:

¢*,n+l — 2¢n _ ¢n—1. (353)

1
Ut = SHM T 4 g, (3.54)
3
n+1 _ = n+1 n 3.55
w 25[’ ¢ + QZ ) ( )
where ¢! = U* — %H**"“d:i, qy = —%d)i with §* = % for any variable

S. Thus, (3.52a) and (3.54)—(3.55) can be rewritten as the following linear system
a*¢"t = MART + gt (3.56)
pt = Py@" + 44, (3.57)

. 3 3
o —(ﬁ”)@’

1
P3(¢n+l) — EH*,)’L+1H*,H+1¢H+1 + (1 + A)2¢n+1’

where

(3.58)

26t 25t
qz — H*,n—&-lqil.

n 3 n 3
q3 =_<_+,3>512+_1/fi7

Therefore, we can solve ¢! and p*! directly from (3.56) and (3.57). Once we
obtain ¢"*!, U™ and ¥"*! are automatically given in (3.58). Furthermore, we
notice

1
(Ps(9), ¥) = E(H*’"“dh H*"My) + (14 Ao, (14 A)y), (3.59)

if ¢ enjoys the same boundary condition as ¢. Therefore, the linear operator P3(-) is
symmetric (self-adjoint). Moreover, for any ¢ with fQ ¢ dx = 0, we have

1
(Ps(¢), ¢) = EIIH*’”“¢||2 + 11+ A)pl* > 0, (3.60)

where “=" is valid if and only if ¢ = 0.
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Theorem 4 The scheme (3.52a)—(3.52d) (or (3.56)—(3.57)) is unconditionally energy
stable satisfying the following discrete energy dissipation law

StB

Eptts" — Eppy' < —ﬁllvp"“ll2 <0, (3.61)
where
witn  NUTHZ 20+ — U2
Ebdf2 = )

LI+ A" T2 +11(1+ A) 2"+ — ¢m)||?

T3 5 (3.62)
1 (IVp" 2+ 2vprtt — vpr |2
M ( 5 — B|Q].

Proof Firstly, we combine (3.52a) and (3.52b) together and apply the A~ to obtain
1 Al (31//n+1 — 4y 4 wn—l)+£A—lwn+l — By (1 A2
28tM

M
(3.63)
Secondly, by taking the L? inner product of (3.63) with 3¢"+! —4¢" 4 ¢"~!, and
applying the following identity

(Ba—4b+c,2a) =a*> —b*+ (2a —b)* — (2b—c)*> + (@ —2b+ )%, (3.64)

we obtain

(A—l (Swn+1 4y + wn—l) 3" — 4g” +¢n_1>

25tM
B (=1 n+l nantl no an—1
e N A
— (H*,)H»]U}H»]’ 3¢n+1 _4¢n +¢Vl*1> (365)

1
+ 5 (I + 2™ 12 = 11+ 2)¢" I + 111+ 2)28™ ! =9
— 10+ 229" =" DI+ 11+ A)@" ! = 26" + " D).
Thirdly, by taking the L? inner product of (3.52d) with 2U"*+!, we obtain
[ e 1A R T VA R I A
+urtt —2u" + U (3.66)
— (H*,n+l (3¢n+l _ 4¢n +¢n—l> Un+l)'

Fourthly, define p"t! = A~ly"*! By subtracting with the nth and (n — 1)th
step, we obtain

A(3Pn+1 _ 4pn + pn—l) — 3wn+1 _ 41/fn + wn—l. (367)
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From (3.52¢) and (3.67), we derive

1
20tM

(A*l (3¢n+1 — 4y + wVIfl) 7 3¢n+1 _4g" + 1&"71)

1 1
=+ (3pn+1 —aph 4 L, 1//n+1> = (3pn+1 —aph 4 L, Apn+1>
1 —_—
=— s (IVP™ 2 = 19" 12 4 129 p™ = Vp" | = 29" = V|
+ IV —2p" = pr ),
(3.68)
and
% (A—lwn+l7 3¢n+1 — 4¢" +¢n—l)

(3.69)

2018 (i n+1> 25[13( nt1 1 2018 12
_ ’ _ CAptT ) __ v it 2.
M (p v M p P M Ve I

Finally, by combining (3.65), (3.66), (3.68), and (3.69), we obtain
U2 = U ? + 2o - ot - 2ot - ot
+ %(n(l + )" — (1 + A)" |2 + 11+ A) 29" —¢")|?
— 10+ 2)2¢" = 9" D)

1 -
+ 55 (1P = 19" 12 + 1V @p™! = p)I2 = IV @p" = " HI?)

1
+ ot -2 + U2 + S+ A)@"T —2¢" + 4" H|?

1 _
+ muvw”“ —2p" — p"hH|?

_ 2B ntl2
= —VHVP I,
(3.70)

which implies the result (3.61) after dropping some positive terms. O

Remark 4 Note that the energy E;» in (3.45) coincides with E1g; in (3.26). In addi-
tion, we emphasize the discrete energy of the Crank—Nicolson scheme strictly follows
the PDE energy law (3.6) (i.e., “=" instead of “<”).

Remark 5 Similar to the first-order scheme (3.7) (or (3.11)—(3.12)), we can show
the linear system (3.35) (or (3.39)—(3.40)) and (3.52) (or (3.56)—(3.57)) are symmet-
ric and positive definite; thus, their well-posedness is available as well. The proof
follows in a similar manner as that of Theorem 1. We omit the details for brevity.

Remark 6 The linear systems (3.7), (3.35), and (3.52) are symmetric and positive def-

inite; thus, a fast solver such as the preconditioned conjugate gradient (PCG) method
can be used to solve the systems.
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Remark 7 Both of the second-order schemes (3.35) and (3.52) couple three time
levels and (¢"T!, ¥"*!, U"*1) can be updated repeatedly by the recurrence relation
once the initial values (¢°, ¥, U®) and (¢!, ¥', U'") have been computed. Here,
(@°, O, U) is determined by the initial conditions. In order to obtain the second-
order time accuracy of the main scheme, we first compute (¢~>1 , 1}1 , U 1) by the first-
order scheme (3.7), then use the following corrector scheme to obtain (qb1 , 1//1 , U,

y'—y0 1/f1+1/f0

4+ p — MAu?, (3.71a)
. Ul U() 1 0
M% — gl —; +(1+ A)2¢ —;¢ (3.71b)
1 0 1_ 40

vy _ 9 —¢ , (3.71¢)

2 ot

1 .
ul-u® = EH“(qs1 —¢9), (3.71d)

where .

gl — f@™") ¢1,1 _ (]31. (3.72)

VE@*D+B

4 Fourier spectral fully discrete scheme and implementation

Generally, our time-marching schemes can carry over to any spatial discretization
(e.g., finite difference [1, 25], finite element [11, 15], radial basis function [7] meth-
ods) as long as the spatial discretization provides the desired tolerance. In this paper,
we assume the periodic boundary condition and focus on time discretization. There-
fore, we use the Fourier spectral method for the spatial discretization and the fast
Fourier transform (FFT) is applied for all numerical simulations to solve the MPFC
equation with the periodic boundary condition.

For brevity, we only consider the two-dimensional fully discrete Crank—Nicolson
schemes in this section. Other fully discrete schemes in one-dimensional or three-
dimensional cases are constructed analogously. Let Ny and N, be two positive even
integers. The spatial domain 2 = [ay, b1] X [a2, b2] is uniformly partitioned with
mesh size hy = (b1 — a1)/Nx, hy = (by —az)/Ny and
th{(xi,yj)|x,~ =a)+ihy, yj=ax+ jhy, 0<i <Ny -1, 0<j<N,— 1}.

4.1)
Let V; = {u|u = {u;j|(xi, y;) € Q}} be the space of grid functions on €. The
time semi-discrete solution u” (x, y) can be approximated by
Ny/2—1 Ny/2-1
W (x, y) A u’}v(x, y) = Z Z ﬁlr(tleiékxﬂmy’ 4.2)

k=—Ny/21=—N,/2

where i = +/—1, iy, are the Fourier coefficient of u", & = 2mk/(by — ay),
m = 2nl/(by —az), k = —Ny/2,...,Ny/2—1,and ] = —N,/2,...,Ny/2 — 1.
Then, based on the scheme (3.35), the fully discrete Crank—Nicolson scheme reads:
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Assuming that (d);’vfl, 1//1'\’,71, U]'\’fl) and (¢}, ¥y, Uy) are already calculated with
n > 1, we then update (¢"N+l, w;i,"'l, U ,'f,“) as follows:

1’thrl _ wn 1//n+1 + 1//n 1l
M pt N = MAyuy (4.3a)
1 Un+l +ur n+1 + o
M’[lv+2 — H["\';n-f‘l N 5 N + (1 + AN)2¢N 5 ¢N , (43b)
Vi TR _ " —dh (4.3¢)
2 8t ' '
1
Ut —upy = EH}V’”“@;'V“ — o), (4.3d)
where
f.n+1
+,n+1 f(d)N ) T,n+1 3 1 —1
I s W S e
F(¢y ")+ B
Here, the discrete Laplace operator Ay is defined as
Ay == Fy' (=A) Fy, 4.5)

where (A)e; = €2 +n?, (k = —=Ny/2,...,Ne/2 — 1,1 = —=Ny/2,...,Ny/2 —
1), Fu is the discrete Fourier transform, and .7-'];1 is the discrete inverse Fourier
transform.
Using (3.37)—(3.41), we obtain
a i — MAy (Pz(qs;:,“)) — RHS, (4.6)
where RH S is approximation of M Ah)y + h7.
In this paper, the preconditioned conjugate gradient (PCG) method is used to

solve the system (4.6) and we use the following preconditioner P to accelerate the
convergence speed of the PCG algorithm,

l————— 1
Pi=a'1 —MAy <ZHT»H+1HT»"+1 + 5(1 + AN)Z) , 4.7

where [ is the identity matrix, and () is the average value of (-).

Remark 8 For the first-order scheme and the BDF2 scheme, we use the following
preconditioners P* and P*, respectively,

!l
P* = o] — MAy (EH(Q)”N)H((#”N) + A+ AN)2> ,

P*

[ —
Ol*] - MAN (EH*'”+1H*"1+1 + (1 + AN)z) . (48)
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5 Numerical experiments

We now present various 2D and 3D numerical simulations for the MPFC equation
to demonstrate the accuracy, stability, and efficiency of the proposed schemes. The
stopping criterion for the PCG iteration is that a relative residual is less than a rol =
10~!2 unless mentioned otherwise.

5.1 Temporal accuracy test

We test the convergence rates of the three proposed schemes, the first-order scheme
(3.7) (denoted by LS1), the second-order Crank—Nicolson scheme (3.35) (denoted
by CN2), and the second-order BDF2 scheme (3.52) (denoted by BDF2). The
parameters are € = 0.025, 8 =0.9, M = 1.

We perform two numerical simulations to test the accuracy. In the first example,
we choose the suitable forcing term such that the exact solution is given by

N = sin(2L 2y cos(t 5.1)
P(x,y, 1) = s1n(64x)cos(64x)cos( ). 5.

The computational domain is set to be 2 = [0, 128]%. We use 2562 Fourier modes so
that the errors from the spatial discretization are negligible compared with the time
discretization errors. In Table 1, we list the L2 errors of the phase variable between
the numerical solution and the exact solution at 7 = 20 with different time step sizes.

In the second example, we perform the mesh refinement test of the time step size
with the following initial condition

0 _ _ 2r(x —12)\ . [27n(y—1)
¢ (x,y) = 0.07 — 0.02 cos (—32 ) sin (—32 )

+0.02 cos® —n(x +10) cos? —n(y +3)
32 32

. drx\ . 4 (y — 6)
—0.01sin? [ — 2 =——=). 2
0.01 sin ( o )sm ( 7 ) (5.2)

Table 1 The L? errors at T = 20 for the phase variable ¢ that are computed by LS1, CN2, and BDF2
schemes using different temporal resolutions

ot LS1 Order CN2 Order BDF2 Order
0.2000 2.5442e—01 - 3.9077e—03 - 4.8011e—03 -
0.1000 1.4257e—01 0.84 9.3243e—04 2.07 2.3359e—03 1.04
0.0500 7.5271e—02 0.92 2.3055e—04 2.02 7.4908e—04 1.64
0.0200 3.1074e—02 0.97 3.6812e—05 2.00 1.3622e—04 1.86
0.0100 1.5698e—02 0.99 9.2042e—06 2.00 3.5430e—05 1.94
0.0050 7.8896e—03 0.99 2.3019e—06 2.00 9.0297e—06 1.97

The exact solution is given in (5.1) with parameters € = 0.025, § = 0.9, and M = 1 and 2562 Fourier
modes for space
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The computational domain is set to be 2 = [0, 32]%. We use 1282 Fourier modes
and choose the approximate solution obtained by using CN2 with a small time step
size §t = 0.001 as the benchmark solution (approximately the exact solution) for
computing errors. In Table 2, we list the L? errors of the phase variable between the
numerical solution and the benchmark solution at 7 = 20 with different time step
sizes.

From Tables 1 and 2, we can observe that all schemes give desired orders of
accuracy in time. LS1 is first-order accurate in time, while CN2 and BDF2 are
second-order accurate in time. CN2 and BDF2 give much better accuracy than LS1.
CN2 performs slightly better than BDF2 when using the same time step.

5.2 Comparison with convex splitting schemes

Below, we make a comparison between our schemes proposed in this paper with
two kinds of convex splitting schemes proposed in [1] and [17]. The first- and
second-order convex splitting schemes in [1] are denoted by CSpr1 and CSpF2,
respectively. And the new first- and second-order convex splitting schemes in [17] are
denoted by CSpr1 and CSpr2, respectively. Both kinds of convex splitting schemes
are nonlinear, and need to be solved by Newton’s iteration at each time step. Here,
the biconjugate gradients (BICG) method is used to solve linear systems due to
the absence of symmetric positive definite properties. The stopping criterion for the
BICG iteration is that the relative residual norm is less than rol = 10~88¢. Readers
can refer to [1] and [17] for more details on the implementation of these schemes.

Firstly, we choose the initial data (5.2) to compare the accuracy of the numerical
schemes. Figure 1 shows the L? errors using the mesh refinement at 7 = 20 and
T = 50 with different time step sizes. It is observed that all schemes of CSpr1,
CSpr2,CSpr1,CSpr2, LS1, CN2, and BDF2 give the desired order of accuracy in
time. It is noteworthy that the error curves of CSpr1 and LS1, and CSpr2 and CN2
almost overlap, and the accuracy of CSpr and our schemes are better than that of
CSpr when using the same time step.

Table 2 The L? errors at T = 20 for the phase variable ¢ that are computed by LS1, CN2, and BDF2
schemes using different temporal resolutions

ot LS1 Order CN2 Order BDF2 Order
4.0000 3.6931e—03 - 2.5094e—04 - 9.0028e—04 -
2.0000 1.9249¢—03 0.94 6.3159¢e—05 1.99 2.2297e—04 2.01
1.0000 9.8280e—04 0.97 1.5181e—05 2.06 5.4456e—05 2.03
0.5000 4.9660e—04 0.98 3.6378e—06 2.06 1.3341e—05 2.03
0.2500 2.4961e—04 0.99 8.7965e—07 2.05 3.2867e—06 2.02
0.1250 1.2514e—04 1.00 2.1579e—07 2.03 8.1372e—07 2.01

Using the approximate solution obtained by the scheme CN2 with a small time step size 6z = 0.001 as the
benchmark solution to calculate the L? errors with parameters € = 0.025, 8 = 0.9, and M = 1 and 1282
Fourier modes for space
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Fig.1 The L? errors at T = 20 and T = 50 for the phase variable ¢ with different temporal resolutions.
Using the approximate solution obtained by the time step size 6t = 0.001 as the benchmark solution to
calculate the L? Fourier modes for space

Secondly, Table 3 lists the average number of iterations (N-iter) and the average
number of solving linear system (N-sol) at each time step and CPU time (in seconds)
of schemes CSprl, CSpr2, CSprl, CSpr2, LS1, CN2, and BDF2 with different
time step sizes. It can be observed clearly that the convex splitting schemes CSp r and
CSpF require more CPU time than linear schemes LS1, CN2, and BDF2. The reason
is that the nonlinear schemes CSpr and CSpr require Newton’s iteration method
to solve nonlinear systems at each time step. So these schemes need to solve more
linear systems and therefore require more CPU time. In addition, the linear systems
corresponding to linear schemes LS1, CN2, and BDF2 are symmetric positive defi-
nite; therefore, the PCG method is very efficient and requires less CPU time. Among
the three linear schemes, BDF2 requires the least CPU time.

5.3 Energy stability test

In this subsection, we choose the smooth initial data (5.2) to demonstrate the energy
stability of proposed schemes. The parameters are ¢ = 0.025, M = 1, T = 100, and
Q = [0, 32]%. We use 1282 Fourier modes for spatial discretization.

In Fig. 2, we plot the evolution of energy E defined in (2.1), pseudo energy &
defined in (2.12), and modified discrete energies Ey; defined in (3.26), E ;7 defined
in (3.45), and Ep4¢2 defined in (3.62), which are calculated by LS1, CN2, and BDF2,
respectively, where § = 0.01 and §r = 0.01. The pseudo energy £ and modified
discrete energies E1yr, Ecn2, and Epqrp are non-increasing in time, while energy E
may increase in time on some time intervals. In addition, the pseudo energy £ are
nearly identical to the modified energies E1;, Ecy2, and Epg 2. The above numerical
results are consistent with Fig. 2 in [1] and Fig. 5 in [16].

In Fig. 3, we plot the evolution of the discrete energies E1sr, Ecp2, and Epgr2 with
different time step sizes of §r+ = 0.01, 0.1, 1, 2,5, 10, 20, 25 using the schemes LS1,
CN2, and BDF2, respectively, where 8 = 2. We observe that all the energies decay
in time, which confirms that the proposed schemes are unconditionally energy stable,
as predicted by Theorems 2, 3, and 4. Since schemes LS1, CN2, and BDF2 provide
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o 20 40 60 80 100 0 20 40 60 80 100 "o 20 40 60 80 100
Time Time Time

(a) LS1 (b)ch (C) BDF2

Fig. 2 Evolution of energy E defined in (2.1), pseudo energy £ defined in (2.12), and modified discrete
energies Eg defined in (3.26), E¢y2 defined in (3.45), and Epgp2 defined in (3.62) with parameters f =
0.01 and 8¢ = 0.01

similar numerical results, without loss of generality, we only use scheme CN2 in the
following discussion.

Figure 4 shows the evolution of the energy E, pseudo energy £, and discrete
energy E.,» with § = 10, B8 = 1, and B8 = 0.05, respectively, where 6 = 0.01.
When g is large (8 = 10, high damping case), the MPFC model behaves like the PFC
model and £ is nearly identical to E. On the other hand, when 8 is small (8 = 0.05,
low damping case), £ differs from E and, in particular, E shows an oscillatory behav-
ior unlike the case with 8 = 10. The above numerical results are consistent with the
results in [17].

5.4 Phase transition behaviorsin 2D and 3D

In this subsection, we use an alternative version of MPFC equation in the form of
(2.13). With the computational domain of [0, 32]?, and the initial data d)o = q_ﬁ +rand,
where rand is uniformly distributed random number between —0.01 and 0.01 at the
grid points, we use 1282 Fourier modes to discretize the 2D space. The time step is
8t = 0.005. The parameters are € = 0.2, M = 1, B = 0.1, and T = 1000. The
scheme CN2 is used to examine the evolution from a random non-equilibrium state
to a steady state.

Figure 5 presents the evolution of the phase transition behavior with ¢ = 0.01,
¢ = 0.2, and ¢ = 0.4, which verify that the proposed scheme CN2 does lead to the

E 8t = 25 —-0t =25
268 2634578 F=——| 5 268 et =20
8t =10
3 \\2.634576 R | et s
{ ot =2 IS
%266 \\ 50 st=1 2266
g \ - ot=01 g
IS —at = 0.01 &
264 264
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Time Time Time
(a) LSl (b) CN2 (C) BDF2

Fig.3 Evolution of the energy with different time step size of §t = 0.01, 0.1, 1, 2,5, 10, 20, 25 using the
schemes LS1, CN2, and BDF2, respectively, where § = 2
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265 2.64
2.64
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Fig. 4 Evolution of the energy E, pseudo energy £ and discrete energy E.,2 with § = 10, 1 and 0.05
using the scheme CN2, where §t = 0.01

expected states in the phase diagram in [11]. With different values of ¢, we obtain
different patterns, such as stripes (Fig. 5a), stripes+triangles (Fig. 5b), and triangles
(Fig. 5¢). All of the numerical results are consistent with the phase diagram in [11].
In addition, Fig. 6 shows the evolution of the energy E,» for phase transition with

.‘~'.P!
' ,*).'.\

‘,_'.Of

"',"Q- ¥
na*.,,k.‘f
[ X F FF * .
p . ~—/
..A' L/
Frw. "5

(c) ¢ =04.

Fig. 5 The evolution of the phase transition behavior in 2D with ¢ = 0.01, $ = 0.2 and ¢ = 0.4.
Snapshots of the numerical approximation of the density field ¢ are taken at + = 10, 30, 50, 1000. The
computational domain is [0, 32)2. The parameters are € = 0.2, M =1, 5 = 0.1, T = 1000. 1282 Fourier
modes are used to discretize the space. The time step is §z = 0.005
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Fig.6 Evolution of the energy E,» for phase transition in 2D

o

¢ = 001, ¢ = 0.2, and ¢ = 0.4. We observe that the energies decrease at all
times, which, again, provides numerical evidence for the proposed scheme being
unconditionally energy stable.

For 3D simulation, we use 643 Fourier modes to discretize the 3D space. The
time step is 8¢ = 0.02. The computational domain is [0, 50]3. The parameters are
e =05, M =1, ,5 = 0.1, and T = 3000. Figure 7 presents the steady-state
microstructure of the phase transition behavior and Fig. 8 shows the evolution of the
energy E.,, with different ¢. All of the numerical results are consistent with the
phase diagram in [3].

5.5 Crystal growth in 2D and 3D

We simulate the crystal growth in a supercooled liquid. For the 2D case, to define the
initial configuration inside the computational domain [0, 800]%, we use the following
expression to define the crystallites:

q 29
V3 V3

where x; and y; define a local system of cartesian coordinates that is oriented with the
crystallite lattice, and q_ﬁ, C, and g are constant parameters. We then define the ini-
tial configuration by setting three perfect crystallites in three small square patches of
the domain. The centers of the three small square patches are located at (350, 400),
(200, 200), and (600, 300) and the length of each square is 40. The parameters take
the values q_S = 0.285, C = 0.446, and g = 0.66. To generate crystallites with
different orientations, we define the local coordinates (x;, y;) using an affine trans-
formation of the global coordinates (x, y), which produces a rotation given by an
angle 6. Also, 6 are chosen as § = —7,0, T, respectively, to generate crystallite
lattices with different orientations.

We use 512% Fourier modes to discretize the 2D space and use relatively small
the time step 8¢+ = 0.02 for better accuracy. The other parameters take the values
€e=025M =1, 8=0.9, and T = 2000. Figure 9 shows snapshots of the numer-
ical solution at different times. We observe the growth of the crystalline phase and

¢0(x1, yw=¢+C <cos( ) cos(gx;) — 0.5 cos( yl)) , 1=1,2,3, (5.3)
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Fig.8 Evolution of the energy E,» for phase transition in 3D

the motion of well-defined crystal-liquid interfaces. The different alignment of the
crystallites causes defects and dislocations that are clearly observed in the pictures.
For the 3D case, we simulate the growth and interaction of two crystallites inside
the computational domain [0, 100]3. An initial condition is generated as follows:
qbo = 0.285 + rand, where rand is uniformly distributed random number between
—0.01 and 0.01 at the grid points. The other parameters are ¢ = 0.25, M = 1,

Fig.9 The 2D dynamical behaviors of the crystal growth in a supercooled liquid. Snapshots of the numer-
ical approximation of the density field ¢ are taken at + = 0, 100, 200, 300, 400, 500, 600, 700, 800,
900, 1000, 2000. The computational domain is [0, 128]2. The parameters are € = 0.25, M = 1, and
B = 0.9. 1282 Fourier modes are used to discretize the space. The time step is 5t = 0.02
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Fig. 10 The 3D dynamical behaviors of the crystal growth in a supercooled liquid. Snapshots of the numer-
ical approximation of the density field ¢ are taken at 1 = 0, 60, 200, 350, 500, 600, 650, 1200, 2000. The
computational domain is [0, 128]3. The parameters are € = 0.25, M =1, and § = 0.9. 1283 Fourier
modes are used to discretize the space. The time step is 6z = 0.02

B =09, and T = 2000. We use 1283 Fourier modes to discretize the 3D space and
the time step 6t = 0.02. In Fig. 10, we observe the growth of the crystalline phase
and the motion of crystal-liquid interfaces from the effects of different alignments of
crystallites.

Figure 11 shows the evolution of the energy E.,» corresponding to the solution
evolution of Fig. 9 in 2D case and Fig. 10 in 3D case, respectively. It is clearly shown
that the energy monotonically decays with respect to the time and it means that the
numerical result is energy stable.
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Fig. 11 Evolution of the energy E,» for crystal growth in a supercooled liquid in 2D and 3D

6 Conclusions

In this paper, we develop three efficient numerical schemes for the MPFC equa-
tion, which is a sixth-order nonlinear damped wave equation, by using the novel IEQ
approach. Compared to existing nonlinear schemes, the developed schemes can eas-
ily conquer the inconvenience from nonlinearities by linearizing the nonlinear cubic
term. We show that all the three schemes developed are unconditionally energy sta-
ble, and thus allow for large time steps. Moreover, the induced linear system at each
time step is proven to be symmetric positive definite so that one can implement the
Krylov subspace method with mass lumping as pre-conditioner to solve such sys-
tem effectively and efficiently. We verify numerically that our schemes are of first-
and second-order accuracy in time and present some 2D and 3D numerical results
for some benchmark simulations to demonstrate the efficiency and energy stability
of the schemes.
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