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LOCAL DISCONTINUOUS GALERKIN METHOD AND HIGH
ORDER SEMI-IMPLICIT SCHEME FOR THE PHASE FIELD
CRYSTAL EQUATION*

RUIHAN GUOT AND YAN XU*

Abstract. In this paper, we present a local discontinuous Galerkin (LDG) method and two
unconditionally energy stable schemes for the phase field crystal (PFC) equation. The semidiscrete
energy stability of the LDG method is proved first. The PFC equation is a sixth order nonlinear
partial differential equation (PDE), which leads to the severe time step restriction (At = O(Ax%)) of
explicit time discretization methods to maintain stability. Due to this, we introduce semi-implicit first
order and second order time discretization methods which are based on the convex splitting principle
of a discrete energy and prove the corresponding unconditional energy stabilities. To improve the
temporal accuracy, the spectral deferred correction (SDC) method and a high order semi-implicit
Runge-Kutta method combining with the first—order convex splitting method are adopted for the
PFC equation with constant and degenerate mobility, respectively. The equations at the implicit
time level are nonlinear and we employ an efficient nonlinear multigrid solver to solve the equations.
In particular, we show the multigrid solver has optimal complexity numerically. Numerical results
are also given to illustrate that the combination of the LDG method for spatial approximation, SDC,
and high order semi-implicit time marching methods with the multigrid solver provides an efficient
and practical approach when solving the PFC equation.
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1. Introduction. In this paper, we consider numerical methods in a bounded
domain 2 € R4(d < 3) for the phase field crystal (PFC) equation:

(1.1) ¢r =V - (M(¢)Vp),
where M(¢$) > 0 is a mobility, and p is the chemical potential defined as
(1.2) po= ¢+ (1 —€)p +2A¢ + A%¢.

Various unconditionally stable first order and second order temporal discretization
schemes coupled with finite difference methods [11, 16] and finite element methods
[10] have been developed for the PFC equation recently. Usually only second order
spatial accuracy was achieved for both finite difference and finite element methods.
The goal of this paper is to develop a local discontinuous Galerkin (LDG) method
for the general nonlinear PFC equation. Our proposed LDG scheme is high order
accurate, nonlinear stable, and flexible for arbitrary h and p adaptivity, and we also
prove the energy stability of the semidiscrete LDG scheme for the PFC equation.
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The discontinuous Galerkin (DG) method we discuss in this paper is a class of fi-
nite element methods, using discontinuous, piecewise polynomials as the solution and
test spaces. Reed and Hill [14] first developed the DG method in 1973, in the frame-
work of neutron linear transport equation. Later, Cockburn and others [3, 4, 5, 6]
applied the DG method for solving a series of nonlinear hyperbolic equations. It is
difficult to apply the DG method directly for partial differential equations (PDEs)
containing higher order spatial derivatives; therefore the LDG method was intro-
duced. The main idea of the LDG method is to rewrite the equations with higher
order derivatives as a first order system, then apply the DG method to the system,
in which choosing proper numerical fluxes is the key ingredient to ensure stability.
For a detailed description about the LDG methods for high order time-dependent
PDEs, we refer readers to the review paper [19]. A common feature of these LDG
methods is that stability can be proved for quite general nonlinear cases. DG and
LDG methods also have several attractive properties, such as their flexibility for gen-
eral geometry, unstructured meshes, arbitrary A and p adaptivity, and their excellent
parallel efficiency.

For PDEs containing higher order spatial derivatives, explicit time discretization
methods will suffer from an extremely small time step restriction for stability, but not
for accuracy. The PFC equation itself experiences long time evolution; therefore com-
putational efficiency is essential to map out the whole dynamics from initial state to
steady state. It would therefore be desirable to develop implicit or semi-implicit time
discretization techniques to alleviate this problem. The first and second order un-
conditionally energy stable finite difference schemes for PFC equation were developed
based on the convex splitting principle of a discrete energy in [16, 11]. Unfortunately,
these convex splitting schemes are only first or second order accurate in temporal ac-
curacy and second order accurate in spatial accuracy, and they are not easy to extend
to higher order accuracy in both time and space.

In this paper, we present the semi-implicit SDC method coupled with the con-
vex splitting scheme to obtain high order temporal accuracy for PFC equation with
constant mobility. For the PFC equation with degenerate mobility, the application
of the SDC method will result in fully implicit schemes, which increases the diffi-
culty of implementation. In addition, it is difficult to separate the stiff and nonstiff
components in this case, which leads to the uselessness of traditional implicit-explicit
methods. We present a high order semi-implicit Runge-Kutta scheme which was
proposed by Boscarino, Filbet, and Russo, [1] combining with the convex splitting
scheme to achieve high order temporal accuracy. Numerical experiments are given to
validate that with the proposed schemes, we can obtain high order accuracy in both
time and space.

The organization of the paper is as follows. In section 2, we review the prop-
erties of the PFC equation. In section 3, we present an LDG method for the PFC
equation and prove the semidiscrete energy stability. In section 4, we first present the
first order and second order convex splitting schemes coupled with LDG spatial dis-
cretization and prove the corresponding unconditional energy stabilities for the fully
discrete schemes. Then, the semi-implicit SDC method and a high order semi-implicit
method combining with the first order convex splitting are introduced to achieve high
order temporal accuracy for the PFC equation with constant and degenerate mobil-
ity, respectively. Section 5 contains numerical results for the nonlinear PFC equation,
which demonstrate the accuracy and capability of the LDG method, the temporal
discretization methods, and the multigrid solver. Finally, we give concluding remarks
in section 6.



LDG METHOD FOR PHASE FIELD CRYSTAL EQUATION A107

2. The PFC equation. The PFC model was recently proposed by Elder et
al. [8, 9] to study the nonequilibrium microstructure formation by introducing a free
energy functional of the local-time-averaged density field. In the PFC model, a phase
field formulation is introduced that accounts for the periodic structure of a crystal
lattice through a free energy functional of Swift—Hohenberg type [15] that is minimized
by periodic functions. The model can account for elastic and plastic deformations of
the lattice, dislocations, grain boundaries, and many other observable phenomena,
which was proposed by Provatas et al. [13] in a recent review.

We consider a dimensionless energy of the form [8, 15]

(21) Bo) = [ {604 1550 - o + 5802} am,

where Q C RY, d =2 or 3, ¢ : Q — R is the density field, and € is a constant. For
simplicity, let us assume that Q = (0, L;) x (0, L,) and that ¢ and A¢ are periodic
on 0.

The Euler-Lagrangian variation with respect to ¢ gives the chemical potential

_0E _
=% =

We consider two types of gradient dynamics on §2: (i) nonconserved dynamics,

(2.2) R 0>+ (1 — €)p + 200 + A?¢.

(2.3) ¢r = —M(9)p,

where M (¢) > 0 is a mobility, and (ii) conserved dynamics,

(2.4) ¢ =V - (M(9)Vp).

For the conserved dynamics equation, we assume that p is periodic on 02. The
gradient flow (2.4) is mass preserving and the total energy decays with respect to
time t, i.e.,

%E = /{¢3¢5t + (1= €)ooy — 2V - Vo, + ApA¢y pda
Q
= [16+ (- 00+ 200+ M0}
Q
= / uV - (M(¢)Vp)de = —/ M(¢)Vy - Vudz < 0.
Q Q

The fourth order equation (2.3) is the Swift-Hohenberg equation [15], which is
nonconserved. The PFC equation (2.4) is a conservative form of the Swift-Hohenberg
equation (2.3). What we should keep in mind is that the dynamics described by (2.3)
and (2.4) are different. In this paper, we just focus on the PFC equation and design an
LDG method and unconditionally stable time marching methods such that relatively
large time steps can be used for numerical simulations.

3. The LDG method for the PFC equation. In this subsection, we develop
an LDG method for the PFC equation in € R? with d < 3. Although we do not
address numerical experiments in three dimensions in this paper, the LDG method
and the energy stability results of this paper are valid for all d < 3.
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3.1. Notation. Let 7, denote a tessellation of 2 with shape-regular elements K.
Let I' denote the union of the boundary faces of elements K € Ty, i.e., I' = Uger, 0K,
and I'g = I'\0NQ. In order to describe the flux functions, we need to introduce some
notation. Let e be a face shared by the “left” and “right” elements K; and Kg.
For our purpose “left” and “right” can be uniquely defined for each face according
to any fixed rule; see, e.g., [19, 20] for more details of such a definition. Define the
normal vectors vy, and v on e pointing exterior to Ky, and Kg, respectively. If ¢ is
a function on K, and K g, but possibly discontinuous across e, let 11, denote (¢|x, ).
and Yp denote (¢|kp)|e, the left and right trace, respectively.

Let P*(K) be the space of polynomials of degree at most k >0 on K € T;,. The
finite element spaces are denoted by

Vi :{@; olx € PHK) VK € Th}

zd:{¢=(¢1,...,¢d)T; dilx € PRK), 1=1---d, VKeTh}.

Note that functions in Vj, Ez are allowed to be completely discontinuous across
element interfaces.

3.2. The LDG method. To construct the LDG method, first we rewrite the
PFC equation (2.4) as a system containing only first order derivatives:

(3.1a) ¢t =V - p,

(3.1b) p=M(¢)s,

(3.1c) s =V(r+2q+ q),
(3.1d) 2=V -qy,

(3.1e) q, = Vg,

(3.1f) q=V - w,

(3.1g) w = Vo,

(3.1h) r=¢+ (1 —¢€)o.

To simplify the notation, we still use ¢, p, s, q2, g1, ¢, w, and r to denote the
numerical solution. The LDG scheme to solve the system (3.1) is as follows: Find
¢, q2, q, 7 € Vp, and p, s, q;, w € Ez, such that, for all test functions ¢1, @2, @3,
w4 € Vi, and 04, 62, 03, 04 € Ez, we have

(3.2a) / Prp1dK = —/ p chldK+/ p-vpids,
K K oK
(3.2b) /p-01dK:/ M(¢)s - 0,dK,
K K
(3.2¢) / 5-02dK = —/ (r+2q+q2)V-02dK+/ (7" + 27 + q2)02- vds,
K K oK
(3.2d) / G2p2dK = —/ ql-VgonK+/ g, vads,
K K oK
(3.2¢) / q;-03dK = —/ qV-03dK+/ q0s-vds,
K K oK

(3.2f) / qpsdK = —/ w- VsdK + W- vp3ds,
K K oK
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(3.2g) /K’w-04dK = —/}(gf)V-O4dK+/aK 004 vds,
— 3 _
(3.2h) /Kr<p4dK—/K(¢ + (1 —€)p)padK.

The “hat” terms in (3.2) in the cell boundary terms from integration by parts are
the so-called numerical fluxes, which are functions defined on the edges and should be
designed based on different guiding principles for different PDEs to ensure stability
and local solvability of the intermediate variables. It turns out that we can take the
simple choices such as

(3.3)

p|e =PRr; ﬂe =TL, Z]\2|e =q2L, z]\1|e =dq1R, Zﬂe =dqL, ﬁ7|e = WR, ¢|e:¢>L.

We remark that the choice for the fluxes (3.3) is not unique. Considering the
compactness of the stencil and the optimal accuracy, the crucial part is taking 7, gz,
g, and p from opposite sides, g, and ¢ from opposite sides, and w and g from opposite
sides, w and gg from opposite sides.

3.3. Energy dissipative. It is easy to show that the LDG scheme is mass
conservative. We also can prove the semidiscrete scheme is energy stable in the
following.

PROPOSITION 3.1 (energy stability for the semidiscrete LDG scheme). The so-
lution to the LDG scheme (3.2) with the flux (3.3) satisfies the energy dissipative

d 1., 1—-€, 1,
) — ot — —ww+ = < 0.
(3.4) t/ <4¢ 5 " —w-w 54 >d:n 0

Proof. First, we take the time derivative of (3.2g) and choose the test functions
0, = —2w, —q, separately to obtain

(3.5) —2/ wt~de:2/ ¢tv-de—2/ brw- vds,
K K OK

(3.6) —/ wt-qldK:/ gtiqldK—/ ggtql-uds.
K K oK

Then we take the time derivative of (3.2f) and choose the test function ¢3 = ¢ to get

(3.7) / qqdK = —/ wy VgdK + Wy vqds.
K K oK
For other equations in scheme (3.2), we choose the test functions

Y1 =7+2q0+q2, 01 =—5, 02 =p, Y2 =—¢, O3 =w;, 3 = —2¢;, Y1 = —Py,

respectively, to get

/¢t<r+2q+q2>dK=—/p-V(r+2q+q2)dK+/ B u(r +2q + go)ds,
K K OK

_/Kp.dez—/KM(¢)s-de,
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/ s-de:—/ (r+2q+q2)V-de+/ (7 + 23+ Go)p- vds,
K K oK

—/ QngtdK:/ q1V¢tdK—/ al'V(btdS,
K K 0K

/ ql-wtdK:—/ qV~wtdK+/ qw;- vds,
K K oK

_2/ q¢tdK = 2/ 'ngbtdK—Z ﬁ)-ud)tds,
K K 0K

B /K rowth == /K(¢3 + (1~ €)¢)prdK.

Combining the above equations with (3.5)—(3.7), we find

d 1, l—e, 1,

_ / V- ((r + 24 + q2)p)dK + / (B-v(r + 20+ q2) + (F+ 25+ @o)p- v)ds
K OK

+/ V'(¢tQ1)dK—/ (a’\thV—l—al-VqSt)ds

K 0K

_/ V-(qwt)dK+/ (wy- vq + qwy-v)ds
K 0K

+ 2/KV (Srw)dK — 2/8K(<btw-l/—|—w-l/¢t)ds.

Finally, summing up (3.8) over K and noticing the fluxes in (3.3) are from the opposite
sides of 9K as well as the periodic boundary conditions, we have

d 1, l-e¢, 1, /
L (ot —S6? —w-w+ —¢? ) dK M($)s - sdK =
7 K(4¢> + 5 o° —w w+2q)d + . (¢)s - sd 0,

which implies the energy dissipative result (3.4). O

4. Time discretization. The LDG spatial discretization for the PFC equation
typically results in an ordinary differential equation (ODE). The PFC equation is
a sixth order nonlinear PDE and explicit time marching methods usually require a
severe time step (At = O(Ax®)) restriction for stability, and it itself experiences a
long time evolution from initial state to steady state, which leads to explicit methods
being nearly useless. Therefore, we will devote ourselves to exploring semi-implicit
time marching methods to relax this constraint of the time step.

4.1. First order convex splitting scheme. Wise and others [16, 11] intro-
duced an unconditionally stable finite difference scheme for the PFC equation based
on a convex splitting of the discrete energy. Based on the work in [16, 11], we ap-
ply the convex splitting method to the PFC equation coupled with the LDG spatial
discretization and obtain an unconditionally stable fully discrete scheme. The corre-
sponding convex splitting scheme is given as follows:

n+l _  n
C T =V (g,

(4.1b) P = (0" (1= " 4 200" + A%
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The LDG scheme to solve the convex splitting scheme (4.1) becomes the following:
Find ¢" 1, gt ¢+t rntl €V, and ptt, a7 gttt € B¢ such that, for
all test functions o1, pa, @3, @4 € Vj, and 64, 02, O3, 04 € Ez, we have

n+l _ g n
(4.2a) / %@MKZ —/ p"+1-Vg01dK+/ P vpds,
K K oK
(4.2b) /p"+1-01dK:/ M(¢™)s" . 0,dK,
K K
(4.2¢) / s"Th0,dK = —/ (r" T+ 2¢" 4+ ¢y TV 02d K
K K

+ / (P 423" + gyt 02- vds,
OK

(4.2d) / q§+1<p2dK:—/ q’f“-chgdK—l—/ z]\?erl'V(deS,
K K OK
(4.2¢) /q?“.egdK:—/ ¢"TIV-05dK + 7"05- vds,
K K OK
(4.2f) / " Mp3dK = —/ w" . VsdK + " vpsds,
K K oK
(4.22) /w”+1-04d1{:—/ ¢”+1V~04dK+/ 10, vds,
K K oK
(4.2h) [t = [ (@084 (- 99 ok
K K
The numerical fluxes are
p e =ppt, o=t @ e =g, @t e =aid
(4.3) e =gt @ =wit, @ = et

Next, we will prove the unconditional discrete energy stability for the fully dis-
crete LDG scheme (4.2). To simplify the notation, we use the following notation for
discretization of time variable:

At
wnJrl —w"
Sw'tt= —
¢ At
5 anrl _ anrl _ qn
! At

PROPOSITION 4.1 (energy stability for the fully discrete LDG scheme with first
order convex splitting scheme). The solution to the LDG scheme (4.2) with the flux
(4.3) satisfies the discrete energy dissipative

Ait |:/Q (%(anrl)Z _ ,wn+1 _wn+1 + i(¢n+1)4 4 %(¢n+1)2> dm:|

+/ M(¢™)s" . s dx
Q

<5 | [ (G o w50 ) aa.
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Proof. For (4.2), choosing the test functions
01 = T.TLJrl + 2qn + q;erl’ 01 _ _SnJrl7 02 _ anrl7 0y = _6t¢n+17
1
03 = 5twn+17 Y3 = 6tqn+17 04 = _Eq?-‘rlv P4 = _5t¢n+17

we get

/ 5" ("t 420" + g3 T dK = — / PPVt £ 2¢" 4 g5t dK
K K

* / P (T 4+ 2¢" + gy )ds,
0K
—/ p T s" K = —/ M(¢™)s" ! . s" 4K,
K K
/ s"Thpn TR = — / (r"*t 429" + g5V p" AR
K K
+ / 4 2g" + gyt hp" T vds,
0K

(4.4) _/ qg+15t¢n+1dK:/ q?H'V(Sth"HdK— a?H-VKSt(andS,
K K 0K

/ gt Swn K :—/ ¢V Sw T K + g Hown Tt vds,
K K oK

/qn+15tqn+1dK :_/ w”+1-V5tq”+1dK+/ '1/1\)n+1'115tqn+1d8,
K K OK

1 1 1 ~
o n+1, n+1dK:_ n+1v. n+1dK__/ n+1 n+1_ d
At/Kw 4 At/K¢ 4 At 8K¢ e
= [ e tan = = [ (@7 (1= gersen K.
K K
By (4.2f), at time level ¢, we have

(4.5) / q"p3dK = —/ w" VpzdK + w" vpsds.
K K oK

Choosing the test function p3 = —28;¢"*! in (4.5), we obtain

(4.6) -2 / ¢ " AK =2 / w" Vo ¢" T dK — 2 w" vé¢p" 1 ds.
K K oK
From (4.2g), we have
(4.7) / w" 94dK = — / ¢"V-04dK + | ¢"0, vds.
K K oK
Choosing the test function 84 = —286;w"*! and 6, = ﬁq?“ in (4.7), we obtain

(4.8a) —2/ w”-5tw”+1dK:2/ "V Sw" T K — 2 " Sw" T vds,
K K 0K

i n_n+1 _ _i n n+1 i/ n_n+1
(4.8b) At/Kw gy dK = At/K(b V-q dK+At 8K¢ q; " vds.
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Combining (4.4), (4.6), and (4.8), we get
(4.9)
/K(q"“5tq"“ —2w" - §rw"™ 4 (0" + (1= €)™ )6, 0" T dK
+/ M(¢™)s" . s" T K
K
== [V g ar [ @ o g

0K

+ (20 + @GP T v)ds +/ V- (6" g dK — ; (Oepntigi™ v
K K

~n 1
+q1+1-V(5t(bn+l)dS _ _/ AV (anrlwnJrl)dK
At [y

1 ~n
bap [ @@ g s
At Jox

+ —/ (¢"TV - w" +w" T V") dK — —/ @ w" v+ "t vg)ds
At At o

2 n._ n 2 ~n n . on, mn
—Kt/KV-(qu)dK—FAt/aK(w vo" + ¢"w" - v)ds

2 2 ~
+ = / (w" - V"t + 9"V - w" T dK — — / (@"  ve" ! + ¢ w" T v)ds.
At ), AL o

For (4.2f), we choose the test function as ¢3 = ¢™ and obtain

(4.10) / ¢"TdK = —/ w" . Vg dK —|—/ " vgtds,
K K oK

while for (4.5), we choose the test function as @3 = ¢"*! and obtain

(4.11) / q”q"“dK:—/ w"-an+1dK+/ w" vt ds.
K K oK
By substituting (4.10) and (4.11), we have

@ w" v+ "t vg)ds

(4.12) / (¢"T'V - w" +w" T V") dK —
K OK

(4i0)/ (@Y - w" — g — 7" tw" - vds
K oK

(4i1)/ V("M w™) — / (@" - vg"t + T w" - v)ds.

By the same technique as above, we have
(4.13) / (w" - V" 4+ ¢"V - w"THdK — (" - vt + (E”'w’”r1 -v)ds
K oK

:/ V- ("t w™)dK — (g/b\"ﬂ'w" v+ ve"t)ds.
K oK

Finally, summing up (4.9) over K, using (4.12)—(4.13), and noticing the fluxes in (4.3)
are from the opposite sides of 0K as well as the boundary conditions, we get
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/Q(q”“atq”“ = 20" - G+ ((6"T1)7 + (1= )" )ae" e

+/ M(¢p™)s" Tt . s"Tldx = 0.
Q
Then
/(qn+15tqn+l — 2w" -5tw”+1)dw _|_/ M(¢n)sn+l . Sn+1d.’13
Q Q

i ln+14 L—€ ni1y2 _i/ 1114 L—€ o

e L (Gt ey de - g [ (G0 g ) de
1

a7 [ (@264 20712 4 07 4 )60 = 7)) d =0

4At Jq

therefore we obtain the discrete energy stability

1 1omiiye  oondl oontl, Loniiv
x| (G et g Gy

+

1—e€
2

(6417 de|
nyn+1l  n+l
—I—/QM(QS )s s" T dax

< | [ (G e o jen s @ ae|.

Remark 4.2. The unconditional energy stability is proved. But as for the solv-
ability of the convex splitting scheme, the proof is not easy in the LDG framework.
Even though the auxiliary variables in the LDG method give the easy treatment for
nonlinear and high order derivative terms, the theoretical analysis of solvability for
the LDG is more troublesome because of the auxiliary variables. We will leave it to
our future work.

Remark 4.3. Equations (4.2) at the implicit time level are nonlinear; we will
employ a nonlinear full approximation storage (FAS) multigrid method [2] to solve
the equations.

4.2. Second-order convex splitting scheme. Hu et al. introduced a second
order convex splitting scheme for PFC equation in [11], which is given as

n+l _ g n
(4.14) % v <M (g(bn _ %(bn—l) Vun—l-l) ’

(4.15) prtt :i(én“ + ") (") + (6")?) + %w“ +0")
+3A¢" — Ap" !+ %(A%"“ + A7),

where ¢! := ¢°. The LDG method to solve the second order scheme (4.14) becomes
the following: Find ¢"+!, ¢, ¢"*+1, r"+1 € Vj, and pnt!, s"t1, g}, wnt! € ¢
such that, for all test functions @1, @2, w3, w4 € V}, and 01, 05, O3, 04 € Ei, we have

(4.16a)

(anrl - (bn n+1 ~n+1
/ T@ldKZ —/ D -V<P1dK+/ P vpids,
K K oK

3 1
. p -0 = — —_ = S <04 ,
(4.16b) / "9 dK /M( " ¢”—1> "9 dK
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1 1
(4.16¢) / s"TL0ydK = —/ (Wl +3¢" —¢" 7+ §q§+l + 5q;:) V- 0,dK
K K

1 1
+/ (?ﬂ“ +3¢" -+ s+ —6’4}) 65 vds,
oK 2 2

(4.16d) / gy pad K = —/ q’f*l-V@gdK—i—/ G vpads,
K K oK

(4.16e) / q; - 03dK = —/ "IV 03dK + 7" 05 vds,
K K oK

(4.16f) / ¢"TlsdK = —/ 'w"+1-V<p3dK—|—/ @™ vpsds,
K K oK

(4.16g) /w"+1-04dK=—/ ¢TIV 04dK + 6", vds,
K K oK

(4.16h) /Kr”“gde - /K G(as"“ + M) (") + (6™)?)
+%(¢”+1 + ¢”)) padK.

Next, we will prove the unconditional discrete energy stability for the second order
fully discrete LDG scheme (4.16).

PROPOSITION 4.4 (energy stability for the fully discrete LDG scheme with second
order convex splitting scheme). The solution to the LDG scheme (4.16) with the flux
(4.3) satisfies the discrete energy dissipative

Eh((bn—‘rlv wn—i—l’ qn+l) - Eh(¢oa 'U)O, qO) S 07

where Ep (¢, w,q) = [, (iqﬁ‘l + %QS? —w-w+ %qz) dx.
Proof. For (4.16f), choosing the test function p3 = —36;¢" ! at time level " and
03 = §;¢" 1 at time level "~ ! show that

(4.17) —3/ q”étas”“dK::s/ w"-V(Stgb"HdK—?;/ w" vé¢"tds,
K K 0K

(4.18) /q”‘15t¢”+1dK=—/ w”_l-V5t¢"+ldK+/a @" " vo" s
K K K

For (4.16d), (4.16e), taking the sum between time level t"*1 and ¢, and choosing test
functions s = —%5@”*1, 05 = %&w”*l, respectively, we have

1 1
3 [@ v aser ik = 3 [ (@t v ap) Ve ax
K K

1 ~N ~Nn n
(119) -3 | @ @) e,
1 1
5‘/ ((I?—H +q7f)-(5twn+ldK _ _5/ (qn+1 + qn)v_étwnJrldK
K K
1
(4.20) + 5/ @ +g")6w" T vds.
OK

For (4.16f), (4.16g), taking the difference between time level "*1 and ¢", and choosing
test functions

1 1 1 1
— n+1 n 0 I n+l - n n n—1
¥3 2At(q +q )a 4 At < 2q1 2q1 3'11) +w >7
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respectively, we have

1

5‘/ (5tqn+l)(qn+1 4 qn)dK
K
1
- 5/ (Grw™*1)- V(" + ¢")dK
K

(4.21) + 1/ (5t@”+1)_y(qn+l +q")ds,
2 Jox
n+1 n—1 n 1 n+1 1 n
(Spw" ™) (w" ™t = 3w™ — Zq}T! — Zq | dK
K 2 2
(4.22) = —/ (§t¢”+1)v. <w"—1 — 3w" — _q?Jrl o
K

~ 1 1
+/ (610" ) (w”l —3w" — —q}"! — —q’f) -vds.
oK 2 2
For other equations in scheme (4.16), we choose the test functions as

1 1
pr=r""13¢" —¢" '+ st 4 oy, 0= 8" O =p " i = 50",

2 2
to get
n+1 n+1 n n 1 1 n+1 1 n
) r + 3q¢" — +-g3 "+ gy | dK
K 2 2
1 1
(4.23) = —/ ptv (Wl +3¢" ="+ ST+ —qg) dK
K 212 2
~n+1 n-+1 n n 1 1 n+1 1 n
+ [ P v (T 43" — 56 54 ) ds,
oK 272 2
(4.24)

1
—/ prtt s K = —/ M (§¢" - —sb"—l) s s K,
K ko\20 2

1 1
(4.25) / s"tlopntldK = _/ <r”+1 +3¢" — " ogi T+ —qg) V-p"tldK
K K 2 2

+/ (?“+1+3a‘”—a‘”‘1+
0K
(4.26)
n+1 n+1 1 n+1 n n+1\2 7\ 2
- [msartiar = [ (G o @)
K K

+%(¢n+l + ¢n)> 5t¢n+1dK.

Let (4.17)4(4.18)+---+(4.25)+(4.26), with the help of the alternating numerical
fluxes (4.3), and after a careful calculation, we obtain

sz L@ = @ae 5 [ (G L) de

—é/ﬂ(%(¢n)4+%(¢" )dw+—/ “3w" +w" ) (W — w")da

1
—|—/ M §gz5” — —¢n ) st s e = 0.
Q 2 2
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Notice that
(—3'11)" 4 ,wn—l) . (,wn+1 _ ,wn)

1
_ wnJrl .wn+1 L aw” - w" + §(wn+1 — w"™ + wnfl) . (wnJrl — w"™ + wnfl)

+ %(w’“rl w') (w"Jrl —w") — %(w" — w"il) (w" — w"’l)
Therefore we have
(4.27)
By(¢" ™ w ¢t — By (", w", q")
< - %/Q(w’“rl —w") - (W — w")dz + % /Q(w” —w" ) (w" — w" ) de.

Summing (4.27), with the condition ¢ = ¢!, we have
(428) Evh((and’,wnJrl7 qn+1) o Eh(QbO, ,wO’ qO) < 0,

which is the energy stability result. O

Remark 4.5. The energy stability for the semidiscrete LDG scheme (3.2), fully
discrete convex splitting scheme (4.2), and second order fully discrete LDG scheme
(4.16) for variables ¢, w, and ¢ is proved in Propositions 3.1, 4.1, and 4.4, respectively.
The numerical solutions with LDG spatial discretization are discontinuous piecewise
polynomials, which leads to that the numerical solutions for ¢, w, and ¢ are in L?(Q)
space but not on H?(f2) space. Therefore, H>2-stability for the numerical solution ¢
will not be proved.

Remark 4.6. The convergence analysis for the convex splitting scheme (4.2)
and the second scheme (4.16) in the LDG framework on solving high order time-
dependent equations are much more elusive. The main technical difficulty is the lack
of control on the auxiliary variables in the LDG method which are approximations to
the derivatives of the solution, and the lack of control on the interface boundary terms.
Since the PFC equation is a fully nonlinear high order time-dependent equation, the
convergence analysis for the convex splitting scheme is very difficult and we will leave
this topic as our future work.

The first order and second order convex splitting schemes are stable regardless
of time step. However, the schemes are only first order or second order accurate in
time. To improve the temporal accuracy, the semi-implicit spectral deferred correction
(SDC) method and a high order semi-implicit Runge-Kutta method combining with
the first order convex splitting scheme will be employed in the next subsections for
the PFC equation with constant and degenerate mobility, respectively.

4.3. The semi-implicit SDC method. For the PFC equation with constant
mobility, i.e., M(¢) is constant, we can apply the semi-implicit SDC method based
on the convex splitting scheme (4.1) to achieve high order temporal accuracy. An
advantage of this method is that it is a one-step method and can be constructed
easily and systematically for any order of accuracy. For convenience, the convex
splitting scheme (4.1) can be rewritten as

(4.29) @' = 0" + At(Fs(¢" ) + F(¢")),
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where Fg(¢) represents the implicit part and Fx(¢) represents the explicit part of
the convex splitting scheme, which means

(4.30) Fs(¢) = A(¢* + (1 — )¢ + A%9),  Fn(¢) = 24%.

Then the semi-implicit SDC method can be applied iteratively. For a detailed de-
scription of the SDC method as well as their implementation and applications, we
refer the readers to [7, 12, 17, 18].

4.4. The semi-implicit Runge—Kutta method. For the PFC equation with
degenerate mobility, i.e., M(¢) is not constant, as we know, the stiff and nonstiff
components cannot be well separated as a form of (4.29). In this case, the semi-
implicit SDC method will not be efficient anymore. Based on the work in [1], the
main idea of the semi-implicit Runge-Kutta method is to apply two different Runge—
Kutta methods. Consider the ODE system

(431) {ut = F(t,u(t),v(t)), te[0,T],
u(0) = ug, v(0) = uo,
where the function F : R x R™ x R™ — R™ is sufficiently differentiable and the
dependence on the second argument of F' is nonstiff, while the dependence on the
third argument is stiff.
To derive the high order semi-implicit Runge-Kutta method, we first rewrite the
system (4.31) as

Uy = F(t, U( )
(432) { vy = F(t, U(t)7 U(t))7

~+
<
—~
~+
~
~—

with initial conditions u(0) = wo, v(0) = up. Then the first variable u is treated
explicitly and the second one v is treated implicitly. The semi-implicit Runge-Kutta
method is a multistage method. Starting from u™, we give the algorithm to calculate
w1 in the following:

U1 = V1 = u",
i—1
U, =u" +Atzaij/€j, 2 <1 <s,
j=1
i—1
(4.33) Vi=u"+ ALY ail;, 2<i<s,
j=1
l; = F(tn + ;A U;, Vi + Ataiili), 1< < s,
k; = F(tn + éiAt, U, Vi + Ata“-li), 1<i<s

Finally we have

S
(4.34) u"t =" ALY bk
i=1
The Butcher coefficients a;j, a; 5, ¢;, ¢;, and b; are constrained by order of accuracy

and stability considerations. For a detailed description of the methods as well as their
implementation and applications, we refer the readers to [1].
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After the LDG spatial discretization for the PFC equation, we apply the semi-
implicit scheme (4.33)—(4.34) by writing the system of ODE in the form of (4.31) with
the component u treated explicitly, the component v treated implicitly and

(4.35) F(t,u,v) = V- (M(u)V(©® + (1 — €)v + 2Au + A?v)),

which is based on the convex splitting scheme (4.1).

5. Numerical tests. In this section, we present some numerical experiments
for the PFC model. Specifically, we adopt the LDG spatial discretization coupled
with the convex splitting time marching methods. To achieve high order temporal
accuracy, we also use the semi-implicit SDC method and the semi-implicit Runge—-
Kutta method described above. The resulting nonlinear algebraic equations at each
step are solved by the FAS multigrid solver. All the computations are performed in
double precision.

Ezample 5.1 (accuracy test for PFC equation with constant mobility). To demon-
strate the superiority of the multigrid solver, we present the convergence rates of the
method. For the tests we take the exact solution of

(5.1) oz, y,t) = e * sin(x) sin(y),

with the source term f(x,y,t), where f(x,y,t) is a given function to make (5.1) be
the exact solution of the PFC equation. The initial condition is

(5.2) ¢(z,y,0) = sin(z) sin(y),

and the domain is [0, 27| x [0, 27] with periodic boundary conditions. The parameter
€ in the PFC model is 0.5.

We first consider the convex splitting scheme (4.1), which is first order accurate in
time, so we just consider P? approximation. The L? and L™ errors, and the numerical
order of accuracy at time 7" = 1.0 with different time steps is presented in Table 5.1.
Here, we perform numerical simulation with different time steps for convex splitting
scheme to demonstrate that the numerical experiments go well with the theoretical
result of the unconditional energy stability. Table 5.2 shows the proposed second
order scheme (4.14) is second order accurate in time.

To show that the proposed space and time discretization methods are high order
accurate in both space and time, we choose P¥(k > 1) approximation for spatial
discretization and third order SDC time marching method. Table 5.3 shows the L2
and L* errors and numerical orders of accuracy at time 7" = 0.5. We can see that
the method with P* approximation gives a (k + 1)th order of accuracy.

To illustrate the superiority of the multigrid solver, we fix the temporal step size as
At = 1.0 x 1072 and present the convergence rates of the multigrid solver at the 10th
time step, and the results are shown in Figure 5.1. From Figure 5.1, we can see the
optimal convergence rate of the multigrid solver for P! and P? approximation, which
suggests that the multigrid solver is very efficient for solving the resulting algebraic
system at each time step.

Ezample 5.2 (accuracy test for PFC equation with degenerate mobility). Con-
sider the PFC equation (2.4) with degenerate mobility, i.e., M(¢) = 1 — ¢? on the
domain [0, 27] x [0, 27] with periodic boundary conditions. For the tests we take the
exact solution of

(5.3) d(x,y,t) = e " sin(z) sin(y),
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TABLE 5.1
Accuracy test for PFC equation with constant mobility with first order convex splitting scheme
at T =1.0.

At = 0.1Ax At = 1.0Ax
N L2 error  Order | L error Order | L? error  Order | L error  Order
16 6.75E-02 - 1.39E-01 - 2.52E-01 4.95E-01

32 | 3.34E-02 1.01 6.82E-02 1.03 1.83E-01 0.46 3.66E-01 0.43
64 1.65E-02 1.01 3.38E-02 1.01 1.16E-01 0.65 2.33E-01 0.65
128 | 8.23E-03 1.00 1.68E-02 1.00 6.78E-02 0.78 1.35E-01 0.78

At = 5.0Ax At = 10.0Az
N L2 error  Order | L error Order | L? error  Order | L™ error Order
16 | 3.53E-01 6.93E-01 3.53E-01 - 6.93E-01 -

32 | 3.42E-01 0.05 6.79E-01 0.03 3.54E-01 - 7.06E-01 -
64 | 2.79E-01 0.29 5.57E-01 0.29 3.42E-01 0.05 6.81E-01 0.05
128 | 2.05E-01 0.44 4.11E-01 0.44 2.79E-01 0.29 5.57TE-01 0.29

TABLE 5.2
Accuracy test for PEC equation with constant mobility with second order convex splitting scheme
at T =0.5. At =0.1Az.

N | L? error  Order | L™ error Order
8 1.41E-02 - 6.45E-02 -
PL | 16 | 3.45E-03 2.02 1.65E-02 1.96
32 | 8.63E-04 2.00 4.15E-03 1.99
64 | 2.15E-04 2.00 1.04E-03 1.98

TABLE 5.3
Accuracy test for PFC equation with constant mobility with third order SDC method at T = 0.5.
At =0.1Azx.

N | L% error  Order | L error Order
8 1.38E-02 - 6.27E-02 -

PL | 16 | 3.39E-03  2.02 | 1.58E-02 1.98
32 | 8.48E-04 2.00 3.92E-03 2.01
64 | 2.12E-04 2.00 9.75E-04 2.00
8 2.21E-03 - 1.08E-02 -

P2 | 16 | 2.32E-04 3.25 1.28E-03 3.08
32 | 2.76E-05 3.06 1.57E-04 3.03
64 | 3.48E-06 3.00 1.99E-05 2.98

TABLE 5.4
Accuracy test for PFC equation with degenerate mobility with first order convez splitting scheme
at T = 1.0.

At = 0.1Ax At = 1.0Ax
N L? error  Order | L™ error Order | L? error  Order | L™ error Order
16 | 6.30E-02 - 1.32E-01 - 2.22E-01 - 4.37E-01 -

32 3.12E-02 1.01 6.46E-02 1.03 1.63E-01 0.44 3.26E-01 0.42
64 1.54E-02 1.01 3.21E-02 1.01 1.05E-01 0.63 2.11E-01 0.63
128 | 7.70E-03 1.00 1.59E-02 1.00 6.20E-02 0.77 1.24E-01 0.77

At = 5.0Ax At = 10.0Az
N L? error  Order | L™ error Order | L? error  Order | L™ error Order
16 3.08E-01 6.03E-01 3.08E-01 - 6.03E-01 -

32 2.98E-01 0.05 5.93E-01 0.02 3.07E-01 - 6.09E-01 -
64 | 2.44E-01 0.29 4.87E-01 0.28 2.98E-01 0.05 5.93E-01 0.04
128 | 1.82E-01 0.42 3.63E-01 0.42 2.44E-01 0.29 4.86E-01 0.29
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FIG. 5.1. Convergence rates of multigrid solver with P and P? approzimation for Example 5.1.

TABLE 5.5
Accuracy test for PFC equation with degenerate mobility with second order convex splitting
scheme at T = 0.5. At =0.1Azx.

N | L? error  Order | L™ error  Order
8 1.37E-02 - 6.07E-02 -
PL | 16 | 3.41E-03 2.00 1.59E-02 1.93
32 | 8.54E-04 2.00 4.04E-03 1.98
64 | 2.13E-04 2.00 1.02E-03 1.98

with the source term f(x,y,t), where f(x,y,t) is a given function to make (5.3) be
the exact solution of the PFC equation. Choose the parameter ¢ = 0.5. The L? and
L errors and the numerical order of accuracy for the convex splitting scheme at time
T = 1.0 with different time steps are presented in Table 5.4, which goes well with the
theoretical result of the unconditional energy stability for the scheme. Table 5.5 shows
the proposed second order scheme (4.14) is indeed second order accurate in time. To
obtain high order accuracy in both space and time, we choose P¥ approximation
for spatial discretization and the semi-implicit Runge-Kutta time marching method.
Table 5.6 presents the L? and L> errors and numerical orders of accuracy at time
T = 0.5, which shows that the semi-implicit Runge-Kutta method coupled with
PF approximation gives a (k + 1)th order of accuracy for the PFC equation with
degenerate mobility. The convergence rates of the multigrid solver are shown in
Figure 5.2 and we can see a Az-independent reduction in the residual for both P!
and P? approximation, which suggests that the solver is of optimal complexity.

In the following long time simulation examples, we adopt different time steps
to enhance the efficiency of the proposed time discretization methods, based on the
evolution of energy. To show that the energy evolution is independent of time steps,
we present in Figure 5.3 the energy trace of the numerical solution with different time
steps.

Ezample 5.3 (long time simulation). In this example, we will show the long time
characteristics of the PFC model with the random initial data on a square domain
[0,128] x [0, 128]. The initial condition is the random perturbation around 0.07 with
a fluctuation no larger than 0.07, i.e., ?J = ¢+ 7,5, where ¢ = 0.07 and Ni,j IS a
random number satisfying —¢ < 7; ; < ¢. The parameter € in the PFC model is 0.025
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TABLE 5.6
Accuracy test for PFC equation with degenerate mobility with third order semi-implicit Runge—
Kutta method at T = 0.5. At = 0.1Azx.

N | L2 error  Order | L™ error  Order
8 1.37E-02 - 6.12E-02 -

PL | 16 | 3.42E-03 2.00 1.61E-02 1.93
32 | 8.57E-04 2.00 4.08E-03 1.98
64 | 2.14E-04 2.00 1.03E-03 1.98
8 2.34E-03 - 1.07E-02 -

P2 | 16 | 2.42E-04  3.27 | 1.31E-03  3.03
32 | 2.79E-05 3.11 1.59E-04 3.04
64 | 3.40E-06 3.03 1.95E-05 3.02

——a—— N=16 ——a—— N=16
s N=32 10°
——— N=64

S
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3
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%
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o Lol L PP FERTY THRRRNRNUR TNTY SRUEY FHUEE FRUEE THNY SUUET FRUEE HUR
T 2 38 4 5 6 7 8 9 10 1 T2 3 4 5 6 7 8 9 10 11 1
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(a) P! approximation (b) P? approximation

FIG. 5.2. Convergence rates of multigrid solver with P and P? approzimation for Example 5.2.
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Fia. 5.3. Energy trace of numerical solution for Example 5.2 with different time steps.

and the periodic boundary condition is taken here. We consider the following cases
for the mobility M (¢):

2. M(¢) =1, which is the maximum of the degenerate mobility.
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(e) T = 4000 At =5.0 (f) T'= 10000 At = 10.0

FIG. 5.4. The time evolution of the PFC equation implemented with P? elements for Ezample
5.3 with degenerate mobility M(¢) = 1 — ¢2.

The computational parameters are the spatial discretization cell size h = 128 /N with
N = 256 and the piecewise P* polynomial basis with k = 2. For the PFC equation
with degenerate mobility M (¢) = 1 — ¢?, the third order semi-implicit Runge-Kutta
method is employed, while for the constant case, we apply the third order SDC time
marching method.

Numerical results for these two different cases with different time steps are shown
in Figures 5.4 and 5.5, which are qualitatively consistent with those presented in [11].
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(e) T = 4000 At =5.0 (f) T'= 10000 At = 10.0

FIG. 5.5. The time evolution of the PFC equation implemented with P? elements for Ezample
5.3 with constant mobility M (¢) = 1.

Figures 5.6 and 5.7 show the discrete energy trace of the numerical solution. We
can see that the energy is nonincreasing in time, which agrees with the theoretical
result. At the early stage of dynamics of the PFC equation, the discrete energy decays
quickly, and then the energy decays rather slowly. Based on these observations, we
are motivated to use different time steps as presented in Figures 5.4 and 5.5.

Ezample 5.4 (growth of a polycrystal). This example presents the growth of a
polycrystal in a supercooled liquid. To define the initial configuration we proceed as
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Fia. 5.6. Discrete energy trace of numerical solution for Example 5.3 with degenerate mobility
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Fia. 5.7. Discrete energy trace of numerical solution for Example 5.3 with constant mobility
M(p) =1.

follows: we first set all control variables to a constant value ¢ = 0.285, and then we
modify this constant configuration by setting three perfect crystallites in three small
square patches of the domain. The crystallites are defined as follows:

(5.4) oz, ) = 6+ C {cos (%yl) cos(qay) — 0.5 cos <\2/—q§yl)] :

where x; and y; define a local system of cartesian coordinates that is oriented with
the crystallite lattice.  Here, the local coordinates (x;,y;) are defined by an affine
transformation of the global coordinates (x,y), which produces a rotation given by
an angle a.. Also, o are chosen as —7, 0, and 7, respectively, to generate crystallite
lattices with different orientations. We take the parameter C' = 0.446 and ¢ = 0.66.
The square domain is (0,804) x (0,804) with ¢ = 0.25 and M(¢) = 1. The
periodic boundary condition is taken here. The computational parameters are the
spatial discretization cell size Az = 804/N with N = 512 and the piecewise P*
polynomial basis with & = 1, and the second order SDC time temporal method.
Numerical results with different time steps are shown in Figure 5.8, which shows
statistically similar patterns in the numerical solution as those in [10]. Figure 5.9
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FIG. 5.8. The time evolution of the PFC equation implemented with P! elements for Example 5.4.

20580 - 20800~
20560 [ 20600 |-
20540 [
[ 20400 (-
20520 [
E > 20200 [~
2 20500 |- ) L
2 F g r
2 [
5 20480 |- W 20000 -
20460 |- L
[ 19800 |-
20440 [ +
[ 19600 -
20420 I
.oy RN ERAIEN SR ST RS )
20400 100 200 300 400 104005 500 1000 1500 2000 2500
Time Time
(a) T = 400 (b) T = 2600

F1a. 5.9. Discrete energy trace of numerical solution for Example 5.4.

shows the discrete energy trace of the numerical solution. We can see that the energy
is nonincreasing in time, which agrees with the theoretical result.

6. Conclusion. In this paper, we developed a LDG method for the general non-
linear PFC equation and proved the energy stability for the semidiscrete scheme. To
avoid the extremely small time step restriction of explicit methods, two convex split-
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ting temporal discretization methods were employed, and the corresponding uncon-
ditional energy stabilities for the fully discrete schemes were presented. However, the
convex splitting methods were only first or second order accurate in time. To achieve
high order temporal accuracy, the SDC method and the semi-implicit Runge-Kutta
method were adopted for the PFC equation with constant and degenerate mobility,
respectively. With these proposed methods, the equations at the implicit time level
were nonlinear and we employed an efficient nonlinear multigrid solver to solve the
equations. Numerical experiments based on these proposed schemes were given to val-
idate the theoretical results and to show the effectiveness of the spatial and temporal
discretization methods for approximating the PFC equation.
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