T Sci Comput (2015) 63:913-937 @ CroseMark
DOI 10.1007/510915-014-9920-3

Local Discontinuous Galerkin Methods for the
Functionalized Cahn-Hilliard Equation

Ruihan Guo - Yan Xu - Zhengfu Xu

Received: 18 March 2014 / Revised: 21 July 2014 / Accepted: 8 September 2014 /
Published online: 19 September 2014
© Springer Science+Business Media New York 2014

Abstract In this paper, we develop a local discontinuous Galerkin (LDG) method for the
sixth order nonlinear functionalized Cahn—Hilliard (FCH) equation. We address the accuracy
and stability issues from simulating high order stiff equations in phase-field modeling. Within
the LDG framework, various boundary conditions associated with the background physics can
be naturally implemented. We prove the energy stability of the LDG method for the general
nonlinear case. A semi-implicit time marching method is applied to remove the severe time
step restriction (At ~ O(Ax®)) for explicit methods. The & — p adaptive capability of
the LDG method allows for capturing the interfacial layers and the complicated geometric
structures of the solution with high resolution. To enhance the efficiency of the proposed
approach, the multigrid (MG) method is used to solve the system of linear equations resulting
from the semi-implicit temporal integration at each time step. We show numerically that the
MG solver has mesh-independent convergence rates. Numerical simulation results for the
FCH equation in two and three dimensions are provided to illustrate that the combination of
the LDG method for spatial approximation, semi-implicit temporal integration with the MG
solver provides a practical and efficient approach when solving this family of problems.
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1 Introduction

Phase-field modeling has been an alternative method to investigate morphology and micro-
structural evolution of systems with blending of various materials on a macroscopic level
which gives the advantage of significantly less computational cost over the more accurate
molecular dynamics simulation, see [5,6,12] and the references therein. In the phase-field
modeling, the dynamics of the underlying physical system is generally described by a gra-
dient flow resulting from the Euler—Lagrangian variation of a pre-defined energy form with
embedded phase-field functions. However, the gradient flow, in the form of high order stiff
partial differential equations (PDEs), poses a great deal of difficulty for numerical simu-
lation. Namely, high resolution simulation is preferred in order to capture the generally
sharp interfacial structures and to provide numerical solution with fidelity; The system itself
experiences long time evolution therefore computational efficiency is essential to map out the
whole dynamics from initial state to steady state; The physical domain under consideration
is normally irregular which makes it very difficult to apply fast computational methods such
as fast Fourier or pseudo-spectral method, not to mention various boundary conditions of
the background physical process. In this paper, we would like to provide a practical tool to
handle those issues using the PDE from a functionalized Cahn—Hilliard model as an exam-
ple. The proposed approach can be considered for other similar phase-field equations as
well.

To be specific, we consider numerical methods in a bounded domain Q € R?(d < 3) for
the functionalized Cahn—Hilliard (FCH) equation

up = A[(€2A — W' W) (€2 Au — W () + e(me* Au—mW' w))], (1.1)

where u takes values between —1 and 1 and represents the volume fraction of polymer and
solvent in the mixture. Here W (u) is generally given as a potential well for the purpose of
phase separation.

The FCH equation was proposed by Gompper and Schick [18] as a model for interfacial
energy in phase separated mixtures with an amphiphilic structure. Then, Promislow [24]
developed the model to describe nanoscale morphology changes in functionalized polymer
chains. Gavish et al. introduced the FCH energy and extended the scope of the continuum
variational approach to incorporate the influence of the solvation entropy of ions on the
network morphology of phase separated materials in [16,17].

In this paper, we develop a local discontinuous Galerkin (LDG) method for the FCH
equation. The 7 — p adaptive capability of the LDG method allows for resolving the inter-
facial layers and the complicated geometric structures of the solution with high accuracy.
The nonlinear stability of the LDG scheme provides a layer of robustness of the numerical
simulation. To add another layer of stability for robust long-time simulation, we prove the
energy stability of the LDG method for the general nonlinear case. Also, the LDG method
smoothly incorporate the background physical boundary conditions into the numerical com-
putation.

The LDG spatial discretization for the FCH equation typically results in a stiff ordinary
differential equation (ODE). Explicit time marching methods require extremely small time
step size (At ~ O(Ax®)) to maintain the stability of the methods. This requirement turns
explicit methods useless, considering that a long time simulation is generally expected to
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obtain a steady state solution. In this case, implicit time integration is often applied to permit
adaptive time stepping strategy for both accuracy and efficiency. Obviously, it requires to solve
a system of linear equations at each time step. Traditional iterative solution methods such
as Gauss—Seidel method suffers from slow convergence rates. Therefore, a faster iterative
solver for the system of equations is essential. To enhance the efficiency of the proposed
approach, the multigrid (MG) method is used to solve the system of linear equations resulting
from the semi-implicit temporal integration at each time step. Numerical simulation results
demonstrate that the MG method is an efficient method and the number of iterations is
independent of the problem size.

In order to predict the MG behavior, a two-level local mode analysis is applied to study the
convergence of the MG method. Although we restrict ourselves to two-dimensional problems,
with considerably extra complexity, a similar analysis can be made for three-dimensional
problems by the tensor product principle.

There are only few numerical methods for the simulation of the solution. In [4], Chen
and Shen rewrote the sixth order nonlinear FCH equation to a system of three coupled
second-order equations and applied the spectral-Galerkin methods. Jones et al. introduced
an implicit-explicit scheme and the spectral method for the FCH equation in [20]. The FCH
model shows high similarities to the Cahn—Hilliard (CH) model, and due to this, we can
borrow the numerical methods for the CH equation to treat the FCH equation. Xia et al.
developed the LDG method and proved the energy stability for the CH equation in [26],
which used the discontinuous, piecewise polynomials as the solution and test functions.
Guo and Xu studied the multigrid solver coupled with the LDG method for the CH equa-
tion in [19]. Elliott et al. [13—15] developed finite element methods for solving the CH
equation. Kay and Welford [21] introduced a nonlinear MG method coupled with a finite
element approximation of the CH equation and the total work required is O(N). Kim et
al. presented the conservative multigrid methods for CH fluids and ternary CH systems in
[22,23].

The discontinuous Galerkin (DG) method we discuss in this paper is a class of finite
element methods using completely discontinuous piecewise polynomial space for the solution
and test functions. It was first designed as a method for solving hyperbolic conservation laws
containing only first order spatial derivatives, e.g. Reed and Hill [25] for solving linear
equations and Cockburn et al. [7-10] for solving nonlinear hyperbolic conservation laws.

For partial differential equations (PDEs) containing higher order spatial derivatives, it is
difficult to apply the DG method directly, so the LDG method was introduced. The LDG
method was firstly introduced by Cockburn and Shu in [11] as an extension of the Runge-
Kutta DG (RKDG) method to general convection-diffusion problems. Xia et al. designed the
LDG method for the CH equation and the Allen—Cahn/Cahn—Hilliard system in [26,27]. The
idea of the LDG method is to rewrite the equations with higher order derivatives into a first
order system, then apply the DG method on the system. The design of the numerical fluxes
is the key ingredient to ensure stability. More details about the LDG methods for high-order
time dependent PDEs can be found in the review paper [28].

The outline of this paper is as follows. In Sect. 2, we review the properties of the FCH
equation. In Sect. 3, we present the LDG method for the FCH equation and give a proof
of the energy stability for the semi-discrete LDG scheme. A semi-implicit time marching
method is presented in Sect. 4. In Sect. 5, we give the two-level local mode analysis of the
MG solver. Section 6 contains numerical results for the nonlinear FCH equation in two and
three dimensions, which demonstrate the accuracy and capability of the methods. Finally we
give concluding remarks in Sect. 7. A detailed description of the bi-grid algorithm and the
two-level local mode analysis are presented in Appendices 1, 2, respectively.
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2 The Functionalized Cahn—Hilliard Equation

In the development of modern materials for energy generation and storage, what becomes a
primary difficulty is effective control of morphology on the nanoscale level. The knowledge
of what governs the formation and evolution of the nanoscale morphology is lacking in many
applications. There is an additional difficulty that the morphology of the active (hydrated)
state cannot be probed directly in the case of soft polymer materials. To better understand
the nanostructure of Nafion and other similar materials, the FCH model was developed by
Promislow et al. [24] to describe the time evolution of the nanoscale morphology generated
by hydrating polymer chains with a polar solvent. With a small set of parameters, the FCH
model characterizes bilayer, pore-like, and micelle network structures.

To introduce the FCH energy, we first give the Cahn—Hilliard (CH) energy. The CH energy
was introduced by Cahn and Hilliard in [3] to characterize a binary mixture by a phase field
function u that maps Q C R” into mixture values [—1, 1], with u = %1 in water and polymer
domains respectively. The CH (or Ginzburg—Landau) interfacial free energy takes the form

2
5(u):/ (i|W|2+W(u)) Q. 2.1)
o \2

where € is the thickness of the interface between the phases.

The FCH energy, a continuum characterization of interfacial energy whose minimiz-
ers describe the network morphology of solvated functionalized polymer membranes. It is
derived through the square of the variational derivative of the CH energy £(u), balanced
against unfolding parameters 7 and 7, as explained in [24]. Thus it takes the form

L, , , 2 62771 )
]—'(u):/ E(E Au—W(u)) —€ TIVMI + W) )dS2. 2.2)
Q

The first term in the integrand accounts for elastic bending energy of the polymer, and the
second term for the surface area which tends to increase due to reduction of electrostatic
energy when the charged polymer side-chains are solvated. The parameters 11 and 7, are
positive constants, which govern the nature of the energetic interactions. 1y and 7, can be
chosen as the same value or not. W (u) is a function that describes potential energy of mixing
and a typical form is

W) = %(u2 —- 1?2 (2.3)

which is the symmetric Ginzburg-Landau double-well potential with equilibria at u = 1 and
u=-—1.
The Euler—Lagrangian variation of the energy (2.2) gives chemical potential

SF 2 " 2 / 2 ’
"= S = (€A —W'(w)(e“Au — W' (u)) + e(mie"Au — maW'(u)). 2.4

Thus we have the FCH equation
up = A= A[(€2A = W) (€ Au — W W) + e(me Au —mW @)]. (2.5
Neumann boundary conditions are prescribed for the physical domain, namely

u w9
M_T_%_0, on a9, (2.6)
v v v
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where w = €>Au — W' (u) and v is the normal vector to 3$2. The H ! gradient flow is mass
preserving and the total energy decays with respect to time ¢, i.e.

%]—'(u) = / (€2 Au — W W) (> Auy — W w)uy) — €(€1Vu - Vuy + maW' (w)uy)dQ
Q
= / (€2A = W' W) (> Au — W w)u; + e(nie?Au — maW' () u,dS2
Q

:/MAudQ:—/V,UwV,udeO‘
Q Q

The L? gradient flow associated with the free energy (2.2) is
up=—p=—[(€A = W)€ Au—Ww) + e’ Au—mW'w)l. (2.7

To conserve total mass for the equation, we introduce a zero-mass projection I1. Then the
zero-mass projection gradient flow of the free energy (2.2) is

u, = T{—[(€2A — W' W)(€*Au — W () + e(me* Au—mW @)]l}.  (2.8)

The dynamics described by (2.5) and (2.8) are different. In this paper, we just focus on the
H~! gradient flow, and design an LDG method and a suitable time marching strategy such
that relatively large time steps can be used for the simulation.

3 The LDG Method for the FCH Equation

In this section, we consider the LDG method for the FCH equation (2.5) in 2 € R? with
d < 3. The LDG method and the energy stability results of this paper are valid for alld < 3
and the general form of W (u).

3.1 Notations

Let 7j, denote a tessellation of 2 with shape-regular element K. Let [ denote the union of
the boundary faces of elements K € 7p,i.e.I' = UKeTh dK,and I'g = T"\0€2.

In order to describe the flux functions, we need to introduce some notations. Let e be a
face shared by the “left” and “right” elements K7, and K (we refer to [28] for more details
of the definition). Define the normal vectors vy and vg on e pointing exterior to K7 and Kg,
respectively. If ¥ is a function on K and Kg, but possibly discontinuous across e, let {1,
denote (¥ |k, )|, and ¥ g denote (Y|, )|, the left and right trace, respectively.

Let P¥(K) be the space of polynomials of degree at most k > 0 on K. The finite element
spaces associated with the mesh are of the form

VE={ve L*(Q) :vlx € PX(K),¥K € T},
Sh={w= i ....w)" € L2 @7 wlk e PHK).I=1,....d, VK € Ty}.

Note that functions in Vf and ¥ z are allowed to be completely discontinuous across element
interfaces.
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3.2 The LDG Method

To define the LDG method for the FCH equation, we first rewrite (2.5) as a first order system:

uy=V-p, (3.1a)
p=V(p1 —s+elmg+ (m—n)r), (3.1b)
s =W'(u)gq, (3.1c)
p1=€V-p,, (3.1d)
p> = Vg, (3.1e)
g=€V-w-—r, (3.1f)
w = Vu, 3.1g)
r=W(. (3.1h)

To simplify the notation, we still use u, p, s, p1, p2,q, w,r to denote the numeri-
cal solution. Applying the LDG method to the system (3.1), we have the scheme: Find
u,s, p1,q,r € Vf andp, p,, w € Eﬁ,suchthat,foralltestfunctionsgol, ©2,03, P4, Y5 € V}f‘
and 0, 0,,605 < Efl, we have

/ urprdK = —/ p~V(p1a'K—|—/ P - vouds, (3.2a)
K K IK

/](P'aldK =—/K(P1 —s+elmg+m —n)r)(V-0)dK

+ / (p1 =S5 +emq + (n —n2)i))(@1 - v)ds, (3.2b)
aK
/sg)sz =/ W (u)qe.dK, (3.2¢)
K K
/ pip3dK = —62/ D> Vp3dK +€2/ P> - vgsds, (3.2d)
K K aK
/pz-ﬂzdl( :—/ q(V-Oz)dK-l-/ (02 - v)ds, (3.2¢)
K K IK
/q<p4dK 2—62/ w-Vg04dK+62/ ﬁmds—/ roadK, (3.2)
K K IK K
/ w-03dK = —/ u(V-603)dK —I—/ (03 - v)ds, 3.2g)
K K IK
/r(pde :/ W' (u)psdK. (3.2h)
K K

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. Similar to the development
in [26], it turns out that we can take the simple choices such that

Ple=pr, Dile=pir, Sle=sr, qle =qr,

f|e=er i’2|e=p2L» ﬁ"e:wL» ﬁ|e=uR- (3.3)

We remark that the choice for the fluxes (3.3) is not unique.
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By the boundary conditions (2.6), we take

0,

2=
Sln’ q" —

vy
I

0, w=0, p=p
q

1
noF=rt =l (3.4)

at the domain boundary, where 1™ means the value taking from the inside of the boundary
element.

3.3 Energy Stability

In this subsection, we will prove the energy stability of the LDG scheme for the general
nonlinear FCH equation with the choice of the fluxes in the previous subsection.

Proposition 3.1 (Energy stability) The solution to the LDG Scheme (3.2) and the flux (3.3)
with the boundary flux (3.4) satisfies the energy stability

d 1, ezm
_g% _ ——w-w+mW dQ2 < 0.
dt Q (2q 6( 2 2 (I/t) -

Proof Choosing the test function ¢5 = enou, in (3.2h), we obtain
enz/ ru;dK :enz/ W' (wu,dK. (3.5)
K K
After taking the time derivative to Egs. (3.2f), (3.2g) and (3.2h), we choose the test functions

04 =¢q,03 = —nw, 03 = —ezpz and g5 = —q in (3.2f), (3.2g) and (3.2h), respectively.
Then we get

/q,qu:—ez/ w,~quK+62/ (ﬁ)tqu—/ riqdK, (3.6
K K 0K K

—63711/ w,-de=e3m/ u,(V-w)dK—eSm/ f:(w - v)ds, (3.7)
K K K
—62/ w; - padK =e2/ u (V- p2)dK —62/ i (p2 - v)ds, (3.8)
K K IK
—/ riqgdK = —/ W”(u)u,qu. 3.9)
K K

For (3.2a)—(3.2f), we take the test functions

pr=p1—s+emg+ @ —n)r), b1=p, @©2=u,
@3 =—u;, 02=€w, @4 =—enu.

Then we have

/K ur(pr —s +emg + (1 —n2)r))dK
= —/KP -V(p1 —s+eg+ (n —n)r))dK

+ /BK P v(p1 —s+emg+ (i —n2)r)ds, (3.10)
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/KP -pdK = _/K(Pl —s+emqg+ O —n2)r)(V-pydK

+ (p1 =85+ €emg+ (n1 —n2)P)(p - v)ds, (3.1D
0K
/su,dK:/ W (u)qu,;dK, (3.12)
K K
—/ prusdK :ez/ po - Vu,dK —62/ Po - vuds, (3.13)
K K 0K
62/ pr-wdK = —62/ q(V~w,)dK+62/ G(w; - v)ds, (3.14)
K K 0K

—em/ qu,dK:em/ ru,dK+e3m/ w-VutdK—e3m/ w-vu;ds.  (3.15)
K K K IK

Summing up the Egs. (3.5)—(3.15), we obtain
/ (99 — Emw - w, —emW' Wu, + p - p) dK
K
= —/ p-V(p1 —s+elmqg+ (n —n)r))dK
K
—/ (p1 —s+emqg+ (m —n)r)(V - p)dK
K
+/ P v(p1 —s+eng+ (i —n2)r)ds
K
[ =5 ema-+ =i pewds + € [ w - pak
aK K
+ 62/ Py - VudK — 62/ i (p2 - v)ds — 62/ Do vuds
K aK K
— 62/ w; - VgdK —62/ q(V-w))dK +€2/ (w-);qds
K K 9K
+62/ g(w; - v)ds + 631’}1/ u,(V-w)dK + e3m/ wVu;dK
aK K K
- 637]1/ ty(w-v)ds — 637}1/ w - vusds
K aK
= —/ (p1 —s+emqg+ (m —n)r))(p-v)ds
K
+/ P v(p1 —s+e(ng+ (n —n)r)ds
K
[ =5 ema+ - i@ ndas+& [y vuds
K K
— 62/ i (pa - v)ds — 62/ Dy - Vuds — 62/ q(w; - v)ds
K K K
+ 62/ (w-v);qds + 62/ g(w; - v)ds + 63)71/ (w - v)u,ds
aK aK aK

— 637]1/ iy (w - v)ds — 63771/ w - vu,ds
9K aK
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Fig. 1 The asymptotic convergence factor A changes with the damping parameter «. a Jacobi smoother, Pl
b Gauss—Seidel smoother, 731, ¢ Jacobi smoother, 772, d Gauss—Seidel smoother, P2

Summing up over K, with the numerical fluxes (3.3) and the boundary conditions (3.4), we
can cancel the boundary terms and get

/ (g1 — Emw - w, —emW (Wu, + p - p) d2 = 0.
Q
Because
/ p-pdQ=>0,
Q

we obtain the energy stability

d L, 62m
—g% _ —w-w+mW dQ2 <0.
dt Q (2q 6( 2 n2 (I/t) -
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@ o),

150 r
1 - 1 —
05 - 05 —
£ o £ of
-0.5 f— -05 E_
b 51:5 T 7% ; 55 1 1.5 b 51:5 ; 15 ; 55 1 1.5
Re Re
(c) (d)
150 15[
0.5 - 05 -
£ o £ f
-0.5 - 05 _
b 51:5 g 9% 5 %5 i 1.5 b 51:5 ' G g 55 i 1.5
Re Re
Fig. 2 Eigenvalue spectral of E;, and E,zlg rid with damped Jacobi smoother for P! and P2 approximation.

a Eigenvalue spectral of Ej,, @ = 0.85, 731, b eigenvalue spectral of Eigrid, a = 0.85, Pl, ¢ eigenvalue

spectral of Ej,, a = 0.85, P2, d eigenvalue spectral of Eigrid, o =0.85, P2

4 The Semi-implicit Time Discretization Method

The LDG spatial discretization for the FCH equation typically results in an ordinary differ-
ential equation (ODE). Explicit time marching methods require a suitably small time step
(At ~ O(Ax®)) for stability, so we will explore a semi-implicit time marching method to
remove the severe time step restriction. Due to the high order spatial derivatives for the FCH
equation, the system of equations arising by the LDG spatial discretization and semi-implicit
time marching method will be ill-conditioned. How to solve these equations efficiently and
accurately present a great challenge.

Following the method in [4], we introduce a semi-implicit time marching method to
remove the time step restriction for explicit methods. The semi-implicit scheme is

un+l _

At
P =Vt =" b eng™™ + i = n)r™) +s1(@" T =g, (4.1b)

n

vt (4.1a)
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(a) (b)

15 1.5
1F 1F
0.5_— [].5:
E of E of
-05fF -05fF
[ [
Ak Ak
L 1 1 1 1 1 [ 1 1 1 1 1
1515 1 0.5 0 0.5 1 1.5 1515 0.5 0 0.5 1 1.5
Re Re
(c) (d)
15 1.5
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1k 1k
0sfF 05k
E of E of
05 05|
4F 4k
L. 1 | P IR 1 " 1 ol il il 1
1515 0.5 0 05 1.5 1515 0.5 0 05 1 1.5
Re Re

2grid

Fig. 3 Eigenvalue spectral of Ej, and E}, with Gauss-Seidel smoother for P! and P2 approximation.

a Eigenvalue spectral of Ej,, o = 1.0, P I'b eigenvalue spectral of E

of Ep,,a = 1.0, 732, d eigenvalue spectral of Eigrid, a=1.0, P2

= VV//(Mn)qn7
plll-H — GZV . p2n+l’
p2n+l — an+l,
anrl — EZV A wﬂ+1 _ rn +S2(Ltn+l _ Lt”),
w't = vt

=W,

where

2gri .
hg”d, a=10,Pl ¢ eigenvalue spectral

(4.1c)
(4.1d)
(4.1e)
(4.11)

(4.1g)
(4.1h)

(4.2a)
(4.2b)
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Table 1 The number of MG

. X X Ax Jacobi smoother Gauss—Seidel smoother
iterations required to reduce the
norm of the residual below the
3

tolerance T = 1.0 x 1078 27 /32 10 !

27 /64 10 7

27 /128 10 7

27 /256 10 7

At=10x10"3

(a) (b)

10% 107?

——a— N=64
=128
——o— N=256

10°

T T T T

10

10%

10¢

log(residual)
log(residual)

107

10%

LRI e

ol o0 ol o 0
ik 2 4 6 8 10 10 2 4 6 8 10

iterations iterations

Fig.4 Convergence rates of MG solver for Pl approximation. At = 1.0 x 1073.a Damped Jacobi smoother
with & = 0.85, b Gauss—Seidel smoother, no damping

s1 and s, are two suitable stabilization constants. Numerical experiments in [4] show that
the Scheme (4.1) is unconditionally stable with s; = s> = 2. This allows for adaptive time

stepping.

Given u", p' and ¢, the algorithm to get u"*! | p ™" and ¢"+! is
1. Choosing a local basis in cell K, we can eliminate p"*!, 5", pp"*!, w"*!, w" and r"

from Eqgs. (4.1b), (4.1¢c), (4.1e), (4.1g), (4.2b) and (4.1h), respectively, by simply inverting
a small mass matrix in each case.
2. After the LDG spatial discretization, we get a system of linear equations

W= Lt g g e,
Pitt = Lag™, 43)
¢"t = Lyt .

3. Solving the system of three coupled second-order Eq. (4.3) for {u"t!, p{'“, q"t1} at
each time step.

The overall performance highly depends on the efficiency of the solver. Traditional iterative
methods such as Gauss—Seidel method suffers from slow convergence rates and the MG
method is demonstrated as an efficient solver. We will show numerically that the number of
iterations is independent of the problem size. For a detailed description of the MG algorithm,
we refer the readers to Appendix 1.
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Fig. 5 Convergeénce rates of MG solver for P2 approximation with Gauss—Seidel smoother (no damping).
At =1.0x 10~

Table 2 Accuracy test for the

Scheme (4.1) at ¢ = 0.2. To N L2 Error Order L®° error Order
maintain the accuracy, the time 0
step is chosen as P 16 4.54E—01 - 1.76E—01 -
At = 0.2Ax, At = 0.2Ax2 and 32 2.43E—01 0.90 9.69E—02 0.87
At =02Ax3 for PO, Pl and 64  131E-01  0.89 S28E—02 0.7
P2 approximation, respectively
128 6.88E—02 0.93 2.76E—02 0.93
P! 16 1.22E-01 - 6.19E-02 -
32 3.91E-02 1.64 1.67E—02 1.89
64 1.05E-02 1.89 4.29E—03 1.96
128 2.71E-03 1.97 1.08E—03 1.98
P2 16 550E—-02 - 1.52E-02 -
32 8.06E—03 2.77 2.14E—03 2.83
64 1.03E—-03 2.96 2.73E—04 2.97
128 1.34E—04 2.94 3.47E-05 2.98
g:lll):ni (4A.1:)c L;Ia;cy:tg?;f?ht;lgme N L? error Order L error Order
step is chosen as At = 0.2Ax for I
P! and P2 approximation P 32 2.65E—01 - 7.40E—02 -
64 1.59E—01 0.74 4.01E-02 0.88
128 8.90E—02 0.84 2.13E—02 091
P? 32 2.65E—01 - 6.71E—02 -
64 1.59E—01 0.74 3.84E—02 0.80
128 8.90E—02 0.84 2.09E—02 0.88
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Fig. 7 Energy trace of numerical 15
solution for Example 6.2

Energy

5 Local Mode Analysis of the Two-Level Algorithm

In order to predict the MG behavior, a two-level local mode analysis is introduced to study
the convergence of the MG method. At the core of any MG algorithm is the two-level
algorithm. Multilevel methods are obtained by recursively applying the two-level algorithm.
The convergence behavior of the two-level algorithm is given by the eigenvalue spectral of
the error amplification operator, i.e. p(Ehzg”d).

For convenience, we consider the local mode analysis for the Scheme (4.1) in two dimen-
sion. Extension to higher dimensions follows immediately by means of the tensor-product
principle. For a detailed description of the local mode analysis for the two-grid algorithm,
we refer the readers to Appendix 2.

We choose € = 0.03, n; = 12 = 5€ and 51 = sp = 2 in Scheme (4.1) and the eigenvalue
spectral of the smoother (E) and the two-level algorithm (Eig”d) are shown in Figs. 1, 2,
3. From these figures, we have

1. From Fig. 1, we choose o = 0.85 with Jacobi smoother and o = 1.0 (no damping) with
Gauss—Seidel smoother for P! and P2 approximation.

2. From Figs. 2, 3, we can see that the two-level algorithm with Gauss—Seidel smoother has
better convergence behavior than with Jacobi smoother.

3. The two-level algorithm is not convergent for P> approximation with damped Jacobi
smoother according to Fig. 2.

6 Numerical Results
In this section, we discuss the numerical solution of the Scheme (4.1) with LDG spatial
discretization. The resulting linear system is solved by the multigrid method and we show

numerically that the method has mesh-independent convergence rates. For the spatial dis-
cretization we use uniform meshes. In our numerical experiments, the values of the number
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P, Q°

Nz
xR

Fig.8 The time evolution of the FCH equation implemented with Scheme (4.1) with P2 elements for Example
63.aT = 0.0lAt = 0.0001,b T = 0.1Ar = 0.0001, ¢ T = 1.0A7 = 0.0001,d T = 100.0At = 0.01,
eT =200.0Ar =0.01,f T =400.0Ar = 0.1
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Fig. 9 Energy trace of numerical solution for Example 6.3

of pre- and post- relaxations is taken as v; = vy = 3. All the computations are performed in
double precision.

6.1 Two Space Dimension
6.1.1 Convergence of the MG Solver

Example 6.1 To demonstrate the superiority of the multigrid solver, we present the con-
vergence rate of the method at the 10th time step. For the tests we take the exact solution
of

u(x,y, t) = e sin(x) sin(y), (6.1)

with the source term f(x, y, t), where f(x, y, t) is a given function so that make the exact
solution. The initial condition is

u(x,y,0) = sin(x) sin(y), (6.2)

and the domain is [—m, w] x [—m, 7] with periodic boundary conditions. W () is taken as
(2.3). The values of the parameters are € = 0.4 and n; = 1 = 1.0.

The number of multigrid iterations required to reduce the norm of the residual below
the tolerance T = 1.0 x 10~3 for P! approximation is given in Table 1 with Gauss—Seidel
smoother and Jacobi smoother. We can find that the required number of iterations is indepen-
dent of Ax and the multigrid method with Gauss—Seidel smoother shows better convergence
behavior than with damped Jacobi smoother, which agrees with the results of the local mode
analysis in Sect. 5, thus we further restrict our study to the former. By the local mode analysis
in Sect. 5, we know that the two-grid method with Jacobi smoother is not convergent for P>
approximation, so we only consider Gauss—Seidel smoother here. Figures 4 and 5 suggest
that the multigrid solver is of optimal complexity for P! and P? approximation.
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Fig. 10 Level sets u = 0.4 (green) and u = 0.45 (blue) of the solvent phase resulting from the FCH
equation implemented with Scheme (4.1) with P2 elements for Example 6.4. a T = 0.1A7 = 0.002, b
T =1.0At =0.002,¢ T =50.0At =0.1,d T = 200.0A¢ = 0.1 (Color figure online)

The L? and L™ errors and the numerical orders of accuracy at time 7 = 0.2 can be found
in Table 2. We can see that the method with P* elements gives a (k + 1)-th order of accuracy
in both L2 and L> norms. What we should keep in mind is that the choice of this refinement
path has nothing to do with any time step restriction for stability. In Table 3, we also show
the convergence results for P! and P> elements with large time step Ar = 0.2Ax, which
indicate the time discretization scheme is consistent.

6.1.2 Spinodal Decomposition and Energy Dissipation

Example 6.2 We consider the Scheme (4.1) with LDG spatial discretization. The initial data
is a random number between —1 and 1 on each grid point. The domain is [—7x, 7] X [—7, 7]
and the boundary conditions are (2.6). We take € = 0.03 and 11 = 12 = S5¢, and W (u) is
taken as (2.3). Numerical results of Scheme (4.1) for P2 approximation are shown in Fig. 6.
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Fig. 11 Energy trace of numerical solution for Example 6.4

Figure 6 shows statistically similar patterns in the numerical solution as those in [20,24].
The system experiences rapid mixing of the two components in the early stage, and phase
separation occurs on nearly the same time scale (the spinodal phase). The porous structure
forms after a very short time (7 = 0.01), followed by merging and further phase separation.
On longer time scales, the system evolves slowly. The results are qualitatively comparable
to the results reported in [17,20].

The energy trace of the numerical solution is shown in Fig. 7 and we find that the energy
(2.2) of FCH equation decays with respect to time ¢, which agrees with the theoretical results.

Example 6.3 We consider the FCH equation (2.5) with

W = & 5 D? ((” J; D*_ 0.18) , 6.3)

n1 = 10€, np = 5S¢ and € = 0.03. The initial condition is taken as
u(x,y,0) =sign(é + vf), (6.4)
where vf = —0.2 and § is randomly assigned between 0 and 1. The domain is [—m, 7] X

[—m, ] and the boundary conditions are (2.6). Numerical results of Scheme (4.1) for P2
approximation are shown in Fig. 8, which is qualitatively consistent with those presented
in [20].

Figure 9 shows the energy trace of the numerical solution and we can see that the energy
(2.2) of FCH equation decays with respect to time ¢.

6.2 Three Space Dimension
6.2.1 Spinodal Decomposition and Energy Dissipation

Example 6.4 We consider the FCH equation (2.5) with 1 = 12 = 5¢ and € = 0.03. W (u)
is taken as (2.3). The initial data is a random number between —1 and 1 on each grid point.

@ Springer



932 J Sci Comput (2015) 63:913-937

>
4
&

)

A

Fig. 12 Level sets u = 0.4 (green) and u = 0.45 (blue) of the solvent phase resulting from the FCH
equation implemented with Scheme (4.1) with P2 elements for Example 6.5. a T = 0.1At = 0.002,
bT =1.0A1r =0.002,¢ T =50.0At =0.2,d T = 200.0At = 1.0 (Color figure online)

The domain is [—7/2, 7 /2] x [-7n/2, /2] X [—m/2, 7 /2] and the boundary conditions
are (2.6). Numerical results of Scheme (4.1) for P? approximation are shown in Fig. 10.
The system experiences rapid mixing of the two components in the early stage, and phase
separation occurs on nearly the same time scale (the spinodal phase). After a short time, the
porous structure appears.

Figure 11 shows the energy trace of the numerical solution and we can see that the energy
(2.2) of FCH equation decays with respect to time 7, which agrees with the theoretical result.

Example 6.5 We consider the FCH equation (2.5) with

2 2
W = & 21) ((“Zl) —0.18), (6.5)
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Fig. 13 Energy trace of numerical solution for Example 6.5

n1 = 10€, np = Se and € = 0.025. The initial condition is taken as
u(x,y,z,0) =sign(d + vf), (6.6)

where vf = —0.2 and § is randomly assigned between 0 and 1. The domainis [—7 /2, /2] x
[—m/2, /2] x [—7/2, /2] and the boundary conditions are (2.6). Numerical results of
Scheme (4.1) for P2 approximation are shown in Fig. 12, which shows similar patterns as
those in Example 6.4.

Figure 13 shows the energy trace of the numerical solution and we can see that the energy
(2.2) of FCH equation decays with respect to time ¢.

Finally, what we should have in mind is that the DG spatial discretization does allow for
more flexibility in several other ways. DG methods are a class of finite element methods,
which can handle the irregular computational domain and complex boundary conditions eas-
ily. Meanwhile, since the basis functions can be completely discontinuous, discontinuous
Galerkin methods have the flexibility which is not shared by typical finite element meth-
ods, such as the allowance of arbitrary triangulation with hanging nodes, complete freedom
in changing the polynomial degrees in each element independent of that in the neighbors
(p-adaptivity), and extremely local data structure (elements only communicate with imme-
diate neighbors regardless of the order of accuracy of the scheme) and the resulting embar-
rassingly high parallel efficiency.

7 Concluding Remarks
In this paper, we have constructed a local discontinuous Galerkin method to solve the func-
tionalized Cahn—Hilliard equation. The energy stability is proved for the general nonlinear

case. A semi-implicit method is used for time discretization to remove the severe time step
restriction for explicit methods. The use of the semi-implicit method will result in a linear
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algebraic system at each time step and the multigrid solver is used to solve the system. In
addition, we show numerically that the number of the multigrid iterations is independent of
the problem size and is of optimal complexity. These results in two and three dimensions
indicate that the local discontinuous Galerkin method and the multigrid method are good
tools for solving such high order and nonlinear partial differential equations in mathematic
physics.

In addition to the advantages of the local discontinuous Galerkin method and the multigrid
solver, we can speed up the simulation by adapting the time step to the evolution of the
solution. We numerically show the unconditional stability of the Scheme (4.1) with s =
5o = 2. This allows us to choose a time step as large as we would like at the cost of numerical
error.

8 Appendix 1: The Linear MG Solver

We start by introducing the basic notations to describe the general setting of a two-level or
bi-grid method. Together with the family of partitions {7}, };,~0 used for the LDG discretiza-
tion, we consider a coarse family of mesh partitions, {7x} -0 with H > h and satisfying
the basic assumption 7z C 75,. One can think H = 2k, since in many circumstances it will
already be coarse enough. Associated to the coarse mesh partition we have the corresponding
finite element space Vg which is defined as

Vg ={ve L*(D):v|p € PX(D); VD e Tyl (8.1)

Throughout the whole description we assume the polynomial degree k is fixed.

To link functions in both spaces, we define the prolongation and restriction operators. The
prolongation operator Py : Vg Vv V), is defined as the natural inclusion. The restriction
operator Ry : Vj, v Vg is defined as the transpose of P,y with respect to the standard
L2-inner product. That is, it is obtained by solving:

Z / Ryn(up)vgdx = Z/uhPhH(vH)dx, Yoy € Vy. (8.2)
peTy ' P peT;,’ P

We now denote Sy, as a general relaxation or smoothing operator. We later specify and study
several choices. The basic property that S, should have is to damp the high frequencies
of the approximate solution and smooth the error. The coarse solver is defined by Ay =
RunAp Pry. The coarse grid correction step is to reduce the smooth components of the error
that can not be reduced by the smoother.

The linear scheme requires the solution at each time step of algebraic non-symmetric
linear systems i.e.

Apup = fp. (8.3)

The MG method is used to solve the system and the main points of the algorithm is the bi-grid
cycle. Following [2], we can formulate the bi-grid cycle as follows:

Algorithm 1: Two-grid Cycle Starting with an initial approximation, say u[}, RE"
1. Pre-relaxation apply v; pre-relaxation sweeps: form = 1..., vy, solve

-1 1
Wprp = Wpgp + Sh(fn — Antprp),
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Table 4 The possible choices of the smoother operator

Smoother Jacobi Gauss—Seidel Damped Jacobi Damped Gauss—Seidel

Sh D, (D + L)~ ! aD’! a(Dy + Lp)~!

2. Coarse-grid correction update the solution u'p . by a coarse-grid correction step, solve
the problem once on coarse grid

Agve = Run(fn — Antt'pgp).

and set ucg = upgrp + Phr (Ve).
3. Post-relaxation starting with uc¢g, apply v, post-relaxation sweeps, that is, set ”%0 5T =
ucg and form =1..., vo, solve

Wposr = “?515T + Su(fn = Ah“';alw)'

The integers vy and v, are parameters in the scheme that control the number of relaxation
sweeps before and after visiting the coarse grid. v; and v; are called the number of pre- and
post- relaxations, respectively.

Solving the coarse grid problem at the second step of the above algorithm could be done
again with the two-level algorithm. Hence, the V-cycle multi-level algorithm in terms of the
two-level algorithm is defined by applying the two-level algorithm recursively.

Due to the block structure of Aj, we focus only on very simple block-relaxation. In
particular, we decompose Ay, into a strict block-lower, a block-diagonal, and a strict block-
upper matrix, i.e.

Ap =Ly + Dy + Uy,. (8.4)

Table 4 shows some possible choices of the smoother operator.

9 Appendix 2: The Local Mode Analysis of the Two-Grid Algorithm

In [1], the author considered a general framework for performing the local mode analysis
for analyzing the convergence of two-level or bi-grid algorithms, and also provided some
quantitative information about the performance and design of the solvers. Although the
approach is applied to constant coefficients, linear problems and uniform grids, some general
results are established, based on the fact that some local mode analysis can be performed
at the matrices. A different treatment has to be given to the part of the matrix associated
with interior unknowns and that associated to boundary degrees of freedom. Ignoring the
treatment of the boundaries, we now revise some of the results given in [1]. There, the author
defined the convergence factor of the two-grid method by

”uUP?OST”
A= Sup —5—— 9.1
”upRE l

in some appropriate chosen norm that might depend on the problem. It is also shown, that
under the assumptions described above (constant coefficients, linear problems, uniform grids
and neglecting the boundary conditions), the convergence factor might be computed in terms
of the symbol of the error propagation operator.
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For the linear iteration, the error propagation operator is defined as:
Ep:=1—S,Ay, 9.2)

where [ is the identity operator in fo. The spectral radius, or some norm of this operator
allows to quantify how the error is reduced at each iteration. If it is less than 1 we will get a
convergent iteration. The smaller it is, the faster is the iteration.

In the case of the two level or two-grid cycle defined in Algorithm 1, the error propagation
is:

EF¥" = E*[1 — Pun Ay RunAnlE). 9.3)

Following [1], if one could choose the LZ-norm, denotes by Eh (0) the symbol (in the
frequency space) of the error propagation operator, from Parseval’s identity it is formally
obtained

X = sup | Ex(0)]. (94)
60

While for symmetric problems, the estimation of the spectral radius of Ej, could be reduced to
the computation of its largest eigenvalue, in the present situation, since Ay is non-symmetric
and also §j,, one can not guarantee that their spectral information contain the relevant infor-
mation.

To compute the spectral radius, a possible way is to compute the first singular value of
E},. In particular, one can define the asymptotic convergence factor (see [1]) as:

Aasymp = sup o1 (En(9)), 9.5)
640

where o7 is the spectral radius of E, (i.e. largest absolute eigenvalue). On the other hand,

a more restrictive way of ensuring that ||E,21g”d || < 1 would be to study the norms of each

of the terms in the product. From the definition, we see that an essential requirement is to
guarantee that the smoother has norm strictly less than 1.
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