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the time step proportional to the spatial mesh size. Numerical experiments are carried out
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1. Introduction

In this paper, we will develop a novel semi-implicit spectral deferred correction (SDC) time marching method for solving
time dependent highly nonlinear partial differential equations (PDEs) containing high order spatial derivatives. Coupling
with the local discontinuous Galerkin (LDG) spatial discretization, we develop an arbitrary high order accurate and stable
schemes for convection diffusion equation, the surface diffusion and Willmore flow of graphs, the Cahn-Hilliard equation,
the Cahn-Hilliard-Brinkman system and the phase field crystal equation. Due to the local property of the LDG methods,
the resulting implicit scheme is easy to implement and can be solved in an explicit way when it is coupled with iterative
methods.
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The discontinuous Galerkin (DG) method is a class of finite element methods, in which using a completely discontinuous
piecewise polynomials as the numerical solution and the test spaces. It was first designed as a method for solving hyperbolic
conservation laws containing only first order spatial derivatives, e.g. Reed and Hill [26] for solving linear equations, and
Cockburn et al. [5-8] for solving nonlinear problems.

It is difficult to apply the DG method directly to PDEs containing higher order spatial derivatives, therefore the LDG
method was introduced. The 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. The first LDG method was constructed by Cockburn and Shu [9]
for solving nonlinear convection diffusion equations containing second order spatial derivatives. Then LDG methods have
been successfully designed and applied in a number of models involving diffusion and dispersive problems (see for example
the review paper [33]). DG and LDG methods also have several attractive properties, for example: allowing for efficient h,
p adaptivity and having excellent parallel efficiency. The most important property of DG and LDG methods is high order
accurate, which motivates us to develop high order temporal accuracy scheme to get the goal of obtaining high order
accuracy in both space and time together with robust stability conditions.

By the method of lines, the application of the LDG method for spatial variables for a partial differential equation will
generate a large coupled system of ordinary differential equations (ODEs). The development of suitable solvers for solving
different types of ODEs have attracted a lot of attention in the last decades. For non-stiff ODEs, there exist extremely
effective high order explicit methods [1,4,21], such as Runge-Kutta, linear multi-step and predictor corrector methods. For
stiff problems, the situation is considerably more complicated, but still many efficient implicit methods [1,4,22] have been
developed. Nevertheless, Dutt et al. constructed a new variation of the classical method of deferred corrections, the SDC
method in [13], which preserve good stability and accuracy properties for stiff problems. Tang et al. provided a general
framework for the convergence of the SDC method in [27].

In some cases, the resulting ODEs include both stiff term Fs and non-stiff term Fy, and can be written as

1.1
u(0) = up. (1)

{ ue = Fs(t,u(t)) + Fn(t, u(t)), te[0,T]
An efficient time marching technique to solve the ODEs (1.1) is semi-implicit methods, which treats the stiff component Fgs
implicitly and the non-stiff component Fy explicitly. For example, Minion developed an efficient semi-implicit SDC method
for solving the ODEs (1.1). Xia, Xu and Shu [29] explored the SDC method, the additive Runge-Kutta (ARK) method and the
exponential time differencing (ETD) method for the LDG methods to solve PDEs with higher order spatial derivatives, which
were all validated to be effective. The existing semi-implicit SDC methods have been developed to solve many problems,
such as the phase field problems [15,24,31] and the phase field crystal equation [19]. Unfortunately, these semi-implicit
time marching methods are mainly efficient for problems with easily separate stiff and non-stiff components.

However, it is not always easy to separate the stiff and non-stiff components, and therefore the use of traditional semi-
implicit schemes is not straightforward. In such cases, one usually relies on fully implicit schemes. But, fully implicit schemes
have the disadvantages of difficult implementation and poor stability properties. To get a suitable solver for this class of
problems, Boscarino et al. [2] developed several semi-implicit Runge-Kutta schemes up to order three for time-dependent
highly nonlinear PDEs. Guo, Filbet and Xu [20] applied the semi-implicit Runge-Kutta methods coupled with LDG spatial
discretization to solve a series of highly nonlinear PDEs containing higher order spatial derivatives, obtaining second order
and third order accuracy in both time and space. Motivated by this idea and the desire to develop higher order temporal
accuracy, we will propose a novel semi-implicit SDC method for highly nonlinear PDEs, namely, the stiff and non-stiff com-
ponents can not be well separated. The semi-implicit Runge-Kutta method introduced in [20] and the SDC method proposed
here are all efficient for highly nonlinear PDEs. However, the Runge-Kutta method has some limitations, for example, it is
more difficult to construct for higher order accuracy. While for the SDC method, 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.

In this paper, we will apply the proposed semi-implicit SDC method to solve a series of highly nonlinear time dependent
PDEs, namely, the nonlinear convection diffusion equation, the surface diffusion and Willmore flow of graphs, the Cahn-
Hilliard equation with degenerate mobility, the Cahn-Hilliard-Brinkman system and the phase field crystal equation. Convex
splitting schemes were developed by Guo and Xu for the Cahn-Hilliard equation [17], the Cahn-Hilliard-Brinkman system
[18] and the phase field crystal equation [19], which were unconditionally energy stable. However, these schemes are only
first order or second order accurate in time. Based on the first order schemes, the proposed semi-implicit SDC method can
therefore be applied to improve the temporal accuracy. The surface diffusion and Willmore flow of graphs are both highly
nonlinear fourth-order PDEs, high order semi-implicit time marching methods are difficult to construct and therefore are
desirable to develop.

The organization of the paper is as follows. In Section 2, we develop a novel high order semi-implicit SDC method for a
general class of ODEs and study its local truncation error analytically. Numerical experiments are carried out in Section 3,
testing the performance of the semi-implicit SDC method coupled with the LDG spatial discretization for solving a series
of highly nonlinear PDEs, including the nonlinear convection diffusion equation, the surface diffusion and Willmore flow of
graphs, the Cahn-Hilliard equation with degenerate mobility, the Cahn-Hilliard—-Brinkman system and the phase field crystal
equation. Finally, we give concluding remarks in Section 4.
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2. The semi-implicit SDC methods

The SDC method was first constructed by Dutt, Greengard and Rokhlin [13] to develop high order stable methods for
stiff and non-stiff problems. Then, a semi-implicit SDC method was introduced in [25] to solve ODEs containing both stiff
and non-stiff components. The method is very efficient for PDEs with easily separate stiff and non-stiff components, which
treats the stiff terms implicitly and the non-stiff terms explicitly. The classical semi-implicit SDC method proposed in [25]
will first be reviewed in Subsection 2.1.

However, it is not always easy to separate the stiff and non-stiff components, especially for highly nonlinear ODEs. In
Subsection 2.2, we will propose a novel semi-implicit SDC method to solve this kind of ODEs. It is no doubt that the
proposed SDC method is a useful extension of the classical semi-implicit SDC method.

2.1. The classical semi-implicit SDC method

The basic idea of the SDC method is to replace the original ODEs by the corresponding Picard integral equation and
discretize it on a sequence of large time intervals by using a Legendre-Gauss type quadrature. The resulting system is first
solved by a simple time marching method, and then are corrected iteratively, with the order of accuracy increased by one
for each additional iteration.

Supposing now one ODE can be written as

ue = Fs(t, u(t)) + Fn(t,u(t)), tel0,T]

2.1
u(0) = uo, @

where Fs is a stiff term and Fy is a non-stiff term. The details of the semi-implicit SDC method proposed in [25] are
described in the following.

Suppose now the time interval [0, T] is divided into M non-overlapping intervals by the partition 0 =tg <t; <... <ty <
... <ty = T. We shall describe below the semi-implicit SDC method which will be used to advance from t, to t;;1. Let
Aty =ty4+1 —tp and u, denotes the numerical approximation of u(t,), with ug = u(0).

Divide the time interval [t;,t;+1] into P subintervals by choosing the points t,,; for m=0,1,..., P such that t, =
tho <th1<...<tgm<...<tpp=tny1. Let Atpm =thm+1 —tam and uﬁ’m denotes the kth order approximation to u(tp,m)-
The points {tn,m}r‘:,=0 can be chosen to be the Chebyshev Gauss-Lobatto nodes on [t;,t;+1] to avoid the instability of
approximation at equispaced nodes for high order accuracy. We can also choose the Gauss nodes, or Legendre Gauss-Radau
nodes or Legendre Gauss-Lobatto nodes. Starting from up, we give the algorithm to calculate u;, 1 in the following.

Compute the initial approximation:
u,lw =u,.

P

Use a first order semi-implicit scheme to compute approximate solution u! at the nodes {tn,m} ey, L€
Form=0,...,P -1

u;,m+1 = u;,m + Aty m(Fs(tn,m+1, U,11’m+1) + Fn(ta,m, u;!,,m))~ (2.2)

Compute successive corrections based on first order scheme:
Fork=1,...,K

k+1 _
Uyp = Un.

Form=0,...,P -1
uft =kt Aty (Fs(tnmer. w1 — Fs(tumit. U 1)
+ Aty (FN (b, USTD) — Fn(tnm, Uk ) + I (Fs (€, ub) + Fyu®)), (2.3)

where Im“(Fg(t, u*) + Fy(¥)) is the integral of the P-th degree interpolating polynomial on the P + 1 points

(tn,m. Fs (tnm. u ) + Fn(to,m, uk ;)P _, over the subinterval [tn m. tn,m+1].

. K41
Finally we have uj41 = Upp -

2.2. The novel semi-implicit SDC method

Minion mentioned in [25] that it is not always trivial to find such a splitting (2.1) for an ODE. For example, we consider
here a more general class of problem of the form

{uf=F(t,u(t),u(t)), t €0, T],
(2.4)
u(0) = uo,

where ug, u(t) € R" and F : R x R" x R" — R". Requiring that F € C}(R x R x R") is, of course, sufficient to guarantee
local existence and uniqueness of the solution to (2.4). And the dependence on the second argument of F is non-stiff, while
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the dependence on the third argument of F is stiff. In fact, all the cases mentioned before belong to this more general class,
including the stiff, non-stiff problems and the problems containing separate stiff and non-stiff components.

In the above case, the classical semi-implicit SDC method described in Subsection 2.1 is not efficient anymore. Because
if we treat the right term F(t, u(t), u(t)) of (2.4) as a non-stiff term and apply the existing semi-implicit SDC method, we
can get the initial approximation as follows

uz!l,m+] = u1]1,m + Atp,m F (tn,m, ugl,m’ urll,m)v (2.5)
which in fact is a forward Euler method, and it has severe time step restriction to maintain the stability. While when we
treat it as a stiff term, the initial approximation is in the following form

1 1 1 1
Unmi1 = Unm + AlnmF (Enmit Un my1s Unms)- (2.6)

It is a fully implicit scheme, which will incredibly increase the difficulty of implementation.
Therefore, it will be desirable to develop a novel semi-implicit SDC method to solve the ODE (2.4). The main idea of
the method is that the variable u(t) appearing as the second argument of F is treated explicitly, while u(t) appearing as
the third argument is treated implicitly. We shall describe below the new semi-implicit SDC method which will be used to
advance from t; to tp41.
Compute the initial approximation:
u}w =up.
P

Use a first order semi-implicit scheme to compute approximate solution u! at the nodes {tn,m}pm_y, L€
Form=0,...,P—1
ul = uh o At F(tm, U s U ) (2.7)
nm+1 = “n,m nmiAtnms ®nm> “n,m41/+ .
Compute successive corrections based on first order scheme:
Fork=1,...,K
k+1 _
Upo = Un.
Form=0,...,P—1
k+1 k+1 k k+1 k ! 1 koo h
Up en = Unm O Atwm (F (Gt U g U y) = F(tumts Ug gy Up ) + I (F(E u®, u")), (2.8)

where 0 <6 <1, I"1(F(t,u*,u¥)) is the integral of the P-th degree interpolating polynomial on the P + 1 points
(tn.m, F (tn.m, u’;,m, u’,ﬁ,m)),’;:O over the subinterval [ty m, tn,m+1], which is the numerical quadrature approximation of
tn,m+1
F(t,u(t),u(r))dr.
tn,m

- _ K41
Finally we have uy41 = Upp -

Here, we will specify how to compute I,';.,”l (F(t, uk, uky). Firstly, we approximate F(t, u¥, u¥) by its Lagrange interpolation
polynomials Fp(t, u¥, u¥) based on the Gauss type points, namely

P
Fp(t,u,uf)y =" Fp(tn j, uy j, uy DLT ). (2.9)
j=0

Then, we approximate IM+1(F(t, u¥, uk)) by

th,m41

P
I (F e uf uf) ~ / Fp(t,uf, uydt =) Fp(tn,j. uy j. ty ey, 5. (210)
tam j=1
where
tn,m+1
Cm.j = / L7 (tyde (2.11)
tn.m

can be precomputed once and for all.
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2.3. The local truncation error

Lemma 2.1. (Local truncation error). The local truncation error obtained with the proposed semi-implicit SDC scheme is
O(hmin[KJrl,PJrl])’ (212)

where h = max Aty m.
n,m

Proof. Assume un o=U(tn), k=1,..., K+ 1. Taking the difference of

tn,m+1
U(tn,m+1) = u(tn,m) + / F(r,u(r),u(r))dt (213)
fn.m
and (2.8), we have

+1 k+1
u(tl‘l m+1) n m+1 — u(tﬂ m) n+m

—0 Atn,m (F(th,m1, uﬁ,m+]! {;+,7}+1) F(tn,m+1, uﬁ,erp uﬁ’m+1))
thm+1

+ / F(z,u(t), u(r))dt — M1 (F(t, uk, uby). (2.14)
th,m

Here, we employ the induction strategy, and by induction on both m and k, when k=1, m =0,

U(tn,1) — Up y = U(tn,0) — Up g — O Alno(F(tn,1. 1} 1. Uy 1) — Ftn,1. 1 1.1} 1))
th1
+/Hnmwwu»—%wmwwhy
tn,O
We have

F(tn,1, U},J’ U,ZM) — F(tq,1, U,]Ll, urlm) = Fé(trll 1> urll 175)(”3,1 - urlm)
= F3(tn 1: Uy 175)(71%,1 —u(tn,1) +utn,1) — urlm)s
= F4(th . up 1. E)WUp — ultn1) + Oh?)),

and
th 1 th 1
/F(r,u(r),u(r))—Ig(F(t,ul,ul)):/F(r,u(r),u(r))dr—Ig(F(r,u,u))
tho th.o
HIS(F(t, u,u) — I3(F(t, ut, ul))
=0h3) +0on?) (215)

In equation (2.15), we have used the fact that I,’Q“(F(t, u,u)) is the integral of the P-th degree interpolating polynomial
on the P +1 points (tgm, F(u(tn,m), U(tam))))_o over the subinterval [ty m, tn,m+1], Which is accurate to the order O(hP+2).
Based on all the analysis above, we have

u(tn1) —up ; = O(). (2.16)
Then we assume, when k < P,

u(ty)) —uk, = O0m1), vliinlevelk, (217)

u(tn) — u"“ =O(h*?), forl <minlevel k+1. (2.18)

Then we have

u(tn m) k+1 O(hk+2),
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k k+1 k k
F(tnm+1, Uy mt1» un,m+1) — F(th,m+1, Uy m1> un,m+l)

o k k+1 k
= F3(tnm+1, Up 1 €)Wy 1y — Unmgr)

k k+1 k
= Fé (tn,m+1, Up m+1> é)(un}+1 — u(tpme1) + ultyme1) — ué,erl)

= Fyltnmst, U ey, UL — Ulnms)) + OR)

tn,m+1
F(T,u(t), u(r))dt — M1 (F(t, uk, uk))
th,m
th,m4+1
= / F(T,u(t), u(r))dt — M1 (F(t, u, u) + IV (e, u,u) — IV (F (e, uk, ub)
th,m
= O(h"*2) + O(h*?)
— O(h"”).
Based on all the analysis above, we have

U(tnmy1) — us b = O(RMINKF2PE2D) - g (2.19)

Remark 2.1. From the proof the local truncation error, we find that the term OAt,n (F(tn,m+1,u’; m+1’”’;;+ml+1) —

F(tn,m+1,u’;’m+1,uﬁ’m+l)) in the semi-implicit SDC scheme (2.8) does not affect the accuracy, but affect the stability of
the scheme (e.g., # =0, 1 for explicit and implicit scheme respectively). While the term Im“ (F(t, u*, u")) in scheme (2.8) is
responsible for the accuracy increasing. Since the order of accuracy is bounded by P + 1, usually we take k = P for efficiency
in the application.

Remark 2.2. (Comparison with the existing semi-implicit Runge-Kutta method). In [20], we developed a semi-implicit
Runge-Kutta method for highly nonlinear PDEs, and numerical experiments showed that it was indeed efficient. Comparing
with the SDC method, it is more difficult to construct higher order Runge-Kutta scheme. Actually, only second order and
third order temporal accuracy was achieved in [20]. While for the SDC method, 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. Numerical experiments in
Section 3 will then be presented to verify that we can indeed obtain higher order accuracy.

In addition, as mentioned in [25], in the Runge-Kutta methods, the solution computed during a time step is given by a
particular linear combination of the right hand side of the ODE evaluated at intermediate or stage values, some of which
have truncation errors of lower order accuracy than the final value. The linear combination is chosen such that the lower
order truncation errors in the stage values cancel, and hence the exact form of these truncation errors must be known. This
makes the generation of Runge-Kutta method for more than two disparate time scales very difficult. For the SDC method,
low order intermediate solutions do not contribute directly to the final value. This allows for a straightforward extension to
problems with more time scales.

For a detailed description of the comparison with the existing semi-implicit Runge-Kutta method, we refer readers to
[25].

3. Applications

In this section, we perform numerical experiments for a series of highly nonlinear PDEs, including the nonlinear con-
vection diffusion equation, the surface diffusion and Willmore flow of graphs, the Cahn-Hilliard equation with degenerate
mobility, the Cahn-Hilliard-Brinkman system and the phase field crystal equation. These examples are used to verify that
our spatial and time discretization methods can achieve high order accuracy in both space and time for PDEs without easily
separating stiff and non-stiff components. In addition, we perform numerical tests for different kinds of PDEs to show the
robustness of our semi-implicit SDC method. It is believable that the semi-implicit SDC method can be successfully applied
to solve many other PDEs beyond those presented in this paper. All the computations are performed in double precision
and on uniform spatial meshes.

In order to apply the proposed semi-implicit SDC method to solve highly nonlinear PDEs, we shall first discretize the
PDEs in space to obtain a system of ODEs of the form (2.4). In this paper, we will restrict ourselves to the local discontinuous
Galerkin (LDG) method for spatial discretization, which is high order accurate. For a detailed description of the LDG method
as well as its implementation and applications, we refer readers to the lecture notes [10] and the review paper [11]. The
corresponding LDG methods for the PDEs mentioned above can be found in [9,32,30,18,19].



R. Guo et al. / Journal of Computational Physics 338 (2017) 269-284 275

Table 3.1
Nonlinear convection-diffusion equation: accuracy test at time T = 0.5, At =0.1Ax.
N L? error Order L error Order
P! 16 3.00E-02 - 2.60E—-02 -
32 7.56E—03 1.99 7.26E—03 1.84
64 1.89E-03 2.00 1.88E—03 195
P? 16 3.03E-03 - 2.97E-03 -
32 3.79E—-04 3.00 3.84E—04 2.95
64 4.73E-05 3.00 4.89E—-05 2.97
P3 16 2.75E—04 - 3.34E—04 -
32 1.74E—05 3.98 2.30E-05 3.86
64 1.09E—-06 3.99 1.48E—06 3.96

Here, when the piecewise P! and P2 elements are used in the LDG method, the third order semi-implicit SDC% method
is used in the time integration. When the piecewise P> elements are used in the LDG method, we use the fourth order
semi-implicit SDC3 method.

In order to enhance the efficiency of the proposed approaches, the linear and nonlinear multigrid solvers [3] are used to
solve the algebraic equations at each time step. For a detailed description of the multigrid solvers coupled with LDG spatial
discretization and semi-implicit time marching method to solve PDEs, we refer readers to [17]. Due to the local properties
of the LDG methods, the resulting implicit scheme is easy to implement and can be solved in an explicit way when it is
coupled with iterative methods.

3.1. The nonlinear convection diffusion equation

We first consider a simple nonlinear convection diffusion equation in the domain = [0, 2] x [0, 27r] and with periodic
boundary conditions

wt +owV -Vo— Aw=0, (3.1)

where V =[1, 1]7. The convection term of equation (3.1) is in nonconservative form, which will lead to some instability for
non-smooth exact solutions when the coefficient V is very small. Thus, here we will study the convection diffusion equation
with smooth exact solution.
To apply our proposed semi-implicit SDC method, it is necessary to construct a first order semi-implicit scheme firstly.
Here, we treat both the convection and diffusion terms implicitly, and obtain a first order semi-implicit scheme as follows
wn+1 — o
At

We test our numerical method taking the exact solution

+ 0"V - Vo't — Ap™ = 0. (3.2)

w(x, y,t) = e sin®(x) sin®(y) (3.3)

for equation (3.1) with a source term f(x, y, t), which is a given function so that (3.3) is the exact solution.

The time step At is taken proportional to Ax such that At = 0.1Ax. Obviously, the condition would lead to some
instabilities of the numerical solution for a fully explicit time marching method, since At = 0(Ax?) is necessary.

Table 3.1 presents the L2 and L™ errors and the numerical orders of accuracy at time T = 0.5, which shows (r + 1)-th
order of accuracy in both L and L% norms for " approximation.

This example is designed to demonstrate that the our proposed semi-implicit SDC method is indeed efficient for nonlin-
ear convection-diffusion equations, namely, we can get up to fourth order accuracy in both time and space with the time
step proportional to AX.

3.2. The surface diffusion and Willmore flow of flows

Xu and Shu [32] develop LDG methods for the surface diffusion of graphs

U+ V- (Q <1— W) VH> —o, (3.4)
and the Willmore flow of graphs
1 Vu® Vu 1 H?
ut—l—QV-(a (I—T> V(QH))—EQV-<EVu>_O, (3.5)

where Q is the area element
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Table 3.2
Surface diffusion of graphs: accuracy test at time T =0.5, At =0.1Ax.
N L? error Order L error Order
P! 16 1.50E-03 - 1.34E-03 -
32 3.76E—04 1.99 3.38E—04 1.99
64 9.43E-05 2.00 8.47E—05 2.00
P? 16 1.07E—04 - 1.22E—04 -
32 1.34E-05 3.00 1.53E-05 3.00
64 1.68E—06 3.00 1.91E-06 3.00
P3 16 5.43E—06 - 7.01E—06 -
32 3.40E-07 4.00 4.40E—-07 3.99
64 2.14E—-08 3.99 2.87E—-08 3.94

Q=/1+|Vuf?

and H is mean curvature of the domain boundary I'

(%)
H=v-(—),
Q

which are high order accurate in space. According to the equations above, we can conclude that they are both highly
nonlinear, and the stiff and non-stiff components can not be well separated, which increases the difficulty of developing
semi-implicit time marching methods, not to mention high order schemes. Guo, Filbet and Xu develop a semi-implicit
Runge-Kutta method to solve these two equations in [20]. However, only second order and third order accuracy are achieved.
Motivated by the idea and the desire to develop a higher order scheme, we will apply the proposed semi-implicit SDC
method here, which should be high order accurate and stable numerically.

To employ the semi-implicit SDC method, it is necessary to construct a first order semi-implicit scheme firstly. For the
surface diffusion (3.4) and Willmore flow of graphs (3.5), we treat the linear part implicitly and the nonlinear part explicitly
for simplicity and easy implementation. The corresponding first order semi-implicit schemes are

1
ut —u”+v_ o I_Vu”®Vu” Vi) o,
At (Qm? (3.6)
- vun-H :
Q" =1+ Vu2, H"“:V'( Q" )
for the surface diffusion of graphs (3.4) and
yntl —gyn 1 Vu' ® vu" ~ 1 H™)?2
—+an - I_L V(QHHH+1) __an uvun‘Fl :0’
At Qr (Qm)? 2 Qr (3.7)
- Vun+l vu :
Q" =/1+|Vu"2, H"“:V-( on ) H”:v-(Qn),

for the Willmore flow of graphs (3.5). Then, we can employ the semi-implicit SDC method combining with the above first
order schemes to obtain high order temporal accuracy. Next, we will present two numerical experiments to validate the
result.

In both cases, the computational domains are Q = [—m, 7] x [—7, ], with periodic boundary conditions. For the surface
diffusion of graphs (3.4), we consider the accuracy test taking the exact solution

u(x, y,t) =0.05e % sin(x + y) (3.8)

for equation (3.4) with a source term f(x, y,t), which is a given function so that (3.8) is the exact solution. The time step is
taken as At =0.1Ax. The L? and L* errors and the numerical orders of accuracy at time T = 0.5 are obtained in Table 3.2,
which shows (r + 1)-th order of accuracy in both L? and L> norms for 7" approximation, i.e. our numerical scheme is more
accurate for larger time steps comparing with other existing numerical methods.

We present in Fig. 3.1 the time evolution of the L? norm of the numerical solution, and the functional Esp (t) is defined
by

55D(r)=%/u2(r,x)dx.
Q

The result shows that our semi-implicit SDC time marching method is stable numerically with large time steps.
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Fig. 3.1. Surface diffusion of graphs: time evolution of L? norm obtained with LDG spatial discretization and the semi-implicit SDC time marching method.

Table 3.3
Willmore flow of graphs: accuracy test at time T =0.5, At =0.1Ax.
N L? error Order L error Order
Pl 16 1.50E—03 - 1.34E—03 -
32 3.76E-04 199 3.38E—04 199
64 9.43E-05 2.00 8.47E—-05 2.00
P? 16 1.07E—04 - 1.22E—04 -
32 1.34E-05 3.00 1.53E-05 3.00
64 1.68E—06 3.00 1.91E-06 3.00
P3 16 5.43E—-06 - 7.01E-06 -
32 3.40E-07 4.00 4.40E-07 3.99
64 2.14E—-08 3.99 2.87E—-08 3.94

For the Willmore flow of graphs (3.5), we test our scheme taking the exact solution
u(x, y,t) =0.05e %t sin(x + y) (3.9)

for equation (3.5) with a source term f(x, y,t), which is a given function so that (3.9) is the exact solution. The time step is
taken as At =0.1Ax. The L% and L* errors and the numerical orders of accuracy at time T = 0.5 are obtained in Table 3.3,
which also shows (r + 1)-th order of accuracy in both L? and L* norms for P’ approximation.

We present in Fig. 3.2 the time evolution of the energy of the numerical solution, and the functional &y (t) is defined by

Ewt) = %/Hz(t,x)Q(t,x)dx.
Q

From Fig. 3.2, we can see that our numerical scheme is energy stable numerically, namely, the discrete energy is always
non-increasing with respect to time.

The higher order differential operators and additional nonlinearities for the surface diffusion and Willmore flows of
graphs are difficult to simulate numerically, especially for high order spatial and time discretization methods. Numerical
results show that the proposed semi-implicit SDC method is indeed efficient for highly nonlinear PDEs containing high
order spatial derivatives (see Tables 3.2-3.3).

3.3. The Cahn-Hilliard equation
In this subsection, we consider the Cahn-Hilliard equation

ur=Vv-bwvV(—yau+u®—u), (3.10)

where b(u) is the degenerate mobility, and y is a positive constant. The Cahn-Hilliard equation (3.10) is a gradient flow in
the Hilbert space H~! with the energy functional

Eu) = / (%wvmz + F(u)) dx. (311)
Q
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Fig. 3.2. Willmore flow of graphs: energy curves obtained with LDG spatial discretization and the semi-implicit SDC time marching method.

Table 3.4
Cahn-Hilliard equation: accuracy test at time T =0.5, At =0.1Ax.
N L? error Order L error Order
Pl 16 2.12E-02 - 1.54E—02 -
32 5.33E-03 2.00 3.89E—03 1.99
64 1.33E-03 2.00 9.72E—-04 2.00
P? 16 1.38E—03 - 1.23E-03 -
32 1.70E—04 3.02 1.55E—04 2.99
64 2.13E-05 3.00 1.96E—05 2.98
P3 16 6.80E—05 - 8.66E—05 -
32 4.25E—06 4.00 5.51E—06 3.97
64 2.66E—07 4,00 3.47E-07 3.99

Various numerical simulations have been developed for the Cahn-Hilliard equation [14,15,17,24] recently. For example,
Feng et al. [15] developed a high order and energy stable scheme to simulate phase field models with constant mobility
by combining the classical semi-implicit SDC method and energy stable convex splitting technique. However, these methods
are mainly efficient for phase field problems with constant mobility.

The Cahn-Hilliard equation (3.10) with degenerate mobility is highly nonlinear, which increases the difficulty of designing
high order time marching methods. Because in this case, the stiff and non-stiff components can not be well separated,
which leads to that the use of traditional implicit-explicit methods is not straightforward. In this paper, we will apply our
semi-implicit SDC method to solve the Cahn-Hilliard equation with degenerate mobility, obtaining high order temporal
accuracy.

In order to apply the SDC method, we shall first present a first order semi-implicit method. The first order convex
splitting scheme proposed in [17] is given in the following form

un+1 —u"
At

which is unconditionally energy stable. Then we can therefore employ the semi-implicit SDC method combining with the
convex splitting scheme (3.12). Next, we will perform an accuracy test to show our result.

We consider the Cahn-Hilliard equation (3.10) with b(u) =1 — u?, y = 1.0 in the square domain  =[0, 2] x [0, 27]
and with periodic boundary condition. For the tests, we take the exact solution of

—v. [b(u")V (—y AU 4 @) - u”)] , (3.12)

u(x, y,t) =e ' sin(x)sin(y), (313)

with a source term f(x, y,t), where f(x, y,t) is a given function so that (3.13) is the exact solution.

Table 3.4 presents the accuracy and order in L% and L® norms, which gives the expected optimal convergence rate. The
time step At is taken proportional to Ax such that At =1 Ax, with A =0.1.

The energy trace is presented in Fig. 3.3, we can see that the discrete energy is non-increasing in time, which shows
that our semi-implicit SDC method combining with the unconditionally stable convex splitting scheme (3.12) can maintain
the energy stability numerically when solving the Cahn-Hilliard equation.
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Fig. 3.3. Cahn-Hilliard equation: energy curves obtained with LDG spatial discretization and the semi-implicit SDC time marching method.

3.4. The Cahn-Hilliard-Brinkman system

In this subsection, we consider the Cahn-Hilliard-Brinkman (CHB) system
=V -(M@Vu) —V-(¢u),
p=¢>—¢—e’A¢,
= V- [(@DW]+n@u=-Vp—-ypVu,
V-u=0,

(3.14)

where M(¢) > 0 is a mobility that incorporates the Peclet number, u is the advective velocity, p is the pressure and
D(u) = Vu + (Vu)T.
The CHB system is energy dissipative, i.e.

d

a.__ 2, 1 2, 1 2
th— /(M(d))lvul +yn(¢)|u| +2yv(¢)|D(u)| >dXSO, (3.15)
Q

where the Ginzburg-Landau free energy E is given by
e 2, 1 9 2
E(¢)= 7|V¢I +Z(¢ =17 rdx. (3.16)
Q

A few numerical simulations have been developed to solve the CHB system. For example, Collins et al. [12] presented
a first order unconditionally energy stable and uniquely solvable finite difference scheme for the CHB system. Guo and Xu
[18] developed efficient unconditionally energy stable convex splitting LDG scheme for the CHB system. To our knowledge,
the existing temporal methods for solving the CHB system are all first order accurate, such as the convex splitting scheme
proposed in [18]

n+1 _ n
O v M@V - V@,
I’Ln+l — (¢n+])3 _ ¢I‘l _ 82A¢n+], (317)
— V- [(@"D@" ]+ n@hHu™t = —vpt -yttt
V.u"tl=0.

The CHB system is a highly nonlinear phase field model, and obviously the stiff and non-stiff components of the system
can not be well separated. Therefore, the first order convex splitting scheme (3.17) is not easy to extend to higher order
accurate ones. And the design of high order time marching methods will be incredibly difficult. In this case, based on
the convex splitting scheme (3.17), we will apply the proposed semi-implicit SDC method to achieve high order temporal
accuracy. Next, we will first validate the result via an accuracy test, and then present a long time simulation to investigate
the long time behavior of the numerical solution obtained from the proposed SDC method.
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Table 3.5
Cahn-Hilliard-Brinkman system: accuracy test at time T = 0.4, At =0.1Ax.
N L? error Order L error Order
P! 16 2.59E-02 - 1.88E—02 -
32 6.51E—03 1.99 4.74E—-03 199
64 1.62E—03 2.00 1.18E—-03 2.00
P? 16 1.74E—03 - 1.63E—03 -
32 2.26E—-04 294 2.06E—04 2.98
64 2.87E-05 297 2.59E-05 2.99
P3 16 8.36E—05 - 1.08E—04 -
32 5.41E—-06 3.95 7.19E—06 3.91
64 3.76E-07 3.85 5.07E-07 3.83
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Fig. 3.4. Cahn-Hilliard-Brinkman system: energy curves obtained with LDG spatial discretization and the semi-implicit SDC time marching method.

Accuracy test
We consider the CHB system (3.14) with M(¢) =1, n(¢) =1, v(¢) =1, e =1, y =1 in the square domain Q2 = [0, 277] x
[0, 27r] and with periodic boundary condition. For the tests, we take the exact solution of
$(x, y,t) =e > sin(x)sin(y), (3.18)

with a source term f(x, y,t), where f(x, y,t) is a given function so that (3.18) is the exact solution. Table 3.5 presents the
accuracy and order in L? and L° norms, which shows up to fourth order accuracy in both time and space.

The energy trace is presented in Fig. 3.4, we can see that the discrete energy is non-increasing in time, which shows that
our semi-implicit SDC method is stable numerically.

Buoyancy-driven flows of the CHB system
To simulate buoyancy-driven flow, we replace the Brinkman flow by
=V-[v(@Dw)]+n@u+Vp=—-y¢Vu+b, (3.19)

where b is a buoyancy term that depends on the mass density. The mass density is assumed depend on ¢, i.e. p = p(¢),
and we employ a Boussinesq type approximation:

b=—b(@)k, b($)=x($— o), (3.20)

where ¢o is a constant (usually the average value of ¢), and x is a constant. Thus, the corresponding convex-splitting
scheme that we use for the buoyancy-driven flow is

—V - @D@™ ]+ n@Mu" = —Vp™T — gV — bg"k. (321)
The physical parameters are £ = 0.03, ¥ =4.0¢, ¢9 =¢ = —0.05, x =10, =1 and v = 1. We take the mobility to be

M(@) = /(1 +$)4(1 - §)* + 52, (3.22)

The initial data is a random field of values that are uniformly distributed about the average composition ¢ = —0.05, with
amplitude 0.05. The domain is [0, 6.4] x [0, 6.4]. The boundary conditions are
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>
>
Fig. 3.5. Numerical solutions of the CHB system obtained using the third order semi-implicit SDC method.
u=0, 0p=0du=0 on I. (3.23)

We use a 128 x 128 uniform mesh and the piecewise P2 approximation. Fig. 3.5 presents numerical solutions using the
third order semi-implicit SDC method with At =0.01. It is observed that the solution dynamics can be captured quite well.
The energy evolution is presented in Fig. 3.6, which is non-increasing in time.

Phase field models have been widely used and attracted much attention, especially for the exploration of efficient semi-
implicit time marching methods. The existing temporal methods are mainly first or second order convex splitting schemes.
Specially, the semi-implicit SDC method proposed in this paper is a novel high order scheme when solving the CHB system.
The strategy presented in this paper can be easily generalized to other phase field problems, e.g. the Cahn-Hilliard-Hele-
Shaw system.

3.5. The phase field crystal equation

In this subsection, we consider the sixth order nonlinear phase field crystal (PFC) equation
¢e=V-(M(@)Vu),
w=¢>+1-e)p+2A¢ + A%p,

where M(¢) > 0 is a mobility. The gradient flow (3.24) is mass preserving and the total energy decays with respect to time
t, namely, %E <0, where the energy functional E is of the form

(3.24)
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Fig. 3.6. The discrete energy traces of the CHB system.
1 1—¢€ 1
4 2 2 2
E(¢)=/{Z¢ +T¢ —|V9| +§(A¢>) }dx- (3.25)
Q

Various unconditionally stable first order and second order temporal discretization schemes coupled with finite difference
methods [23,28], finite element methods [16] and local discontinuous Galerkin method [19] have been developed for the
PFC equation recently. Unfortunately, the proposed convex splitting schemes are only first order or second order accurate
in time. Guo and Xu [19] applied the semi-implicit SDC method to achieve high order temporal accuracy, but it was only
efficient for the PFC equation with constant mobility.

Here, we will develop a new semi-implicit SDC method to solve the PFC equation with degenerate mobility. Firstly, it is
necessary to develop a first order convex splitting scheme

¢l’l+1 _¢n B 0 i
Tar - (M@DveT, (3.26)

We have proved the unconditional energy stability of the convex splitting scheme (3.26) coupled with LDG spatial dis-
cretization in [19]. Then the proposed semi-implicit SDC method can be driven iteratively by the chosen low order method
(3.26). Next, we will present a numerical experiment to validate the result.

We consider the accuracy test for the PFC equation (3.24) with degenerate mobility, i.e. M(¢) =1 — ¢ on the domain
[0,2m] x [0, 27r] with periodic boundary conditions. For the tests we take the exact solution of

p(x, y.t) =e ' sin(x)sin(y), (3.27)

with the source term f(x, y,t), where f(x, y,t) is a given function so that (3.27) is the exact solution of the PFC equation.
Choose the parameter € = 0.5. Table 3.6 presents the L2 and L errors and numerical orders of accuracy at time T = 0.5,
which shows that the semi-implicit SDC method coupled with P" approximation gives a (r + 1)-th order of accuracy for the
PFC equation with degenerate mobility.

The energy trace is presented in Fig. 3.7, we can see that the discrete energy is non-increasing in time, which shows
that our semi-implicit SDC method combining with the unconditionally stable convex splitting scheme (3.26) can maintain
the stability numerically when solving the PFC equation with degenerate mobility.

Although we developed high order time marching methods for the PFC equation in [19], the classical SDC method is not
efficient for the PFC equation with degenerate mobility. The semi-implicit Runge-Kutta successfully overcome this difficulty,
however, we only obtain up to third order temporal accuracy. From the above example, it is easy to construct higher order
scheme and we can achieve a fourth order accuracy with our new semi-implicit SDC method.

4. Concluding remarks

We presented in this paper a novel semi-implicit spectral deferred correction (SDC) time marching method, which are
motivated by the desire to design higher order temporal methods for PDEs without easily separating of stiff and non-
stiff components. Combined with the local discontinuous Galerkin method, this SDC method has been applied on a series
of highly nonlinear PDEs, including the nonlinear convection diffusion equation, the surface diffusion and Willmore flow
of graphs, the Cahn-Hilliard equation with degenerate mobility, the Cahn-Hilliard-Brinkman system and the phase field
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Table 3.6
Phase field crystal equation: accuracy test at time T = 0.5, At =0.1Ax.
N L? error Order L error Order
P! 16 2.12E-02 - 1.50E—-02 -
32 5.33E-03 2.00 3.81E-03 1.98
64 1.33E-03 2.00 9.57E—04 1.99
P? 16 1.40E—03 - 1.25E-03 -
32 1.71E-04 3.03 1.55E—-04 3.00
64 2.12E-05 3.01 1.93E-05 3.00
P? 16 1.08E—05 - 8.64E—05 -
32 6.78E—07 4.00 5.46E—06 3.98
64 4.29E—-08 3.98 3.37E-07 4.01
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Fig. 3.7. Phase field crystal equation: energy curves obtained with LDG spatial discretization and the semi-implicit SDC time marching method.

crystal equation. These fully discrete schemes can achieve arbitrary high order accuracy and stability with the time step
proportional to the spatial mesh size. We conclude that the proposed semi-implicit SDC method is effective and robust
when solving highly nonlinear PDEs, preserving high order accuracy and good stability. In addition, it is believable that the
new semi-implicit SDC method can be applied to solve many other PDEs beyond those presented in this paper.
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