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Abstract In this paper, an explicit numerical method and its fast implementation are proposed and
discussed for the solution of a wide class of semilinear parabolic equations including the Allen-Cahn
equation as a special case. The method combines efficient decompositions of compact spatial difference
operators on a regular mesh with stable and accurate exponential time integrators. It can deal with stiff
nonlinearity and both homogeneous and inhomogeneous boundary conditions of different types based on
multistep approximations and analytic evaluations of time integrals. Numerical experiments demonstrate
effectiveness of the new method for both linear and nonlinear model problems.
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1 Introduction

Let £2 be an open rectangular domain in R% and 7' > 0. We consider the numerical solution of semi-linear
parabolic equations of the following form:

ou

E :DAU—f(U), X € .Qﬂfe [t(),t()-l-T], (].)
where D is the diffusion coefficient. Equations of the above form are of broad interests as they can
represent mathematical models in various applications. For example, they can represent scalar diffusion-
reaction equations in chemical reactions and population dynamics; in phase transition modeling, they
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are often called Allen-Cahn equations [1] or Ginzburg-Landau equations with f(u) being a double-well
potential. To solve (1), the equation is accompanied by the initial condition u|¢—¢, = ug for x € 2 and
various boundary conditions such as Dirichlet, periodic or Neumann boundary conditions. The equation
can be viewed as the L? gradient flow of a free energy defined by

E(u) = /ﬂ {%|Vu|2 + %F(u)} dx, @)

where F’(u) = f(u) so that the energy is a decreasing function of time.

In this work, we present a numerical method for solving (1) that uses the standard central differ-
ence for spatial discretization, coupled with exponential integration factor (IF) methods and multistep
approximations of stiff nonlinear terms for time discretization. Though these techniques have been well-
studied respectively in the literature, we provide new contribution here to address how to integrate them
seamlessly along with detailed discussions on their efficient implementation involving fast evaluation of
matrix functions, combining with splitting techniques to improve stability, and a stable and accurate in-
corporation of inhomogeneous boundary conditions. The resulting schemes have all the essential features
of explicit schemes in terms of simple implementation and fast solution, yet they are much better stable
for large time steps and have higher order accuracy. We demonstrate the efficiency and accuracy of the
resulting discretization scheme based on extensive numerical benchmark tests with both the standard
linear diffusion equation (heat equation) and the nonlinear Allen-Cahn equation with f(u) = & (u® — u)
as illustrative examples.

To elaborate further, we note first that the numerical solution of equations in the form of (1) has
grown into a research topic too large to be comprehensively reviewed here. While a number of spatial
discretization schemes can be considered, the choice of using the standard second-order central difference
approximation for the spatial Laplacian operator [9] is taken here mainly for its simplicity and compact-
ness, especially for the special domain geometry. The compact central difference stencil provides a simple
matrix structure that leads to fast matrix function evaluations such as FFT-based algorithms. As for
time integration, the use of exponential integrators, including methods like exponential time difference
and integration factors, has also attracted much attention [23,10,3,6,13,17-19]. A recent review and
additional references on the subject can be found in [11]. Combining compact representation of spatial
discretization with the integration factor approach is a natural and important idea, which was utilized
for the first time in [17]. Implicit discretization schemes have been constructed there based on dense
matrix-matrix multiplications and point-wise solution of decoupled nonlinear systems which can handle
parabolic problems with non-stiff nonlinear terms. Our work is motivated in part by [17] and we adopt
some of its notation here. To our knowledge, there is no careful study on the explicit but stable and
accurate treatment of stiff nonlinearity nor direct and explicit incorporation of possibly time-dependent
inhomogeneous boundary conditions in these numerical schemes. Our study here fills the gap. Moreover,
we develop multistep approximations and use analytical evaluations for the time integrals resulted from
the nonlinear and boundary terms. Our approach for evaluating the time integrals plays a very important
role in achieving high accuracy and good stability of the proposed method which is effectively of explicit
nature. For problems involving stiff nonlinearities, to avoid solving nonlinear systems while maintaining
the stability in time integration, we incorporate the splitting idea into the integration factor scheme.
This helps to improve stability without causing a degradation of overall accuracy due to the splitting
error. The splitting technique we adopt is analogous to the splitting scheme used commonly in stabi-
lized semi-implicit splitting methods for Allen-Cahn equations [5,6,12,22], namely, we rewrite (1) in the
following form: for x € §2,t € [to, to + T,

ou .

o = Lu— f(u), )

where
Lu=DAu—ru, f(u)=f(u)—ku

with a nonnegative constant k satisfying

K> %max{O,mgxf’(u)} . (4)



In addition, we describe in detail a fast implementation of the resulting discretization scheme through
matrix decomposition and discrete fast transforms. Together, the method presented here provides a high
order, stable and efficient computational approach to numerically solve equations of the type (1).

The rest of the paper is organized as follows: we discuss the two dimensional versions of our method
in Section 2, with separate discussions for different types of boundary conditions; then in Section 3, we
consider the three dimensional extension. We present some linear stability analysis of the method in
Section 4 and extensive numerical results in Section 5. Finally, some conclusions are given in Section 6.

2 Fast explicit integration factor methods in two dimensions

We now derive fast explicit integration factor (fEIF) methods for the model equation (1) in two dimen-
sions. Suppose 2 = {xp < T < Te,Yp < Yy < Ye - Let us discretize the spatial domain by a rectangular
mesh which is uniform in each direction as follows: (x;,y;) = (2p + tha,ys + jhy) for 0 < i < N,
and 0 < j < N, with hy = (e — x3)/Ny and hy = (ye — yp)/Ny. Let u; ; = u; ;(t) =~ u(t,x;,y;) for
0<i<N;and 0 <j < N, denote the numerical solution. We will use the second-order accurate central
difference discretization scheme for the spatial derivative terms. Let us further discretize the time period
as ty :t0+nAt, n = 1, 7Nt with At :T/Nt

2.1 The problem with Dirichlet boundary conditions
We first consider the problem with a Dirichlet boundary condition
u=g, (z,y) € 002, t € [to, to + T). (5)
In this case, the set of unknowns is given as
U1,1 Ui,z 0 ULN,-1
U2,1 U222 - U2N,—1
U = (W) (Na—1)x (N, —1) = :

UNp—1,1 UN;—1,2 " UN.—1,Ny =1/ (N, _1)x(N, 1)

Let
g(t7x07y1) g(ﬁ7$07y2> g(t7x07yNy71)
Uzl = hi : . . : )
g(t7me7y1) g(t7xNzay2) g(tvawyNy—l) (Np—1)x (N, —1)
9(757371,90) 0---0 g(tvxhyNy)
D g(t,x2,90) 0--- 0  g(t,2,yn,)
Uy = . L .
hy

g(t,rN,~1,90) 0 -+ 0 g(t7xNz_17yNy) (Ny—1)x (Ny—1)

In addition, we define

-21 0 0 ---0
1 -210.---0

G][D)xP == . ’ .
0 01 -21
0 00 1 -2 PP
and set
D D
A=5Gl, a1 B=3G0, 1xnv, 1)
h‘m hy



Define the special operators @) and @) as follows:

No—1 Ny—1
(ADU)i; = Y (Aguy,  BQU),; = Y (B)juis (6)
=1 =1

Note here these two operators are commutative, i.e.,
By AU =A@pB@yU.
Then we can write the semi-discretization of (1) in space in the following compact representation:

%:A@U—i—B@U—nU—i—W—}'(U), (7)

where F(U) = (f(uiyj))(Nm_l)X(Ny_l) and W= U, + Uy,.
2.1.1 A general time integration factor approzimation

We see that A and B are obviously diagonalizable and let us assume that
A = PxDme_17 B - PybyPy_l (8)

where P, and P, are orthogonal matrices and D, and ﬁy are diagonal matrices with the eigenvalues of
A and B as the diagonal elements, respectively. D, and D, are denoted by

f)w = diag[ 9167 d%, e 7d§:\f,:71]7 f)l/ = diag[di” dl2/7 T 7d‘7]lvy,1]~

Set H = (hi,j)(Nz—l)x(Ny—l) with
Clearly we have h; ; < —x < 0.
We first define an operation“(e*)” by t aking exponentials of an array element by element as
(€)™ = (") (ny—1)x (N, —1)-

Then define another operator “®” for element by element multiplication between two arrays of same
sizes as

MOL); =LoM); = (mi;lij),

where M = (mm), L= (lle)
Then, a variation of constant formula for the ODE system (7) leads to

U1 = P,@P.@((¢)" o (P, '@P;'®Un)

At
+ [ @A 0 (B QPO + ) - F(UGk, + 7)) dr).
0

We let
W(tn + T) = (wm-(tn + T))(Nm—l)x(Ny—l) = Py_l@Pgl@W(tn + T),

At
QW — (qz[;)(Nm—l)x(Ny—l) = W(tn +’7‘) o (6*)H(At77') dT,
0

and
F(tn +7) = (fij(tn + 7)) (Ne-1)x(n,~1) = P, QP @ F(U(ty + 7)),

At
QF = (qi}j‘j)(Nmfl)x(Nyfl) = / F(tn + 7') © (e*)H(At_T) dr,
0

then the above equation can be written as

Unir = P,@P.@®(()" © (P,'@P,'®Un) + Q¥ - Q7). (10)



Numerical schemes can then be developed based on the explicit and accurate evaluation of the inte-
grals on the right-hand side of (10), that is, the terms Q" and Q. One key element in the design of a
good quadrature is to recognize the distinct behavior of two possible approaches: one uses a polynomial
approximation in time of the whole integrand, while the other approximates the terms W(t, + 7) and
F(U(ty, + 7)) (or W(t, + 7) and F(t, + 7)) by a polynomial in time instead and perform the exact
integration on the resulting integrands. Since (e*)H(At_T) contains entries with highly different decaying
rates, W(t, 4 7) involves terms on the order of 1/h2 and 1/h2, and F(U(t, + 7)) contains stiff nonlinear
terms, it turns out that the former leads to severe numerical stability [11] issues and loss of accuracy
while the latter provides a desirable alternative. On the other hand, it is reasonable to assume that the
time step At is chosen so that W (t,, + 7) and F(t,, + 7) are slowly varying in 7 within a few time steps,
and thus are subject to good polynomial approximations in time.

2.1.2 Multistep approzimations of the integrals

We adopt a multistep approach for the quadrature approximation as discussed in the above.

For evaluation of the integral Q" resulted from the boundary conditions, based on the values of
W(t) at tpi1,tn, - ytnt1—r, we use the Lagrange interpolation polynomial Prvlv(T) of degree r to
approximate W (t, + 7) (in the spirit of Adams-Moulton, but all of which can be calculated from the
given boundary condition):

T1— 1
PY(tn+7)= > wr s(T)W(tn_s) (11)
s=—1
ith wy, s(7) Tﬁl T+ lAL Then we have
w s (T) = —_—. we hav
v 2L (I—s)At
I#s
W(t, + 1)~ PV (1) + O(At" ). (12)

We list some of the polynomials P (1) below:

Py (1) = W(tnt1);
PY(1) = OW (tp1) + (1 — )W (t,);

1 1
PV (r) = 59( + W (tn1) + (1 — 0> )W(t,) — 59(1 —0)W(t,-1)
with 6 = E Thus we can approximate q7 by
ri—1 At ri—1 (re.0)
0~ Y wijtn) /0 AT (1) dr = wij(tn-o)ay . (13)
s=—1 s=—1

We remark that a(T'?’s) is independent of the time steps {t,} with a uniform time step size At being

(17)

used. The key is then to evaluate «; exactly to avoid any loss of accuracy and numerical instability.

For simplicity, we only present the values of {agj}l’s)} for 1 =0, 1,2 below:

(0_1) ¢Oa
“‘” ¢>, o= ¢—¢1,

a(?j_l) (¢1 + ¢2) 'L] ¢0 - ¢27 22]1) %((bl - ¢2)

where

1 ) b 2¢>1
- R hij #0,




Define SXY,S = (ag”;.l’s))(szl)X(Ny,l), we then approximate QW as

r1—1

Qx> W, .08V, (15)

s=—1

which is (1 + 1)-th order accurate.

For evaluation of the integral QF resulted from the nonlinear term, we use a similar multistep but
explicit approximation, in the spirit of the Adams-Bashforth, in order to avoid nonlinear iterative solution
process. We approximate F(t,, + 7) using the values at ¢,,t,—1, - ,tn—r,. The corresponding Lagrange
interpolation polynomial PZ (7) of degree 5 to approximate F(t, + 7):

T2
Pf;(tn +7) = anz,S(T)F(tnfS)v (16)
s=0
Co T4 LAt
with n,, s(7) = | | 7. Then we also have
"2 e (1=s)At
I#s
F(t, +7) ~ PL(T) + O(At™ 1), (17)

We list some of the polynomials PZ (7) below

POF(T) = F(tn)§
PE(1) = (1 4+ 0)F(t,) — OF(t,,_1);
PE(r) = 514 0)(2 4 0)F (1) — 02+ 0)F (1) + 5001+ O)F (1 ).

Thus we can approximate qf ; by
72 At T2 r
Q5j ~ Z fij (tn—s)/ Ghi’j(AtiT)nTmS(T) dr = me' (tn—S)ﬁi,sz’é)- (18)
s=0 0 s=0

We remark that ﬂi(z?’s) is also independent of the time steps {t,} with a uniform time step size taken

here. For simplicity, we only present the values of {5§ZQ’S)} for ro = 0,1, 2 below:

ﬂi(,oj’o) = ¢o;
51-(,1]-’0) = ¢o + ¢1, 51(71]-’1) = —0¢1;

BED = 2 (200 + 861 + 6, BEY = ~(261 4 62), B = S(61 + 62)

where {¢;}?_, are defined in (14).

Define Sf, | = (ﬁz.(j"jg’s))(Nz,l)X(Ny,l), then we have the approximations of QF as
T2
Q" =) F., 08, (19)
s=0

which is (r3 + 1)-th order accurate.



2.1.3 The explicit integration factor scheme and fast calculations

Now put (15) and (19) back to (10), we obtain a fast explicit integration factor (fEIF) scheme that is
second-order accurate in space and at least (min{ry,r2} + 1)-th order accurate in time:

Uni1 = P,@P.@ (P, @P; ' @Un) © (")
r1—1 T2

+ Y (P @P @W. ) 0 SY, - S (P QP @F(U, ) 0SE ).

s=—1 s=0

(20)

Remark 1 We specially note that

1. When f(u) = 0, the fEIF scheme (20) for solving the equation (1) is expected to be unconditionally
stable when r1 < 1 since the interpolation approximation (15) is convexz.

2. For solving the Allen-Cahn equation ( the equation (3) with f(u) = %(u® — u)), the fEIF scheme
(20) with ro = 0 is expected to be energy stable since it is analogous to the stabilized semi-implicit
Euler method [24] to some extent. More detailed stability analysis for general ro can be carried out
similarly like those given in [5,6] for the so-called ETD (exponential time difference) Runge-Kutta
schemes, see section 4 for details.

Now let us consider fast implementation of the proposed method. Let V be any (N — 1) x (N, — 1)
array. For the operation P,@V or P, '@V, its complexity is usually O(NgNy), but can be improved to
O(N, Ny logy(N;)) through the use of fast Discrete Sine Transform (DST) [14] in this case. If we arrange
the eigenvalues of A in a increasing order of its absolute values, then we have

4D . o ( kr
d%Z—T%Sln <2va>7 k:1727"',Nm—17 (21)
and
.
(Pz);w-sin(ivj), k=1,2,-- ,Ny—1,j=1,2,--- , Ny — 1, (22)

2
can be chosen as its corresponding eigenmatrix. In this case P;1 = FPw' It is easy to verify that
x

P,.@V means applying a DST to each column of V and P, '@V does an inverse DST, i.e.,
P.®V =DSTy, 1(V), P'@V =iDSTy, (V).

Similarly, let us choose

4D k
4l = h2sm2(2£), k=1,2- N, —1, (23)
Y Y
and
y
(Py)k;j:Sin<7;VJ>7 k:172a"'7Ny_17j:1727"'7Ny_17 (24)
Y

then P,@® V means applying a DST to each row of V and P;I@V does an inverse DST, i.e.,
P,V =DSTy,_1(VH)", P,'@V =iDSTy,_1(V")".

Thus the overall cost of the proposed fEIF scheme in two dimensions can be reduced from O(NyN,N)
to O(N,N, logy, N) per time step where N = max{N,, N, }, which is very important especially when N
is quite large. The total required memory is obviously O(N?).

The proposed scheme will be next extended to other boundary boundary conditions, such as periodic
and Neumann boundary conditions.



2.2 The problem with periodic boundary conditions

If a periodic boundary condition as

Ju Ju

u(taxby) = u(t7xe7y)v 7(t7$b»y) = ?(taxeayL Yy € [ybaye]7t S [t07t0 +T]7
i g

u(t7x7yb) = U(t,l’,ye)7 @(tvxvyl)) = @(taxayE)a S [l’b,l’e],t S [thtO +T]7

is imposed, then we may denote the unknowns as

0,0 up,1 - Uo,N,—1
U1,0 Ui o ULN,-1
U= (ui—1,-1)N,xN, = : : - : ;

UN,—1,0 UN,—1,1 * UN,—1,N,—1 NoxN,

and set
-21 0 0 ---0 1
1 -210--0 0
Ghyp = :
0 0 ---01-21
1 0-.---0 0 1 =2 Pxp
and

D D
A= hﬁGﬁwamv B= ﬁGﬁnyy'
@ Y
In addition, we have W = 0. The fEIF scheme for this periodic boundary condition is then as same as
(20).
In this case, the complexity of P,@V or P;'@V also can be improved to O(N, N, log,(N,)) with
V being any N, x N, array, through the use of fast Discrete Fourier Transform (DFT) [14]. If we arrange
the eigenvalues of A as

4D k—1
di:_hQSiHQ(( N, )Tr)’ k:172a"'7NIa (25)
then
2k —1)(j — 1
(PE)kJ = €xXp <17I-(]V)(j)) ) k= 1727"' 7NJC7 j: 1727"' ana (26)

1
can be chosen as its corresponding eigenmatrix. In this case P, 1 = FP; Let V be any N, x N, array,

it is easy to verify that P,@ V means applying a DFT to each column of V and P 1@V does an inverse
DFT, i.e.,
P.@©V =DFTy, (V), P,'@V =iDFTy, (V).

Similarly, let us choose

4D . o ((k—Dm7
dZ:—TiSln (]Vy 5 k:].72,"'7j\[y7 (27)
and
2n(k—1)(j —1
(Py)k,j = exXp (lﬂ-(zv)(])> ) k= 1727"' 7Ny7 .]: 1725"' 7Ny7 (28)
Yy

then P,@ V means applying a DFT to each row of V and P;l@V does an inverse DFT, i.e.,
P,@V =DFTy, (V))", P'@V =iDFTy, (V")T.

Thus the overall cost of the proposed fEIF scheme in two dimensions can be again reduced from
O(NyNyN) to O(N,N,log, N) per time step.



2.3 The problem with Neumann boundary conditions

If a Neumann boundary condition as

ou
? :bxa (x,y) 6897t€ [t07t0+T]7
u
a0 :bya (xay) 6897t6 [tht0+T]7
Ay
is imposed, then we may set
Up,0 Up,1 " UQ,N,
U0 U1 - UL N,

U = (Uia1,j-1) (Not 1) x (Ny 1) = : ST :
UNz,0 UNz, 1 - UNG Ny /(N +1)x (N, +1)

-22 0 0 ---0

1 -210---0
ngP: e el T s

0 ---0 1 -21

000 2-2),

and

D D\~
A= Gxt B= 3Gy xm, -
T Y

Note that in this case GV is not symmetric. We have W = U, + U, given as

—b"(t, 20, 90) —b"(t,x0,y1) --- —b"(t,20,Yn,)
- 0 0 0
U = he : : - : )
bx(tawN,_»yO) bg’(tvaL?yl) U b£(ta m]\/'J,,ayNy) (Na41)x (Ny+1)
_by(t7$07y0) 0---0 by(t7x07yNy)
2D 7by(t7x17y0) 0--- 0 by(tvﬂflnyy)
Uyl = 7 . Coe . .
hy

=0t 2N, 90)) 0 0 b( 2N, UN,)) ) 1y, 41

The fEIF scheme for the Neumann boundary condition is again as same as (20).

However, in order to reduce the computational complexity of P,@V or P;'@V with V being
any (N +1) x (N, + 1) array in this case from O(N,N,N) to O(NyN,logy, N) by a FFT-based fast
algorithm, we have to make some special modifications. One effective and equivalent way is to use
symmetric extension in each direction for unknowns U to obtain a periodic case [20], and we still can
solve the problem in the original domain. Let us directly present the approach in the following. Set

. 4D 5, ((k—1)m
dkz—gsul (m 5 k:1,2,"',N$+1, (29)
in the scheme (20). We remark that {d} ivgfl are not eigenvalues of A, in stead they are the first N, +1
eigenvalues of the periodic case with a length 2N,. Let v = [v1,va,- -+ , vy, 11]7 be any vector of length
N, + 1 and correspondingly define its reflection vector of length N, — 1 as v = [vn,,vn, 1, - ,va]7,

then we define the operator “RDFT” on v as to applying a DFT to [g] and then taking the first N, 41

components of the result, and ““RDFT” as to applying an inverse DFT and then taking the first N, + 1



components. Then it can be verified that P, @)V in this case means applying a RDFT to each column
of V and P;'@U does a inverse RDFT, i.e.,

P,®V =RDFTy,1(V), P;'@V =iRDFTy, (V).

Similarly, let us choose

4D 5 ((k—D)m
dy:—sm2<>, k=1,2,--- Ny +1, (30)
ET T2 2N, Y

then P,@ V means applying a RDFT to each row of V and Py_l@V does an inverse RDFT, i.e.,
P,V =RDFTy,1(V")", P,'@V =iRDFTy, 1(V")".

Thus the overall cost of the proposed fEIF scheme in two dimensions can be again reduced from
O(NzNyN) to O(N,N,logy, N) per time step.

3 Fast explicit integration factor methods in three dimensions

In this section we derive fEIF methods for the model problem (1) in three dimensions. Let 2 = {z;, <
T < TeyYp <Y < Ye, 2p < 2 < 2o }. We present the case with a Dirichlet boundary condition as u = g on
{2 and discussions on other boundary condition cases simply follow.

Similar to solving the two dimensional system, we denote hgy, hy,h, as the spatial step size, and
Nz, Ny, N, as the number of grid points in x,y, z direction, respectively. Let A, B, and GP defined as

before. We now define
D _.p
C= hng(qu)x(quy

Set w; j i = Ui k() = u(t,x;,yj, 21) for 0 <i < N, 0<j <N, and 0 <k < N,. Denote the unknowns
as a three-dimensional array U = (w; j k) (N, —1)x(N,~1)x (N.~1)-

With similar analysis, we can write the semi-discretization of (1) as the following compact represen-
tation:

U, = A@U +B@U + COU — kU + W — F(U) (31)

where the special operations are defined (or re-defined) as

No—1
(A@U); 1, = (A)i1u1,j ks
=1
N,—1
B@U); k= Z (B)j i1,k (32)
=
(COU);jk = (C)kiti i,
=1

and the three-dimensional array W is defined correspondingly from the given Dirichlet boundary condi-
tions as W = U, + Uy + U,y with

g(tvl'()»ijzk)v 1= )

D, . .

Ut = 15 (k) (V=) x (N, —x (V=10 W5k = 1 0, L<i< N —1,
¢ g(t7me7yjﬂzk:); Z:NLE_17

D g(tvmivy(lvzk)» j: ]-7
Uyt = 15 (05 (Va0 x (v 1 x (Va1 Vg0 = 4 05 IL<j<Ny—1,
Y

g(t7$i7yNy7zk)a Jj= Ny -1,

10



D g(taziayjaz())a k= 17
Uit = 5 (0056 (Ve — 1 x (v, = Dx(Va=1)s Vijik = | 0 1<k<N;-1
z
g(t7xi7yjazNz) k=N, _1
_ Once again it is obvious that C is also diagonalizable as C = P.D.P. ! where the diagonal matrix
D, = diag[df,d3, -+ ,d%, ;] with df being the eigenvalues of C. Following the similar analysis in two
dimensions, a fast explicit integration factor scheme that is second-order accurate in space and and at
least (min{rq,r2} + 1)-th order accurate in time is given as below:

Uni1 = P.OP,@P.®((P'OP, @P; ' @Un) © ()"

r1—1

+ > (PI'@OP'QP ' @Wn o) 08,
s=—1

SR eR, QP @ AU, ) oL, -
s=0

where H = (hi,j,k)(N,,,—l)><(Ny—1)><(Nz—1) with

hijk = di +dj +dj, — &, (34)
SV, = (a Ejlk))(N —1)x (N, —1)x(N.—1) and Sk = (51(]2,; )(No—1)x (N, ~1)x (N.—1) are defined as three
dimensional versions of (13) and (18), the operator ?®” is also defined similarly as before, element by
element multiplication between two thee-dimensional arrays. It is again easy to see that the overall cost
of the fEIF scheme in three dimensions also can be reduced from O(N;N,N,N) to O(N,N,N, log, N)
where N = max{N,, N,, N.} per time step by using FFT-based fast calculations.

4 Linear stability analysis

For the proposed explicit integration factor methods, we test their stability on the following linear
equation
uy = Lu + Au, (35)

with Lu = —qu and a homogeneous boundary condition. We follow [5,6] and consider the cases where A
is complex-valued and q is a positive real number that corresponds to a Fourier mode of the self-adjoint
and elliptic operator L. We employ the boundary locus method to determine the stability regions of the
proposed numerical schemes.

Let us apply the first-order (in time) fEIF scheme (ro = 0) to the equation (35), which leads to

Upt1 = e~ 1Ay, + oA + k) Atuy, (36)

where £ is the splitting parameter and 1y = (1 — e~ @)4%) /(¢ + k) At). The characteristic equation of
(36) then can be written as
¢ = e (@A Ly (X + k) At. (37)

where £ = e with 0 < 6 < 27.
In the proposed fEIF schemes we may rewrite the splitting parameter s in adaptive way as

k = amax{0, —Re(\)} (38)

where o > 0 is a constant to control the scale of the splitting. Clearly o = 0 means that no splitting is
applied. In order to satisfy the stability constraint (4) in our fEIF scheme, we need require o > 1/2 for
solving the model linear equation.

In the case of Re()\) > 0, it is easy to see that kK = a- 0 = 0 from (38) for our scheme. Solving the
equation (37) gives us the explicit formulas for Re(AAt) and Im(A\At) as

qAt(cos(f) — e 94%)
—e —qAt ’

qAt sm(9)

1— 1 — ¢—aAt

Re(AAt) =
(39)
m(AAt)

)

11



which defines the boundary curve of the stability region in the right half plane (Re(\) > 0). In the
case of Re(\) < 0 we have the splitting parameter kK = —aRe(\) according to (38). We then obtain the
boundary locus curve equation of the stability region in the left half plane (Re(\) < 0) from (37) as

edAt _ eaRe()\At)

qAt — aRe(A\At)

edAt _ eaRe()\At)

qAt — aRe(A\At)

(eaRer) (1- aRe()\At)))Q + ( Im(/\At))Q — At — () (40)

where Re(AAt) and Im(AAt) are implicitly defined. Different values of gAt will give us a family of
boundary curves for the corresponding stability regions.

Figure 1-left illustrates the stability regions (determined by (39) and (40)) of the first-order fEIF
method with k = max{0, —Re(A\)} for different values of ¢A¢t = 1.0,2.0,4.0. It is easy to find that the
stability region gets larger when the value of qAt gets bigger. Figure 1-right shows the stability regions
of the first-order fEIF scheme with different values of kK = amax{0,—Re(\)} with a = 0,0.5,1.0, 2.0,
for a fixed gAt = 1.0. We observe that the stability region grows larger monotonically along with the
increasing of x in the first-order fEIF scheme. We would like to specially note that larger x may lead to
a more stable but possibly less accurate scheme. Stability analysis for the proposed higher-order fEIF
schemes is much more complicated and will be rigorously investigated in our future work.

10 e T : ‘«.\._\\ —a=2.0]|
B \"~ """"" gat=1.0} P -—-a=1.0
al, i | di = T T a=0.5]]
—gat=4.0 4l ) 0.0l
af 1 e
2k T
- S =z
E | S SR s
s A
l st 5
= 5 0 5 =T B ) ] E) D 2
Re(1At) Re(h.A)

Fig. 1 Stability regions of the first-order fEIF schemes. Left: x = max{0, —Re(\)} with ¢At = 1.0,2.0,4.0 respectively;
right: ¢A¢t = 1.0 and kK = amax{0, —Re(\)} with a = 0,0.5, 1.0, 2.0 respectively.

5 Numerical experiments

In this section, we verify the accuracy and robustness of the proposed fEIF method through various
examples. All experiments are run on a MacPro Book with 2.4GHz Intel Core i7 CPU and 8GB memory.

5.1 Linear diffusion problems
We consider linear diffusion problems first in which f(u) =0 and k = 0.

2
Exmp 1 Let 2=[-1,12 and T = we consider

ﬁ;
{% = Au, (z,y) € 2,t €10,T), (41)
u(0,z,y) = sin(w(x — i)) sin(27(y — %)), (z,y) € 2.



Let us set the exact solution to be
u(t,@,y) = e~ sin(n(z — §)) sin(2r(y — §)), (42)
which satisfies the equation and initial condition. The boundary conditions are determined accordingly
from the exact solution. We test cases of Dirichlet and Neumann boundary conditions. Clearly we have
0
non-zero boundary conditions, u|ag # 0 and a—u|99 #0.
n
Numerical results at the final time T of Example 1 with Dirichlet boundary condition and Neumann
boundary condition produced by the proposed fEIF scheme are reported in Table 1. As expected we

clearly observe the second-order accuracy of space discretization, and first (r; = 0), second (r; = 1) and
third-order accuracy (r; = 2) of time discretization.

(Nz X Ny) Dirichlet Boundary Condition Neumann Boundary Condition
X Ny Ly Error | CR | Lo Error | CR Ly Error | CR [ Lo Error | CR
Accuracy test of space discretization, r1 = 2

(16%) x 2048 4.0532e-04 - 4.2578e-04 - 2.2816e-03 - 2.7967e-03 -

(32?) x 2048 9.8397e-05 | 2.04 | 1.0334e-04 | 2.04 5.7043e-04 | 2.00 | 6.9758e-04 | 2.00
(64%) x 2048 2.4425e-05 | 2.01 | 2.5636e-05 | 2.01 1.4261e-04 | 2.00 | 1.7431e-04 | 2.00
(1282) x 2048 6.0956e-06 | 2.00 | 6.3968e-06 | 2.00 3.5653e-05 | 2.00 | 4.3572e-05 | 2.00
(2562) x 2048 1.5232e-06 | 2.00 | 1.5984e-06 | 2.00 8.9135e-06 | 2.00 | 1.0892e-05 | 2.00
(5122) x 2048 3.8074e-07 | 2.00 | 3.9954e-07 | 2.00 2.2285e-06 | 2.00 | 2.7233e-06 | 2.00

Accuracy test of time discretization, 71 = 0
(2048%) x 8 3.6874e-03 - 3.8196e-03 - 2.6928e-02 - 3.3739¢-02 -
(2048%) x 16 2.0877e¢-03 | 0.82 | 2.1589e-03 | 0.82 1.5225e-02 | 0.82 | 1.9110e-02 | 0.82
(20482) X 32 1.1094e-03 | 0.91 1.1460e-03 | 0.91 8.0824e-03 | 0.92 | 1.0158e-02 | 0.91
(20482) x 64 5.7169e-04 | 0.96 | 5.9012e-04 | 0.96 || 4.1620e-03 | 0.96 | 5.2351e-03 | 0.96

(2048%) x 128 || 2.9015e-04 | 0.98 | 2.9941e-04 | 0.98 || 2.1115e-03 | 0.98 | 2.6571e-03 | 0.98

(2048?) x 256 1.4617e-04 | 0.99 | 1.5080e-04 | 0.99 1.0634e-03 | 0.99 | 1.3384e-03 | 0.99

Accuracy test of time discretization, vy = 1
(20482) X 8 9.6990e-04 - 9.9828e-04 - 7.0387e-03 - 8.8883e-03 -
(20482) X 16 2.4462e-04 1.99 | 2.5219e-04 1.98 1.7789e-03 1.98 | 2.2412e-03 1.99
(20482) x 32 6.1279e-05 | 2.00 | 6.3203e-05 | 2.00 4.4608e-04 | 2.00 | 5.6168e-04 | 2.00
(20482) x 64 1.5310e-05 | 2.00 | 1.5794e-05 | 2.01 1.1170e-04 | 2.00 | 1.4062e-04 | 2.00

(20482) X 128 3.8105e-06 | 2.01 3.9323e-06 | 2.01 2.8035e-05 1.99 | 3.5287e-05 1.99

Accuracy test of time discretization, r; = 2
(20487) x 8 || 2.9868¢-04 | - | 3.4534e-04 | - 2.3042¢-03 | - | 2.5927e-03 | -

(2048%) x 16 4.5800e-05 | 2.71 | 5.1750e-05 | 2.74 3.5331e-04 | 2.71 | 4.0225e-04 | 2.69
(20482) X 32 6.3458e-06 2.85 7.1113e-06 2.86 4.9196e-05 2.84 5.6248e-05 2.84
(20482) x 64 8.1778e-07 | 2.96 | 9.1609e-07 | 2.96 6.6090e-06 | 2.90 | 7.5791e-06 | 2.89

Table 1 Errors and convergence rates at the final time 7' of Example 1 (2D linear diffusion) with Dirichlet boundary
condition and Neumann boundary condition respectively using the fEIF scheme.

Exmp 2 Let 2 =[-1,1]> and T = 1, we consider the 3D pure diffusion problem

du _ 5
at - 371’2 Aua (‘rayvz) € Qat € [07T}7 (43)
u(0, z,y,z) = sin(m(x — i)) sin(27(y — é)) sin(mz), (x,y,2) € 92,
and set the exact solution to be
u(t,x,y,z) = e Vsin(n(z — 1)) sin(2n(y — §))sin(nz), (44)

which satisfies the equation (43). The boundary conditions are still determined accordingly from the exact
solution. We again test cases of Dirichlet and Neumann boundary conditions which are clearly non-zero.

Numerical results at the final time T of Example 2 with Dirichlet boundary condition and Neumann
boundary condition produced by the proposed fEIF scheme are reported in Table 2. Again as expected
we clearly observe the second-order accuracy of space discretization, and first (r; =0 ), second (r, = 1)
and third-order accuracy (r; = 2) of time discretization.
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(Nz x Ny X N;) Dirichlet Boundary Condition Neumann Boundary Condition
X N Lo Error [ CR [ Loo Error [ CR Lo Error [ CR [ Lo Error [ CR
Accuracy test of space discretization, r; = 2
(16%) x 256 1.5801e-04 - 1.3111e-04 - 1.9077e-03 - 1.6638e-03 -
(323) x 256 3.8185e-05 | 2.05 | 3.1534e-05 | 2.06 || 4.8168e-04 | 1.99 4.1994e-04 1.99
(643) x 256 9.4649e-06 | 2.01 | 7.8139e-06 | 2.01 1.2078e-04 | 2.00 1.0529e-04 2.00
(128%) x 256 2.3596e-06 | 2.00 | 1.9477e-06 | 2.00 3.0284e-05 | 2.00 2.6399¢-05 2.00
Accuracy test of time discretization, 71 =0
(128%) x 4 1.9166e-03 - 1.3850e-03 - 3.9867e-02 - 3.6911e-02 -
(128%) x 8 1.2389¢-03 | 0.63 | 8.9557e-04 | 0.63 2.5615e-02 | 0.64 2.3740e-02 0.64
(1283) X 16 7.0846e-04 | 0.81 | 5.1266e-04 | 0.80 1.4491e-02 | 0.82 1.3453e-02 0.82
(1283) x 32 3.7998e-04 | 0.90 | 2.7521e-04 | 0.90 7.6872e-03 | 0.91 7.1468e-03 0.91
(1283) x 64 1.9764e-04 | 0.94 | 1.4330e-04 | 0.94 || 3.9466e-03 | 0.96 3.6730e-03 0.96
Accuracy test of time discretization, r; =1
(128%) x 4 1.3651e-03 - 9.9484e-04 - 2.6180e-02 - 2.463752e-02 -
(1283) X 8 3.3563e-04 | 2.02 | 2.4325e-04 | 2.03 6.7790e-03 1.95 6.3248e-03 1.96
(1283) x 16 8.1972e-05 | 2.03 | 5.9190e-05 | 2.04 1.7321e-03 | 1.97 1.6107e-03 1.97
(1283) x 32 1.8761e-05 | 2.12 1.3443e-05 | 2.14 4.5654e-04 | 1.92 4.2240e-04 1.93
Accuracy test of time discretization, r1 = 2
(128%) x 4 4.4571e-04 - 3.6430e-04 - 1.1102e-02 - 9.0294e-03 -
(128%) x 8 5.7597e-05 | 2.95 | 5.4321e-05 | 2.74 || 2.0703e-03 | 2.42 1.7377e-03 2.38
(1283) x 16 7.4723e-06 | 2.95 | 7.0839e-06 | 2.93 3.4295e-04 | 2.60 2.9102e-04 2.58

Table 2 Errors and convergence rates at the final time T of Example 2 (3D linear diffusion) with Dirichlet boundary
condition and Neumann boundary condition respectively using the fEIF scheme.

5.2 Allen-Cahn equations

We now consider the Allen-Cahn equation (with a normalized diffusion coefficient) which is nonlinear
and describes the process of phase separation:

ou N —

5= = x € 2,1 € [to,to + T,

(u® — ), (45)
where ¢ > 0 often gives the length of the transition regions between the domains and wu takes values
between —1 and 1. Either no-flux or periodic boundary conditions need to be imposed. Note here f(u) =
% (u® —u) and F(u) = g5 (u? — 1)2. The Ginzburg-Landau free energy of the Allen-Cahn equation is

then identified as

1 2 Loy 2
£(u) :/Q{§Wu\ + 1z 1) }dx. (46)
To choose a suitable x, since |u| < 1 we find
f(w) 1 2 1
LA T 32— 1)< —
2 262( b )< €2’
thus we take k = 6% which will ensure (4). Then we apply the proposed fEIF scheme to solve
2 1, .
@:Au——u——(u3—3u), x € 2,1 € [to,to + T, (47)
ot €2 €2

For the Allen-Cahn equation, we have W = 0 in the proposed discretization scheme. The Allen-Cahn
equation solution has sharp interface which may cause the interpolation of F very inaccurate for high-
order schemes 75 > 1 when the time stepsize is not small enough. In order to overcome such an instability,
we take an adaptive approach in our practical implementation: Let the ord = r3 be the target order we
will use and defined at the beginning; along each time step, if £(uy,) > E(un—1), we then set ord =
max{ord — 1,1}; otherwise we set ord = min{ord + 1,r2}. As we found in the numerical experiments,
the second-order scheme in time (ro = 1) is very stable for all time stepsizes, i.e., ord always stayed in
ro = 1. But for the third-order scheme (75 = 2), ord sometimes jumped back to smaller values to stabilize
the numerical algorithm when the time stepsize is large.
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5.2.1 Travelling wave

It is known that the Allen-Cahn equation in the whole space has a travelling wave solution. We use this
to do the benchmark test [15].

Exmp 3 Let 2 = [-0.5,1.5]%, we consider

1
Gt = du— 50 —u), (x.y) € 2.1 €[0.T),
0
8%'89 —0, (x,y) € 092, € [0, T, (48)

(0, 2,y) = % (1 _ tanh (25&)) , (2,y) € 2.

The zero-Neumann boundary condition is imposed to allow for an approzimate exact solution (fore << 1)

of the form
1 T — st
u(t,z,y) == |1—tanh [ —— 49
() = 5 (1= v (22211 (49)
_ 3 o 3
with s = —. We set € = 0.015 (which is small enough) and T = —.
V2e 4s

Numerical results at the final time T of Example 3 produced by the proposed fEIF scheme are
reported in Table 3. As expected we observe the second-order accuracy of space discretization, and first
(re = 0), second (rz = 1) and third-order accuracy (r2 = 2) of time discretization when the time step
size gets smaller.

[ (Nz X Ny) x N¢ H Lo Error [ CR [ Loo Error [ CR ]
Accuracy test of space discretization, ro = 2
(32%) x 2048 3.6279e-01 - 8.2217e-01 -
(64%) x 2048 1.2407e-01 | 1.55 | 3.3576e-01 | 1.29
(128?) x 2048 3.3084e-02 | 1.91 | 9.5968e-02 | 1.81
(2567) x 2048 8.3458e-03 | 1.99 | 2.4407e-02 | 1.98
(512?) x 2048 2.0651e-03 | 2.01 | 6.0660e-03 | 2.01
(1024?) x 2048 4.8697e-04 | 2.08 | 1.4268e-03 | 2.09

Accuracy test of time discretization, ro = 0
(20482) x 16 9.9669e-01 - 9.9999e-01 -
(20482%) x 32 8.5052e-01 | 0.23 | 9.9984e-01 | 0.00
(20482%) x 64 6.7373e-01 | 0.34 | 9.9653e-01 | 0.01
(2048%) x 128 4.8976e-01 | 0.46 | 9.5799e-01 | 0.06
(2048%) x 256 3.1820e-01 | 0.62 | 7.9050e-01 | 0.28
(2048%) x 512 1.8283¢.01 | 0.80 | 5.1435e-01 | 0.62
(2048?) x 1024 9.6913e-02 | 0.92 | 2.8454e-01 | 0.85

Accuracy test of time discretization, ro =1
(20487) x 16 9.46196-01 | - | 9.9998¢-01 | -
(2048%) x 32 7.1141e-01 | 0.41 | 9.9830e-01 | 0.00
(20482) x 64 3.7671e-01 | 0.92 | 8.7778e-01 | 0.19
(2048%) x 128 1.4380e-01 | 1.39 | 4.1931e-01 | 1.07
(20482) X 256 4.0935e-02 | 1.81 1.2218e-01 1.78
(20482) X 512 1.0593e-02 | 1.95 | 3.1572e-02 | 1.95

(20482%) x 1024 2.5983e-03 | 2.02 | 7.7315e-03 | 2.03

Accuracy test of time discretization, ro = 2

(2048%) x 16 9.4571e-01 | - | 9.9998e-01 | -
(2048%) x 32 6.8393e-01 | 0.47 | 9.9738¢-01 | 0.00
(2048?) x 64 1.90066-01 | 1.85 | 5.4521e-01 | 0.87

(20487) x 128 || 3.6496¢-02 | 2.38 | 1.0793¢-01 | 2.34
(2048%) x 256 || 5.7806e-03 | 2.66 | 1.7043e-02 | 2.66
(2048%) x 512 || 8.3977e-04 | 2.78 | 2.4811e-03 | 2.78
(2048%) x 1024 || 4.5386e-05 | 4.21 | 1.3302e-04 | 4.22

Table 3 Errors and convergence rates at the final time T of Example 3 (2D Travelling wave) using the fEIF scheme.
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Exmp 4 Let 2 =[-0.5,1.5] x [-0.5/8,0.5/8] x [—0.5/8,0.5/8]. We consider

% :Au—l(u?’—u),

2
du o
81’1697 )

w(0,z,y,2) = % (1 — tanh (2f/§e>> 7

The approxzimate exact solution of (50) is

(z,y,2) € 2,t € [0,T],
(z,y,2) € 02,t € [0,T],

1 — st
u(t,x,y,z) = 3 (1 — tanh (z\/;e ))

with s =

3
V2e

4s

3
. We again set e = 0.015 and T = — as in the 2D problem.

(z,y,2) € 0.

Numerical results at the final time T" of Example 4 produced by the proposed fEIF scheme are reported
in Table 4. The observation on the convergence rates coincides with that of the 2D case in Example 3.

[ (Na x Ny X N2) x N; [| L2 Error | CR | Lo Error [ CR |

Accuracy test of space discretization, ro = 2

(64 x 4%) x 2048 1.5514e-02 - 3.3583e-01 -
(128 x 82) x 2048 4.1585e-03 | 1.90 | 9.6220e-02 | 1.80
(256 x 162 x 2048 1.0402e-03 | 2.00 | 2.4331e-02 1.98
(512 x 322) x 2048 2.8903e-04 | 1.85 | 6.3397e-03 | 1.94

Accuracy test of time discretization, ro = 0

(1024 x 642) X 16 1.2458e-01 - 9.9999e-01 -
(1024 x 647) x 32 1.0630e-01 | 0.23 | 9.9984e-01 | 0.00
(1024 x 647) x 64 8.4205e-02 | 0.34 | 9.9652e-01 | 0.01
(1024 x 64?) x 128 6.1200e-02 | 0.46 | 9.5788e-01 | 0.06
(1024 x 642) X 256 3.9743e-02 | 0.62 | 7.9004e-01 | 0.28
(1024 x 642) X 512 2.2813e-02 | 0.80 | 5.1348e-01 | 0.62

Accuracy test of time discretization, ro = 1

(1024 x 64?) x 16 1.0933e-01 - 9.9992e-01 -
(1024 x 64?) x 32 8.1137e-02 | 0.43 | 9.9555e-01 | 0.01
(1024 x 64%) x 64 4.7060e-02 | 0.79 | 8.7746e-01 | 0.18
(1024 x 642) X 128 1.7930e-02 1.39 | 4.1828e-01 1.07
(1024 x 642) X 256 5.0674e-03 1.82 1.2101e-01 1.82
(1024 x 64?) x 512 1.2762e-03 | 1.99 | 3.0439e-02 | 1.99

Accuracy test of time discretization, ro = 2

(1024 x 64?) x 16 1.0050e-01 - 9.9969e-01 -
(1024 x 647) x 32 6.4477e-02 | 0.64 | 9.7326e-01 | 0.04
(1024 x 642 x 64 2.3714e-02 1.44 | 5.4428e-01 | 0.84
(1024 x 642) x 128 4.5110e-03 | 2.39 1.0674e-01 2.35
(1024 x 64%) x 256 6.7286e-04 | 2.75 | 1.5877e-02 | 2.75
(1024 x 64%) x 512 5.9837e-05 | 3.49 | 1.3578e-03 | 3.55

Table 4 Errors and convergence rates at the final time T of Example 4 (3D Travelling wave) using the fEIF scheme.

5.2.2 Mean curvature flow

Finally let us consider the mean curvature flow problem [16,7].

Exmp 5 Let 2 = [-0.5,0.5]% where d > 1 denotes the dimension of the space. The mean curvature flow

problem we will simulate is given in the following:

1
U — Au— 5 (u® —u), x € 2,t€[0,T],
w(0,%) = tamh (1%0\—[2|><|2) , xen.

€
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with Ry = 0.4. This is a test example used in many earlier works, see for instance [2,5,24]. Additionally
a periodic boundary condition is imposed. The problem describes the shrinking process of a circle in 2D
or a sphere in 3D. Let the radius of the circular region at time t is denoted as R(t) and the area/volume
by V(t). As € = 0, we know the theoretic limit radius Rym (t) satisfies [24,15]

ARy, 1—d
dt  Rim’
thus we have
Riim(t) = /R +2(1 — d)t.
Correspondingly it holds that
Viim(t) = m(R3 — 2t), d=2,
4 \2/3
V23 (1) = <37r> (R2 — 4t), d=3.

We first test the circle shrinking process in the 2D space and set the final time T' = 0.075, it is easy
to calculate Ry;,(T) = 0.1. We choose three different values for € as ¢ = 0.04,0.02, and 0.01. Numerical
results on the radius of the circle at the final time T" produced by the proposed fEIF scheme for all cases
are reported in Table 5. By checking the results produced by the finest grid (2048%) x 2048, we take
R, = 0.099064, 0.099689, 0.100100 for € = 0.04, 0.02, 0.01 respectively, and then use them as approximate
exact solutions for each of the cases to compute convergence rates, see Table 6. We still see second-order
accuracy in space for all values of €. The convergence rates in time stably and monotonically catch
the expected ones for ro = 0 and ro = 1 along the decreasing of the time stepsizes, but show some
oscillatory behavior in the case of ro = 2. The smaller the € is, more finer grids are needed to achieve
optimal convergence. In addition, we see |R. — Ryim| are 9.3606e — 04, 3.1082e¢ — 04, 9.9782¢ — 05 for
€ = 0.04,0.02,0.01 respectively, that implies the convergence to the limit solution is approximate order
of 1.731 and 1.639 with respect to e.

For test of the sphere shrinking process in the 3D space, we take e = 0.02 and set T' = 0.0375. The
limit radius is again Ry, = 0.1. The space-time grid we used is (2563) x 256 and we apply the fEIF
scheme with ro = 2 . We find that the simulated radius of the sphere at the final time T is R = 0.104677.
Figure 2 illustrates the shrinking sphere at time ¢ = 0,0.02 and 0.0375. and Figure 3 shows evolution of
the volume (V2/3) and energy of the shrinking sphere along the time (both are straight lines as expected).

¥ 057 s 5 ¥ 05 s 5

Fig. 2 Visualization of the shrinking sphere of Example 5 at time ¢ = 0,0.02 and 0.0375 respectively (from left to right)
using the fEIF scheme.

6 Conclusions

In this work, a fast, accurate, stable and efficient method is discussed for the solution of semilinear
parabolic equations of the type (1). The method utilizes a spatially compact difference stencil with a
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(Nz X Ny) e =0.04 € =0.02 e =0.01
x N R [ R — Riim R [ R — Riim R [ R — Riim
Accuracy test of space discretization, ro = 2
(642) x 2048 0.105418 5.4183e-03 0.121952 2.1952e-02 0.349818 2.4981e-01
(128?) x 2048 0.100681 6.8075e-04 0.105425 5.4245e-03 0.122017 2.2017e-02
(2562) x 2048 0.099466 -5.3439¢-04 0.101123 1.1231e-03 0.105674 5.6744e-03
(5122) X 2048 0.099160 -8.4029e-04 0.100032 3.1716e-05 0.101441 1.4411e-03
(10242?) x 2048 0.099083 -9.1690e-04 0.099758 -2.4225e-04 0.100369 3.6883e-04
(2048?) x 2048 0.099064 | -9.3606e-04 0.099689 | -3.1082e-04 0.100100 | 9.9782e-05

Accuracy test of time discretization, ro = 0
(20482) X 32 0.348105 2.4810e-01 0.387151 2.8715e-01 0.396832 2.9683e-01
(20482) x 64 0.303278 2.0327e-01 0.373134 2.7313e-01 0.393456 2.9345e-01
(2048%) x 128 0.249828 1.4982e-01 0.345356 2.4535e-01 0.386617 2.8661e-01
(2048%) x 256 0.200687 1.0068e-01 0.300333 2.0033e-01 0.372602 2.7260e-01
(20482) X 512 0.162693 6.2692e-02 0.246677 1.4667e-01 0.344822 2.4482e-01

(2048?) x 1024 0.136506 3.6505e-02 0.197526 9.7525e-02 0.299778 1.9977e-01

Accuracy test of time discretization, ro = 1
(20482) x 32 0.187232 8.7231e-02 0.288545 1.8854e-01 0.358284 2.5828e-01
(20482) x 64 0.128971 2.8970e-02 0.201057 1.0105e-01 0.300058 2.0005e-01
(2048%) x 128 0.107023 7.0234e-03 0.134711 3.4710e-02 0.218356 1.1835e-01
(2048%) x 256 0.100992 9.9181e-04 0.108076 8.0761e-03 0.145775 4.5775e-02
(20482) x 512 0.099521 -4.7947e-04 0.101474 1.4739e-03 0.111247 1.1246e-02

(2048%) x 1024 0.099167 | -8.3349e-04 0.100062 6.1653e-05 0.102223 2.2232e-03

Accuracy test of time discretization, ro = 2
(20482%) x 32 0.134679 3.4678e-02 0.238688 1.3868e-01 0.346582 2.4658e-01
(20482) x 64 0.103507 3.5071e-03 0.110308 1.0308e-02 0.220244 1.2024e-01
(2048%) x 128 0.101071 1.0714e-03 0.090471 -9.5291e-03 0.057173 -4.2826e-02
(20482) X 256 0.099690 -3.0982e-04 0.100019 1.9341e-05 0.067282 -3.2717e-02
(20482%) x 512 0.099229 -7.7094e-04 0.099899 1.0075e-04 0.097120 | -2.8804e-03

(2048?) x 1024 0.099099 -9.0148e-04 0.099782 —2.1845e-04 0.100270 2.6508e-04

Table 5 Numerical results on the radius of the shrinking circle at the final time T" of Example 5 using the fEIF scheme.

L L L L L L L L L L L
0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.005 0.01 0.015 .02 0.025 0.03 0.035 0.04

Time Time

Fig. 3 Evolution of the volume (V2/3) and energy of the shrinking sphere of Example 5 along the time using the fEIF
scheme.

high order multistep integration factor in time scheme. The usual splitting technique for treating stiff
nonlinearities is seamlessly incorporated into the resulting scheme to improve the stability without any
degradation in the accuracy due to splitting error. While hardly discussed with details in the literature,
there is much to be debated about how to deal with inhomogeneous boundary data. We present an
approach that can incorporate various different types of inhomogenuous boundary data into the same
discretization scheme effectively. Moreover, implementations based on fast matrix evaluations and fast
transforms are considered for various boundary conditions. The use of adaptive variable order time
integration schemes is also explored. We note that although most of these techniques individually have
often been dealt with in numerical solution of time dependent PDEs, it is the combination of all of them

18



(N x Ny) c=0.04 € =0.02 c=0.01

X N¢ [R—RJ] [ CR [R—RJ] [ CR [R—RJ [ CR
Accuracy test of space discretization, rg = 2
(642) x 2048 6.3540e-03 - 2.2263e-02 - 2.4972e-01 -

(1282) x 2048 1.6170e-03 | 1.97 5.7360e-03 | 1.96 2.1917e-02 | 3.51
(2562) x 2048 4.0200e-04 | 2.01 1.4340e-03 | 2.00 5.5740e-03 | 1.96
(5122) x 2048 9.6000e-05 | 2.07 3.4300e-04 | 2.06 1.3410e-03 | 2.06
(1024?) x 2048 1.9000e-05 | 2.34 6.9000e-05 | 2.31 2.6900e-04 | 2.32

Accuracy test of time discretization, 7o = 0
(20482) x 32 2.4904e-01 - 2.8746e-01 - 2.9673e-01 -
(20482%) x 64 2.0421e-01 | 0.29 2.7345e-01 | 0.07 2.9336e-01 | 0.02
(2048%) x 128 1.5076e-01 | 0.44 2.4567e-01 | 0.15 2.8652e-01 | 0.03
(2048%) x 256 1.0162e-01 | 0.57 2.0064e-01 | 0.29 2.7250e-01 | 0.07
(2048?) x 512 6.3629e-02 | 0.68 1.4699e-01 | 0.45 2.4472e-01 | 0.16

(2048?) x 1024 3.7442e-02 | 0.77 || 9.7837e-02 | 0.59 1.9968e-01 | 0.29

Accuracy test of time discretization, ro = 1
(2048%) x 32 || 8.8168¢-02 | - 1.88866-01 | - 2.5818¢-01 | -
(20482) x 64 2.9907e-02 | 1.56 1.0137e-01 | 0.90 1.9996e-01 | 0.37
(2048%) x 128 7.9590e-03 | 1.91 3.5022e-02 | 1.53 1.1826e-01 | 0.76
(20482%) x 256 1.9280e-03 | 2.05 8.3870e-03 | 2.06 4.5675e-02 | 1.38
(20482) X 512 4.5700e-04 2.08 1.7850e-03 2.23 1.1147e-02 2.03

(2048?) x 1024 1.0300e-04 | 2.14 3.7300e-04 | 2.26 2.1230e-03 | 2.39

Accuracy test of time discretization, ro = 2
(20482) X 32 3.5615e-02 - 1.3900e-01 2.4648e-01 -
(20482) X 64 4.4430e-03 | 3.00 1.0619e-02 | 3.71 1.2014e-01 1.04
(2048%) x 128 2.0070e-03 | 1.15 || 9.2180e-03 | 0.20 || 4.2927e-02 | 1.49
(2048?) x 256 6.2600e-04 | 1.68 || 3.3000e-04 | 4.80 || 3.2818e-02 | 0.39
(20482) X 512 1.6500e-04 | 1.92 2.1000e-04 | 0.65 2.9800e-03 | 3.46

(2048%) x 1024 || 3.2000e-05 | 2.37 [[ 9.3000e-05 | 1.18 1.7000e-04 | 4.13

Table 6 Errors and convergence rates on the radius of the shrinking circle at the final time 7" of Example 5 using the fEIF
scheme.

together that makes the numerical method given here particularly attractive, as demonstrated through
numerical tests.

We will consider extension of the proposed fEIF method to other interesting types of partial dif-
ferential equations such as those involving high order spatial differential operators. Note that the fEIF
scheme can be naturally generalized and applied to solving the fourth-order Cahn-Hilliard equation.
Development of adaptive algorithms in time (and/or space) and use of suitable higher order accurate
spatial discretizations for the fEIF schemes are also important research problems. In addition, given
that solutions of nonlinear Allen-Cahn or Ginzburg-Landau type equations may exhibit very complex
behavior, thus requiring a large number of unknowns to be used, efficient parallel implementation of the
schemes is also very interesting works to be further explored.
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