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Abstract. In this paper, we propose an efficient exponential integrator finite element method for
solving a class of semilinear parabolic equations in rectangular domains. The proposed method first
performs the spatial discretization of the model equation using the finite element approximation with
continuous multilinear rectangular basis functions, and then takes the explicit exponential Runge-
Kutta approach for time integration of the resulting semi-discrete system to produce fully-discrete
numerical solution. Under certain regularity assumptions, error estimates measured in H'-norm are
successfully derived for the proposed schemes with one and two RK stages. More remarkably, the
mass and coefficient matrices of the proposed method can be simultaneously diagonalized with an
orthogonal matrix, which provides a fast solution process based on tensor product spectral decom-
position and fast Fourier transform. Various numerical experiments in two and three dimensions are
also carried out to validate the theoretical results and demonstrate the excellent performance of the
proposed method.

Key words. Semilinear parabolic equations, exponential integrator, finite element method, fast
Fourier transform, Runge-Kutta, error estimates

MSC codes. 65M15, 66M60, 65T50, 65Y20

1. Introduction. In this paper, we are devoted to studying numerical solution
of the semilinear parabolic equation taking the following form:

(1.1) ug = DAu+ f(t,u), xe€,t>0,

where (2 is an open rectangular domain in R?, D > 0 is the constant diffusion coeffi-
cient, u(t, ) is the unknown function, and f(¢,«) is the nonlinear reaction term of the
underlying system. It is well known that the equation (1.1) together with appropriate
initial value and boundary condition has been widely used in mathematical models for
various scientific and engineering applications, such as the Allen-Cahn equation and
some other phase field models [11] for describing the phase transition and separation
[1], the time-dependent advection diffusion equation and the Navier-Stokes equations
for fluid dynamics [39], and the Ginzburg-Landau equation [12] for superconductiv-
ity. Many related numerical methods, especially for its temporal discretization, have
been proposed and analyzed in the past few decades. Some typical ones include fully-
implicit scheme [17] implicit-explicit method [2, 44], integrating factor (IF) method
[28, 41], split step method [3, 36], sliders methods [10], exponential time differencing
(ETD) method [8, 32], invariant energy quadratization (IEQ) method [45], integrating
factor Runge-Kutta (IFRK) method [25, 29], scalar auxiliary variable (SAV) method
[38] and so on.

The IF, ETD and IFRK methods fall into the category of exponential integrator-
based methods and have received much attention in the past two decades due to their
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effectiveness and stability in handling stiff semilinear systems, such as the equation
(1.1) with very small D and highly nonlinear f. All the three methods can maintain
the exponential behavior of the system in some extent but also have significant dif-
ferences. The IF and ETD methods both start with the Duhamel formula, but they
differ on the way of evaluating the time integration of the terms resulting from mul-
tiplication of the exponential integrator and f. The IF method uses quadrature rules
directly to the whole integrand, while the ETD method first approximates the non-
linear part using polynomial interpolation and then performs exact integration on the
resulting integrands. Instead, the IFRK method first applies an exponential-type vari-
able transformation to eliminate the linear term from the equation and then use the
standard Runge-Kutta method for time integration of the transformed system. The
L2-stability and L>-stability of ETD methods were established in [15] by means of
Fourier transformation (FFT) and maximum bound principle of the underlying equa-
tions. Some researches have been done to further enhance the stability of ETD method
[15, 27, 33] and improve their numerical advantages by exploring the stability factor
numerically [8]. Motivated by [34], a family of exponential Runge-Kutta methods
[20, 19, 21, 31, 46, 16] were systematically developed with corresponding consistency
and order conditions based on the theory of semigroup. Exponential integrator-based
methods have also been extended to various areas, such as solution of systems with
nondiagonal operators [27], Rosenbrock-type method [22], low-regularity integrators
[35], adaptive time stepping [43], and general order parabolic equations [23, 24].

A significant feature of the exponential integrator-based methods is that they
all require evaluations of the products of matrix exponentials and vectors. Such
operations generally are implemented with Krylov subspace method [14], which is
still time-consuming for large scale systems. To overcome this difficulty, some fast
FFT-based algorithms were proposed for efficient implementation of ETD methods in
rectangular domains, but they only work for the case of using finite difference method
for spatial discretization [26, 47, 13]. The key idea is to utilize tensor product repre-
sentation of discrete spatial operators and spectral decomposition in each dimension.
Moreover, convergence analysis of ETD methods to the equation (1.1) highly depends
on discrete maximum bound principles, which does not always hold for the classic
finite element or pseudo-spectral discretizations, see [14] and references cited therein.

In this paper, we propose an efficient exponential integrator finite element (EIFE)
method for solving the semilinear parabolic equation (1.1) in rectangular domains. In
the proposed method, we first carry out the spatial discretization by using continuous
multilinear rectangular finite elements to obtain a semi-discrete (in space) system,
then apply the explicit exponential Runge-Kutta approach for time integration of the
resulting system to achieve the fully-discrete scheme. FError estimates measured in
H'-norm are also successfully derived for the EIFE schemes with one and two RK
stages for the problem with Dirichlet boundary condition. Specifically, we first rewrite
the semi-discrete system as a finite dimensional spatial operator equation and then
error estimate of the semi-discrete solution is naturally obtained by using the varia-
tional formulation and the energy method. Next, the fully-discrete system is regarded
as a finite dimensional evolution equation, we then adapt and verify the arguments
from [19] to estimate the errors of the fully-discrete solutions. Furthermore, it is ob-
served that the resulting mass and coefficient matrices in the EIFE method can be
diagonalized simultaneously with an orthogonal matrix, whose multiplication with a
vector can be efficiently computed using FFT, which is held for both Dirichlet and
periodic boundary condition cases. Consequently, following [26], fast solution algo-
rithms are able to be constructed based on the tensor product spectral decomposition.
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To the best of our knowledge, the work presented in this paper is the first study on
fast numerical method with rigorous fully-discrete error estimates, which combines
exponential integrator in time and finite element discretization in space.

The rest of the paper is organized as follows. The EIFE method is first proposed
in Section 2, and then its fully-discrete error analysis is given in Section 3. The FFT-
based fast implementation of EIFE method is illustrated in Section 4. In Section 5,
various numerical experiments are carried out to validate the theoretical results and
demonstrate the excellent performance of the EIFE method. Finally, some concluding
remarks are drawn in Section 6.

2. An exponential integrator finite element method. In this section, we
will propose an exponential integrator finite element method for solving the model
equation (1.1). Let us start with some standard notations for later representations.
Given a bounded Lipschitz domain G C R? and a non-negative integer s > 0, denote
by H?(G) the standard Sobolev spaces on G with the norm || - ||s,¢ and the semi-norm
||s.c, by (-, )¢ the L?-inner product on G, and by H§(G) the closure of C§°(G) with
respect to the norm || - [[5,¢. We also define [|v[[k,00,c = €88 SUp|q < [| DYV Lo~ () for
any function v such that the right-hand side term makes sense, where o = (e, -+ , )
is a multi-index and |a| = a3 + - - - + og. We may omit the subscript for G = Q when
there is no confusion caused. For any non-negative integer ¢ > 0, P;(G) stands for
the set of all polynomials on G with the total degree at most ¢. Moreover, given
two quantities a and b, “a < b” abbreviates “a < Cb”, where C is a generic positive
constant; “a =~ b’ is equivalent to “a <b < a”.

Let us consider the semilinear parabolic equation (1.1) with homogeneous Dirich-
let boundary condition and an initial configuration ug € H2(Q) N H}(2), that is

us = DAu+ f(t,u), xe€, 0<t<T,
(2.1) u(0, ) = up(x), x €,
u(t,x) =0, xed), 0<t<T,

where T' > 0 is the terminal time.

2.1. Semi-discretization in space by finite element approximation. The
variational formulation of the above problem (2.1) is to find u € L%(0,T; H}(2)) and
ug € L2(0,T; L*(Q)) such that

(2.2)

(ug,v) + a(u,v) = (f(t,u),v), Yo e Hy(Q), 0<t<T,
u(0) = uyg,

where the bilinear operator a(-,-) is symmetric and defined by
(2.3) a(w,v) = / DVw - Vvde, Yw,ve Hy(Q).
Q

We now define a finite element space V}, for approximation of Hg (). Since Q € R?

is a rectangular domain, let us assume ) := H?Zl[ai, b;]. For each i =1,---,d, we
make a uniform partition of [a;,b;] with the subinterval size h; = bﬁ, to get the

nodes zf = a; +jhi,j =0, Nyasa; =20 < a2} < ... < :ciV’ = b;. With

this uniform partition, we obtain a one-dimensional continuous piecewise linear finite
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element space for [a;, b;] as

j—1 .3
Ea

Vhii(aiabi) = {U € C[ai,bi] : U‘[ ] S ]P’l([xg_l,xﬂ), 1 S] S Nl} ﬂH&(ai,bi)

= span{qﬁ%(xi),-“ ,¢£vi_1($i)}7

where ng (z;) is the j-th nodal basis function of V}!(a;, b;). By using the tensor product
of all above finite element spaces, we can obtain a finite element space for 2 as follows:

(24) Vi =V (a1,b1) ® -+ @ Vi (ag, ba)
= span{¢il(x1)-~- Zld(xd): 1<ip <Ny —1,---,1<i3 < Ng—1}

It is evident that Vi, C H(2). Define h = maxj<ij<qh; as the mesh size of the
corresponding uniformly rectangular partition 7, for generating Vj. For the forth-
coming error analysis, we assume the partition 7j is quasi-uniform, i.e., h ~ h; for
all 1 <4 < d. The finite element approximation in space for (2.2) is then to find
up, € L*(0,T;V3,) such that

(uh,tavh) + a(Uh,’Uh) = (f(tauh)vvh)’ vruh S Vh7 0 S t S T7
(2.5)
up(0) = Phuo,

where Py, : L?(Q)) — V}, is the L? orthogonal projection operator. Since 7}, is quasi-
uniform, it is easy to show, using the similar arguments in [4], that P}, is stable with
respect to L?-norm or Hl-norm, i.e., ||Pyullo < ||ullo and ||Prully < |lul; for any
u € H}(Q). Applying the inverse inequality for finite elements [5, 7] we know

(2.6) alwp,vn) S lwalilonls S A2 wallollvnllo,  Vwn, v € Vi

where the hidden constants are independent of h, which means a(-,-) is a bounded
bilinear form over Vj, with respect to L2-norm. Therefore, by the Riesz representation
theorem, there exists a bounded linear operator Ly : Vj, — V}, such that

(2.7) a(wh,vh) = (Lhwh,vh), th,vh e V.

Making use of the projection operator P, we can finally reformulate the problem
(2.5) as the following equivalent semi-discrete (in space) system:

2.8) {uh,t+Lhuh:th(t7uh)v ze), 0<t<T,

up(0) = Ppuy, x €.

2.2. Explicit exponential integrator in time. Let us divide the time interval
[0,T] into N7 > 0 subintervals [t,,, tp+1],n =0,1,--+ , Ny —1, with 7, = t,41—1t, >0
being the time step size at t,. Let {e_tLh}tzo denote the semigroup on V} with the
infinitesimal generator (—Ly,). For simplicity of presentation, we define u(t) := (¢, -)
and up,(t) := up(t,-). By the Duhamel principle, the semi-discrete solution uj to the
problem (2.8) can be equivalently expressed as

(2.9) up(tng1) = € uy (tn) + / e~ (m=Lnpy f(t, + o, up(t, + o)) do.
0

Denote by uj the fully-discrete numerical solution at the time step t,, after temporal
discretization of (2.9). We then apply the classic explicit exponential Runge-Kutta
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approach [21] (see Table 1) to (2.9) and obtain a fully-discrete numerical method for
solving the semilinear parobolic problem (2.1) as follows: for n =0,1,--- , Np — 1,

UZ+1 = X(_TnLh)uZ + T Z bi(_TnLh)Gni7
=1
i—1
(210) Uni = Xi(_TnLh)uZ + 7Tn Z] aij(_TnLh)an7 1= 1a LS,
j=
Gni :th(tn+ci7.n7Uni)a 1= 15 S,

where the integer s > 0 denotes the number of stages for exponential Runge-Kutta
method.

TABLE 1
Explicit exponential Runge-Kutta tableau for (2.9) with s denoting the number of stages.

c X1(=TnLn)
ez | az1(—7nLp) X2(=TnLn)
Cs asl(—TnLh,) te as,s—l(_TnLh) Xs(_TnLh)
‘ bl(_TnLh) e bsfl(_TnLh) bs(_TnLh) ‘ X<_TnLh)
Here the interpolation nodes ¢1,- - , ¢, are s distinct nodes selected in [0, 1], and

the weights are given by

1
bi(~TuLn) = / e O (0)d0, =1, s,
0

1 CiTn
aij(_TnLh):T*/o e—(<:1'rn—‘r)thj(7—)d7—7 1=1,---,8 j=1,---,i—1,

with {l;(0)};_, being the classic Lagrange interpolation polynomials
s 0 _ -
Lo = [ —=, i=1--s

C; — C
m=1,m%#1 v m

The coefficients y, x; are constructed from exponential functions or approximations
of such functions evaluated at the operator (—7,,Ly). Let us define

! (1-0) o1
= —v)z > 1.
R e LA E

It is easy to check that ¢g(2) = e* and pry1(2) = M for k£ > 0. Then,

1 Tn ( )L Tk_l
o Ly) = — —m=n T gr p> 1.
Pr(=Tnln) TJ;/O € k1"

To ensure the consistency of the explicit exponential Runge-Kutta method, it is
always assumed that the following conditions hold [21]:

(2.11)
X(=TLn) = 70,
Xi(—=TaLn) =1,  Xi(—7uLp) =e “™In 1<i<s,
s i-1
bj(=TnLn) = @1(—TnLn), aij(=mnln) = cipr(=citnln), 1<i<s.
=1 =1
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With the help of the above consistency condition (2.11), we can find ¢; = 0 and
obtain the explicit forms of the functions x and x; in (2.10). Finally, the proposed
fully-discrete scheme (2.10) can be rewritten as

S
1 -
UZ+ = e by 47 S b (=70 L) G
0

K2

i-1
(2.12) Upi = e byt 4 7, > i (=TaLln)Grj, i=1,- s,

Jj=1

Gni = th(tn +C7L7—naUni)7 1= ]-a e, S,

We refer to the above fully-discrete scheme (2.12) as the exponential integrator
finite element (EIFE) method. In particular, if the number of RK stages s = 1, then
the so-called first-order Euler exponential scheme is obtained for time stepping, and
(2.12) can correspondingly be expressed as

(2.13) UZ—H = GiTnLhUZ + Tn1 (=TnLn) Ph f (tn, 'UJZ)v

which is called EIFE1. If the number of RK stages s = 2, then the two interpolation
nodes are taken as ¢; = 0 and ¢z € (0, 1] and the two-stage second-order exponential
Runge-Kutta scheme is obatined for time stepping, and (2.12) correspondingly reads

(2.14)

. 1
UZJFI = ¢ "Lhuz + Tn(((pl(_TnLh) - ;@2(_TnLh)>th(tnvuz)
2

1 —C2T, n n
+ :¢2(—TnLh)th(tn + oty e T Ul 4+ eom o1 (—eam L) Pof (tn, ul)),
2

which is denoted as EIFE2.

Fully-discrete error analysis of (2.13) and (2.14) will be carefully studied in Section
3. For even higher order (> 3) explicit exponential Runge-Kutta schemes, more
complicated order conditions are needed and we can refer to [21] for details. Tt is
worth noting that the proposed EIFE method is so far described in an abstract setting
for the convenience of further theoretical analysis. If we express the finite element
numerical solution in terms of nodal basis functions of V},, we can further reformulate
the equations (2.5) and (2.8) in the matrix form. More remarkably, the resulting
mass and coefficient matrices can be diagonalized simultaneously with an orthogonal
matrix and the product of the e~™» with any vector consequently can be realized
efficiently using tensor product spectral decomposition and FFT, which render a fast
implementation for the EIFE method (2.12) as described in Section 4.

3. Error analysis of the EIFE method. In this section, we focus on error
estimates of fully-discrete solutions produced by the EIFE method (2.12) for solv-
ing the semilinear parabolic problem (2.1) (i.e., the case with homogeneous Dirichlet
boundary condition). Note that the analysis also work for the problem with nonho-
mogeneous Dirichlet boundary condition after minor modifications. From now on, we
always assume the dimension of the problem d < 3.

3.1. Some preliminary lemmas. We first present some results related to the
semigroup {e~ "% },~0 and some terms used in the exponential Runge-Kutta schemes,
which are important to the forthcoming analysis of the proposed EIFE method.

LEMMA 3.1. (i) For any given parameter v > 0, it holds
(3.1) e~ o + |7V LYe ™ o £ 1, V7 >0,Yh>0.
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ii) For any given parameter 0 < v < 1, it holds
v

(3.2) HTLZ > emithn

0517 V7 >0,Vh>0.

iii) For any given parameter 0 < v < 1, it holds

iii) F Y g 0<~y<1 hold
(3.3) lo(=7Ln)llo + |77 L)d(—7Ln)|lo S 1, V7 >0,Vh>0,
where ¢(—7Ly) = bi(—7Ly) or ¢(—7Ly) = a;;(—7Lp), 4,5 =1,---,s

Proof. (i) Since a(-,-) is a symmetric bilinear operator, we easily know Lj, is a
linear symmetric operator on V3. On the other hand, by the Poincaré inequality, there
exists a constant o > 0 such that

allvp|2 < a(vp,vn), Yo € Vi

This combined with (2.6) gives 0 < o < A < h~2 for all A € A(Lp) by means of
Rayleigh representation theorem, where A\(Lj;) denotes the set of all eigenvalues of
Lj,. Therefore, we obtain

(3.4) le " Er)lo < e " < 1.
On the other hand, Lj, is a symmetric operator on Vj, so is TVLZe*TLh. Thus it holds
(3.5) 177 Lye™ " lo = maxxen(z,) [(TA)7e™ ™.

Let us consider an auxiliary function g(z) = 27e~® for > 0. The derivative with
respect to z is ¢'(z) = 27 te~*(y — x), so the maximum of g(z) is taken at x = 7,
which implies

(3.6) glx) <A7%e™7, Va>0.

Combination of (3.6) with (3.5) immediately gives us ||[77L]) e~y < 47e™7, which
together with (3.4) then directly deduces (3.1).
(ii) Follow the similar arguments for deriving (3.5),

< max A7

2\ —JTA
i E ‘ XEX(Lp)

j=1

= max

n—1 .
HTLZ 3 e IThn
=1 0 xeA(Ln)

TA
et 1 |°

Since the auxiliary function g(z) = | %5

’<1foranyx>0 0 <~ <1, we have

(3.7) HTLZ S il <1,
i=1 0

(iil) If ¢(x) = b;(x) for 1 <14 < s, then

1 1
fo(=rLll = || [ e t=0m @) a0 < [ et o) a0 <1

since the interpolation nodes ¢y, - - , ¢s are fixed. For all v € [0, 1], follow the similar
arguments, we have
(3.8)
I Lio(=rLa)lo =  max ’Hm Jhe=ma=07,(0 )d0’
< TNY 1 —r(1-0)x de’ — A1 = e ™M)
SR A W, T e




8 J. Huang, L. Ju, and Y. Xu

Let us consider the auxiliary function g(z) = 27~ (1—e~%) for z > 0 where 0 < v < 1.
Since lim+ f(z) =0 and lirf f(z) = 0, the function f(z) must take its maximum
z—0 T—+00

at a point zg € (0,+00), and f/'(z¢) = 0 by the Fermat lemma. Note that

fll@) =272 ((y = 1)(e” = 1) + ),
which implies that (y—1)(e*® —1) 4z = 0, and 2y depends only on v. Hence, f(z) is
bounded by a constant C(y) > 0. This combined with the above estimate (3.8) gives
(3.9) |77 Lyé(=7Ln)llo S 1.
Similarly,the above results are also held for ¢(x) = a;5(x), 4, =1,--- ,s. d

In addition, recalling the definitions (2.3) and (2.7) and noting that Lj is a
symmetric positive definite operator, we have the following important property:

1
(3.10) lolli = |[LZv|lo, Y veE W,

which establishes an important relation between the H' and L? norms over V}, and
will be frequently used later on. Next let us introduce the mild growth condition for
the function f as given in [40] and some regularity conditions required for the exact
solution u(t) in order to carry out convergence and error analysis of EIFE method.

ASSUMPTION 3.1. The function f(t,() grows mildly with respect to , i.e., there
exists a number p >0 for d=1,2 orp € (0,2] for d = 3 such that

0
(3.11) SO S 141, Ve CeR

ASSUMPTION 3.2. The function f(t, () is sufficiently smooth with respect to t and
¢, i.e., for any given constant K > 0, it holds

(3.12) ) Do‘f(t,g)‘ <1, Vtel0,T),¢€[-K, K.

lee<2

ASSUMPTION 3.3. The ezxact solution u(t) satisfies some of the following reqular-
ity conditions:

(3.13a) sup |lu(t)[20 1,
0<t<T
(3.13b) sup [[us()]lo.co2 S 1,
0<t<T
(3.13¢) sup ||ue(t)o.c0.0 S 1,
0<t<T

where the hidden constants may depend on T'.
We then have the following result on the locally-Lipschitz continuity of f.

LEMMA 3.2. Suppose that the function f satisfies Assumption 3.1, and the exact
solution u(t) fulfills (3.13a) in Assumptions 3.5. Then f is locally-Lipschitz continu-
ous in a strip along the exact solution u(t), i.e., for any fized constant R > 0,

(3.14) 1f (@, 0) = f(tw)llo S [lv—wll,
for any t € [0,T] and v,w € V}, satisfying

max{[lv —u(t)|ly, [|w —u@)]1} < R,

where the hidden constant in (3.14) may depend on R.
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Proof. It follows from (3.13a) and (3.2) that
(3.15) max{{[v]ly, [wli} < B+ [[u(®)h S 1+ R.

On the other hand, by the Lagrange mean value theorem and (3.11),

o 2
1£0) = £t )l = | .00 -0, < [ 0+ 1) —uf de
(3.16)
< [ PPl - wdet [ (PPl - uf de,
Q Q

where £(x) = 0(x)v(x) + (1 — 6(z))w(x) for some O(x) € [0,1]. It is clear that
(3.17)
/ (1+ [v]?)? v — w]* de = / |v|?P|v — w|? da + 2/ [v[P|v — w|? dee +/ lv —w|* de.
Q Q Q Q
It suffices to show below the bound of the first term in the right-hand side of

(3.17) since the other two terms can be treated similarly.
Case I: d =1 or 2. In this case, 0 < p < co. We choose ¢, g2 satisfying

1 1
—+—=1, 1<q <00, 1<ga<oo, 2pgq >1.
q1 q2

Then by using Holder’s inequality, Sobolev embedding theorem and (3.15),

1 1
v|Plo —wl?dz < /vzpqldw “ /v—qu"‘da: 2
agy < ([ praw) ([ 0w de)

2p

2
= [0l e [lv = w0l Z20 S 0137 [0 = wlff < flo = wlfz.

Case II: d = 3. In this case, 0 < p < 2. In view of the Sobolev embedding
theorem, H'(Q)) — L4(f2), where 1 < ¢ < 6. We select appropriate qi, g2 satisfying
1 1

—+—=1, 1<q1<o00, 1<q¢2<3, 1<2pg <6.
q1 q2

In fact, these conditions hold if (g1, ¢2) satisfies the conditions

3 1 3
max{@g}ﬁfhﬁga 1<¢g <3

Noting 0 < p < 2, we can find the existence of such a pair (g1, ¢2) in terms of the
above conditions. Follow the similar arguments for deriving (3.18), we have

1 1
/ |U|2p‘v7w|2d$§ (/ ‘v7w|2qz dﬂ:) az (/ |,U‘2pq1 da:) a1
(3.19) Q Q Q

2 2
= lv = wl|Zoa 0l 0 S v = w0l < llo = wlff.

Based on (3.18), (3.19) and (3.17), we obtain that
(3.20) 1l = o de < o= wil
and similarly
(321 [ ol o —wf?de < o wi

Finally, the combination of (3.16), (3.20) and (3.21) leads to (3.14). |
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3.2. Fully-discrete error estimates. In the rest of this section, for simplicity
we will assume the time partition is uniform, ie., At = 79 = -+ = 7n,-1 and
t, = nAt. Let up(t) be the solution of the semi-discrete (in space) problem (2.8)
(or (2.9)), and {u}} the fully-discrete solution produced by the EIFE method (2.12).
For the error between the exact solution w(t) and the fully-discrete solution {u}}
measured in the H'-norm, we have by the triangle inequality

(3.22) [utn) = uplls < flultn) = un(tn)ll + [lun(tn) — upls-
Thus we will estimate ||u(t,) — un(tn)]l1 and |Jup(t,) — w1 respectively.
First of all, the following result readily comes from Theorem 14.2 in [40].

LEMMA 3.3. Suppose that the function f satisfies Assumptions 3.1 and 3.2, and
the exact solution u(t) fulfills (3.13a) in Assumptions 3.3. There exists a constant
ho > 0 such that if the spatial mesh size h < hg, then

(3.23) [un(t) —u(®)]x S h, Vtel0,T],
where the hidden constant is independent of h.

A direct consequence of Lemma 3.3 is
(3.24) u(tn) —un(ta)lt Sh, ¥n=0,-- Nr,

where the hidden constant is independent of h. Then the remaining part for us is
to bound |lup(t,) — up]|1. Note that the semi-discrete solution uy(t) obtained from
(2.8) itself depends on the spatial mesh size h, on the other hand we need remove the
dependence of the hidden constants on h in estimating |Jup(t,) — uf||1. In order to
achieve this goal, we convert the semi-discrete solution up(t,41) (n =0,1,--- , Np—1)
into the sum of the following two parts for further analysis:

(3.25)
At
Uh(tn—i-l) = eiAtLhuh(tn) + / 67(Atia)Lhth(tn + o, uh(tn + U)) do
0

At
_ e—AtLhuh(tn) +/ e—(At—o)Lnth(tn + U,u(tn + U)) do
0

At
+ / e~ (At=o)Ln (th(tn +o,up(ty +0)) — Prf(tn + o,u(ty, + 0))) do.
0

Define the following functions:

Gi(~ALy) = i(~AtLy) = 3 bp(~AtLy) _) i1 s,

k=1

1/}j7i(—AtLh) = ( ClAtLh) Z ( AtLh) G- 1),, ’L,j = ]., e, S

(3.26)

We also denote f®)(t,u(t)) = 4 f(t u(t)) as the k-th full differentiation of f with
respect to t. By comparing (3.25) with the fully-discrete scheme (2.12), we then obtain

i—1
’U,h(tn + CiAt) = e_ciAtLhuh(tn) + At Z aij(—AtLh)
j=1
(327) th(tn + CjAt, u(tn + CjAt)) + 6ni7
uh(tn+1) = B_AtLhuh(tn) + At Z bi(—AtLh)
=1

(328) th(tn + CiAt, u(tn + CZAt)) + 5n+17
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where the defect terms {d,;}{_; and d,,41 are respectively given by
T . .
Oni = Y0 AU (= AtLy) Py f9D (b, u(tn)) + o1
j=1
On1 = 3 At (= AL Py fOD (b, u(tn) + 651,
i=1

[r]

with the remainders 4,,; and 5£:J]r1 defined respectively by

c; At T _ \r—1
57[;] :/ e~ (ciAt=T)Lp / %th@“) (tn +o,u(t, +0))dodr
0 o (r—=1!

i—1 cpAt _ -1
—AtZamEAmw/‘ gﬁﬁ—ﬂ%—ﬂjwan+mmM+a»®
k=1 0 (r—1)!

ci At
+ / emGAI=ALL (P f(t, + 0, up(tn + 7)) — Puf(tn + o,u(ty, +0))) do,
0

At T _ r—1
53_{1 z/ e~ (Bt=T)Ln / (T(rg)l)'th(T)(tn +o,u(ty, +0))dodr
0 0 — 1)

s c; At ) _ r—1
ALY bi(—AtLh)/ Mth(” (tn +o,u(ty + o)) do
i=1 0 r—41)

At
+ / e~ (At=)ln (th(tn + o, uh(tn + U)) - th(tn + o, u(tn + O'))) do.
0

Here 7 can be any nonnegative integers such that f(") (¢, u(t)) exists and is continuous.
In what follows, we will adopt the arguments proposed in [19] to bound |u} —

up(tn)|l1. For brevity, let us define e,, = u} — up(t,) and E,; = Uy — up(ty, + ¢;At)

fori=1,---,s. Then we arrive at the following recurrence relations:

E,i = e @8tne 4+ At Zii a;;(—AtLy) (th(tn + c;At, U, )

(3.29) J =P f(tn + ¢ At u(ty + ¢;AL))) — 0pi-
emd:e‘““wn+Atf¥m—AumxBJ@n+una¢

(3.30) ) —Ppf(tn + ciAt,u(ty, + ¢;AL))) — dpgr,

We first have the following result on the defect terms in (3.27) and (3.28).

LEMMA 3.4. Given an integer r = 1 or 2. Suppose that the function f satisfies
Assumptions 3.1 and 3.2, and the exact solution u(t) fulfills (3.13a) and (3.13b) in
Assumptions 3.3. Suppose that u(t) additionally fulfills (3.13¢) if r = 2. Then for
n=0,--- ,Np,i=1,---,s, it holds that

(3.31a) 18101y S (AO™Y sup [[FO (t, + nAt ult, +nAL)|| + h,
0<n<1
n—1 . -
331 'S cmistmald | < (anr s 170 a1 + b
=0 1 0<t<T

Note that the above hidden constants are independent of h and At.
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Proof. Recalling (3.1) in Lemma 3.1 and the relation (3.10), we have after some
direct manipulations

(3.32)
T _ r—1
H / (iA=L / T=9)" b O (4 + 0, u(tn + o)) do dTH
0 (T’ — 1)' 1
ci At T _ r—1
SH/ a@Apﬂm/’QgﬁlrLﬁ%WN%+mM%+U»@dﬂ
0 0 (’f’ — 1) 0
1
< (At)r+1 sup ||e_(CiAt—T)Lh ||0 sup ||Lﬁ th(r)(tn 1 nAt, u(tn n nAt))HO
0<7<c; At 0<n<1

S (A sup ([P fT (b, + nAt ult, + nAt)) |

0<n<1

5(AW*%§€JUWGn+nAtM%+WAUWh
N>

where the last inequality is due to that Py, is H'-stable. Similarly, we also have
At
| [ e @ (Pasitn + ovunltn + 0)) = Pf(ta + 0vulta + ) do]
0

At
(3.33) < H/ LZe_(At_")L’l daH sup || Pnf(tn + nAt, up(t, + nAt))
0 00<n<1
«—Hjun+nAtu@n+nAﬂwd

In view of the similar arguments for proving Lemma 3.1, we have

At
H/ L2 —(At=o)Ln daH max
AEX(Lp)

At A2 e~ (At=0)X qi

(3.34)

Since P, is L?-stable and the function f is locally-Lipschitz continuous (Lemma 3.2),
we further obtain from (3.33)-(3.34) and Lemma 3.3 that

H/ R U)Lh(th(t + o, up(ty +‘7))_th(tn+a’u(t"+g)))do“1

(3-35) N Oiug ||th(tn + nAt, Uh(tn + ﬁAt)) - th(tn + nAt, U(tn + nAt))HO
<n<l

S osup lup(tn +nAt) — ults, +nAt)|[1 S h.
0<n<1

According to (3.3) in Lemma 3.1 and the similar arguments for deriving (3.32),

il *A (At — o) !
ALY ax(—AtL / e
” kgl k( h) 0 (7“ - 1)'

i—1 cp At (crAt — U)T71 2
< (= AR ) 72
S HAtk;am( AtLh)/O ol

(3.36) P fT (b, + o, ult, + 0)) dUHO

PufO (b + 0y ultn + o)) da”
1

1—1
< (At kzl |ai(—=AtLy)lo S [P f ) (£, + nAE u(t, +nAL))|1
= <n<

S0 sup (£t + At u(t, + 0D
N>
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Now, using the triangle inequality, the regularity assumptions for u(t) and f, and
the estimates (3.32), (3.35) and (3.36), we get

(3.37) ol S (A (b + nAE ulty +0A) |1+, Vi=1,-- s,

which leads to (3.31a). Also (3.31b) can be derived in the similar manner. d
For the EIFE1 scheme (2.13) (i.e., s = 1), the following error equation holds:

(3.38)  eny1 =e e, + Aty (=AtLy) (Pof (tn, ut) — Puf (tn, u(tn))) — Gt

THEOREM 3.5 (Error estimate for the EIFE1 scheme). Suppose the function
| satisfies Assumptions 3.1 and 3.2, and the exact solution wu(t) fulfills (3.13a) and
(3.13b). There exists a constant hg > 0 such that if the spatial mesh size h < hg, then
the numerical solution {uj'} produced by the EIFE1 scheme (2.13) satisfies

(3.39) lu(tn) —uplli SAt+h, ¥Yn=1,---,Np,

where the hidden constant is independent of h and At.
Proof. By repeatedly applying (3.38), we get

n—1 . X
en = At Zl e~ (nmImDA L o (—ALL) (Pa f(t5,u3) — Puf (£, u(t;)))
]:

(3.40) -
_ efjAtLh 5n—j-
§=0
Since s = 1, based on the definition of ;(—AtLy) in (3.26) and Lagrangian
interpolation theorem, we can derive that 11 (—A¢Ly) = 0, which implies §; = 6}1]

for j =1, -+ ,n. Recalling (3.31b) in Lemma 3.4 (with » = 1), we can immediately
obtain the H!-norm estimation of the second term in (3.40) as

n—1 n—1
Ban) || et || = esamall | <At sup 1O ue)]s +
= 1 = 1 0<t<T

As for the H'-norm evaluation of the first term in (3.40), it follows from (3.10) and
the triangle inequality that

n—1 . .
|t S At (<AL (Puf (15, )) = Pf (5, u(t) |
j:

1
SIALLE o1 (—AtLy)[[o]| P f (-1, up ™) = Puf (tn—1, u(tn—1))llo

(3.42)
n—2 1 ) .
+ || S AL eI (AL (Paf (15,1) = Paf (15, )|
pe
=: Il + 12.

By applying (3.1) in Lemma 3.1, we get

1 At
=[gd [ e de ol 1Pt ) = Pttt )
0

(3.43) <At swp L2 e A= |o[| Py £t 1,0 ™) = Pof (b1, u(tn—1))]lo
<o<At

S A1) lup™! = ultn)]1-



14 J. Huang, L. Ju, and Y. Xu

For the second term in (3.42), it follows from (3.1) in Lemma 3.1 that

1 At
lor(-atLilo = |5; [ @ bar] < sup @Iy 1
At J, 0 0<r<At

By (3.1) and (3.2) in Lemma 3.1 and similar arguments for deriving (3.35), we have

1 n— 2
L 5 [z X el sup (1P un(6) = Paf (@) o

00<t<T

+ At Z | L e ==\ Py £ (8, uf) — Puf (£, un(£) o
§=0
(3.44) o j
S sup [[Puf(t,un(t)) — Puf(tu(t))llo + At 30 ¢, %5 | Puf(t, up)
0<t<T =0

= Puf(t,un(t;)lo

<A Z 2l + h
J=

In terms of (3.40) and the estimates (3.41)-(3.44), we arrive at

n—2 1
lenlls S (AB)2 [len]l1 + At ZO tn 25 allesll + At +h
j=
< At 2 t \|ej||1 + At + h.

Then we have by the discrete Gronwall inequality (Theorem 6.1 with ow = % in [9])

(3.45) [lun(tn) —uplls S At + h.

The combination of (3.22), (3.24) and (3.45) immediately leads to (3.39). 0
LEMMA 3.6. Suppose the function f satisfies Assumptions 3.1 and 3.2, and the

exact solution u(t) fulfills (5.13a)-(5.13b). If s > 2, then it holds for any 0 < n < Nr,

(3.46) [|Bnills < llenlli+(At)? sup [[f'(tntnAt ultntnAt)|th,  Vi=1,--- s,
0<n<1

where the hidden constant is independent of h and At.

Proof. According to the definition of 1;; in (3.26), we have by some manipula-
tions that ¢; ; = 0,5 = 1,---,s when the consistency conditions (2.11) is fulfilled.

Therefore, the estimation of ||d,;||1 can be converted to that of H(ng”l Using the
similar arguments for deriving the estimate (3.35) and (3.3) in Lemma 3.1, we have

|at Z 013 (=LY (Puf (b + €08, Ung) = Paf (ta + ¢ At u(t, + ¢ A1) |

I
= I

[

ADE A LE ai; (~AtLy) o

Il
e

j
. 2<miix . thf(tn + CjAt, Un]) — th(tn + CjAt, u(tn + CjAt))Ho
S)st—

5 (At)% 2<m3?< 1 ||th(tn + CjAta UnJ) - th(tn + CjAtau(tn + CjAt))”O

S (A max || Byl + .
2<5<
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Note that ”552]”1 is uniformly bounded for ¢ = 1,--- ;s (see (3.31a) in Lemma 3.4
with 7 = 1). Recalling the relation (3.29), we have by the triangle inequality that

| Enill1

< llemeftne, |+ (At)? JSup [P f' (tn + nAt, utn +nAt))[1 + h
N>

i—1
+ |a 5 aig (=L (P (b + €550, Ung) = Puf (b + 558, u(tn + ;) .
Jj=

A

lenlly + (At)* sup [[Puf(tn + At u(tn + A1+ b+ (A)E  max || Eyllo
0<n<1 2<j<i—1
< lenlls + (A2 sup || f/(t, + At u(tn +nA))|1 +h+ (AH)E max |Enls.
0<n<1 2<j<i—1

Finally (3.46) is obtained by recursively using the above inequality. O

THEOREM 3.7 (Error estimate for the EIFE2 scheme). Suppose that the function
f satisfies Assumptions 3.1 and 3.2, and the exact solution u(t) fulfills (3.13a)-(5.13¢)
in Assumptions 3.3. There exists a constant hg > 0 such that if the spatial mesh size
h < hg, then the numerical solution {u}'} produced by EIFE2 scheme (2.14) satisfies

(3.47) lu(tn) —upll S (A)?+h, Vn=1,- Nr,

where the hidden constant is independent of h and At.

Proof. Recalling the definition of ; in (3.26), we can check that ¢, (—AtLy) =
Yo (—AtLy) = 0, which implies that §,,+1 = 5£L2J]r1 by Lagrangian interpolation theorem
for s = 2. By (3.3) in Lemma 3.1, we have

n—1 s

HAt S e (1= S b (ALY (Puf (L + e AL Uj)
j=0 i=1
— th(tj + CiAt, u(tj + C,At))) Hl

< HAt S i (— ALY (P f (b1 + A Up1.0)
=1

(3.48) — Puf(tn—1 + ciAt, u(tn—1 + ¢;At)) Hl

n—2 s
+ HAt S e~ (DAL S (P f(t; + AL Uy
j=o i=1

— th(tj + CiAt, u(tj + ClAi))) Hl
=: IIl + IIQ

Using the similar arguments for deriving (3.35) and (3.2) and (3.3) in Lemma 3.1, we
can obtain

(3.49)
L 1
I S 30 (A0 [[(A0)2 Libi(~AtLy)|lo max | Pof(tn-1 + et Uni,0)
=1 <i<s
— Py f(tn—1 + ciAt,u(tn—1 + c;iAt))lo
S (AN max |[Puf(to-1 + A Uno1) = Puf (fam1 + et ulta—r + ¢ AD))lo
<i<s

< (At)2 E, 1
S t)zlrgggsll n—tilli + 1,
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and
1n=2 SA
My < |[Atrg X om0l sup ([ f(u(t)) — Pt w ()]
J= St
n—2 1 )
+ 2 AtHLz e~ (n—i—1)AtLy 0 1r£1ia<xq Hth(tj + ¢; At, Uﬂ)

j= <i<e

(3 50) — th(tj + ¢; At, ’U,h(tj + CiAt))HO

n—2 _1
SAt Y th2io1 juax [ Prf(t; + ciAt,Uj;)
=0 <i<s

— th(tj + CiAt, uh(tj + CiAt))”o + h
n—2 1

SAt Yt 2. B h.
~ j;) n—j—1 11218‘%(8” JZ||1+

With the help of the estimates (3.48), (3.49) and (3.50), it follows from the relation
(3.30) and (3.31b) in Lemma 3.4 (with r = 2) that

n—1 s
el < HAt S e (1D S b (ALY (Puf (L + ¢ AL Uj)
j=0 i=1

nz e,jAtLh(gy[l?}_j

—1
— Puf(t; + ciAt, u(t; + c;At))) H + H
1 j=0 1

1 n—2 1
S (A= max |[En-yilly + At EO b 251 max By

+ At? sup [[fPt,u®)| +h
0<t<T

n 1
<A Tz Ej; At)? + h.
~ t];O tn7]71 11213‘%{9" ]1”1 + ( t) +h

This combined with the estimation of || Ej;||; in Lemma 3.6 and the discrete Gronwall
inequality leads to

(3.51) luhy = un(ta)ll S (A8)* + h.

Finally, the combination of (3.22), (3.24) and (3.51) immediately gives (3.47). d

Remark 3.8. It is worth noting that no restriction on the time step size At is
imposed in Theorems 3.5 and 3.7, which implies that the proposed EIFE method is
stable with large time stepping.

Remark 3.9. When s > 3, the order conditions for the explicit exponential Runge-
Kutta method do not hold automatically like the case of s =1 or 2, and convergence
analysis of the proposed EIFE method (2.12) becomes much more complicated since
the estimates of ||ey |1 and ||En;||1 will be coupled together. We refer the reader to
[19] for some details along this line, and rigorous error estimates of higher-order EIFE
schemes would be an interesting open question.

Remark 3.10. We note that the above error analysis results for the proposed EIFE
method also can be adapted without much difficulty to the model problem (1.1) with
periodic boundary condition. In that case, one could first define v(t,z) = e~ “tu(t, )
with a constant a > 0, then convert the original equation into a new one associated
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with the unknown v, which satisfies the periodic boundary conditions and leads to
a coercive bilinear form. In addition, the spatial mesh also can be relaxed to quasi-
uniform ones while similar theoretical analysis still remains valid.

4. FFT-based fast solution of the EIFE method. We now present fast
solution of the EIFE method (2.12) for solving the semilinear parabolic equation
(1.1). The main idea is to take the advantage of simultaneously diagonalizing the
mass and coefficient matrices of the finite element system (2.5) with an orthogonal
matrix whose multiplication with a vector can be efficiently implemented by FFT and
tensor product spectral decomposition. We note that such technique has also been
used in spectral method [37, 42].

We first focus on the case of homogeneous Dirichlet boundary condition (2.1), and
the extension to that of nonhomogeneous Dirichlet boundary condition is straightfor-
ward by incorporating the given values of the exact solution on the boundary nodes
into the discrete method as part of f. Let us take the three dimensional problem
for illustration, which also naturally works in any other d dimensions. Suppose that
Q= HZ 1[al,b-] is divided into N, Ny, N, parts uniformly along the xz,y, z direc-
tions with the meshsizes hg, hy,h., respectively. Thus, as given in Section 2, the
finite element space V}, is spanned by {¢;(x)¢;(y)dr(2)} where i =1,--- Ny —1,j =
1,---,N,—1,k=1,---,N, — 1. Therefore, the finite element solution uy(¢) of the
semi-discrete (in space) problem (2.5) can be expressed as

Ny.—1Ny—1N_—1

un(t, z,y,2) = Z Z Z Wi gk (8)9i(2) 05 (y) D1 (2)-

Define U(t) = [u;jk(t)](N,—1)x (N, -1)x (N, —1) and let F'(t,U) be the tensor with en-
tries (f(t,wi jx()), ¢i(x)P;(y)or(2)). As in [26], we introduce some tensor operations
for later uses. Given three matrices M, € R(WNe=Dx(Na=1) " 7 e RNy =X (Ny=1)
M, € RWN==1)x(N==1) "Jet ys define the following operations with U: (Mm®U)ijk =
N—1 Ny—1

x 2 N.—1
21 (Mx)zr riks ( y@U)Z TR Z:l (My)erirk7 (MZ@U)ijk = Zl (Mz)krUijr~

With the help of the above operations, we have by some direct manipulations
that the variational scheme (25) can be reformulated to the following form

A,®A,DA. @ +D B,®A,DA.@QU
(4.1) +A @B ®A-@U + 4,@A4,®B.-@U) = F(t,U),
U(0) = {Pruo},

where AQ— “Rn,—1 and B<>——Gﬁ<> 1 for O ==z,y,2, and
4 1 2 -1
R, = 1 4 , G;?: -1 2
1 . |
1 4 -1 2
PXp PXp

An important observation is that A, and B, can be diagonalized simultaneously
by an orthogonal matrix ([23]), and so do the other two pairs A, and B,, A, and B,.
Specifically, we have the following decompositions:

AQZPQAAOPg, BQ:PQABQPg, for O:x,y,z
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with
(Po)i; = sin (%) i,j =1, ,No—1,

An, = diag(A\fe, - AR, A = %@(6745111(2330)), i=1,--,Ny—1,

?

Ap, = diag(AL®, - ARy, AP = %(sinQ (Q;VTO)) i=1,-,Ny— 1.

K2

Let us define U = PT®PI@PI@U (ie., U = P,@P,@P.@U). Then the
equation (4.1) can be transformed to

du
A, @Aa,DAa. @3 +D (A, @A, @i @ + A, OAp, A4 @

(4.2)
+ A, @M, @A5.@)U = PFOPL@PI @F (1, L@P,OP.@U).

Similar to [47], we define the tensor H = (hjk)(n,-1)x (N, —1)x(N.—1) With

R (Apg)ii | (ABy)j (AB, )ik
h”k - D((AAz)ii + (AAZ)jj + (AAz)kk)

and another tensor H = (/Hijk)(Nmfl)x(Nyfl)><(sz1) with

h

T 1
k= Aa, )i (B )i (Aaz ek

Define the operator (e*) as taking the exponential of each entry of a tensor as
((e*)");jx = eMisr, and another operator ® for element by element multiplication
between two arrays of same sizes as (A © B);jr = AijxBiji. Thus we can rewrite the
system (4.2) to the following ODE system:

(4.3) fg +HoU=Ho (PT®PIQPT@F(t, P.OP,OP.@U)).

Hence, by the Duhamel principle, we can get the following expression

—~ tn+1 ~
U(tn+1) _ (e*)—HAt o) U(tn) +/ (e*)_H(t7l+1_T) oOH
(4.4) tn

® (PT®PI@PI@F (1, L,OP,P.@U)) dr,

which is equivalently the tensor representation of (2.9).

We remark that all the tensor product operations can be realized by the FFT.
More precisely, the above transformation from U to U (resp. from U to U) can be
implemented by applying a Discrete Sine Transform (DST) (resp. an inverse DST,
abbreviated as iDST) in each dimension separately. That means, for a d-dimensional
problem, the computational cost of the EIFE method (2.12) is of O(log,(N) H?zl N;)
per time step, where N = max{Ny,---, Ny}.

Next, we also would like to briefly discuss the equation (1.1) with periodic bound-
ary condition (although not theoretically analyzed in this paper). In this case, the
finite element space Vj, is spanned by {¢;(x)¢;(y)¢r(2)} where i = 1,--- | N,,j =
1,---,Ny,k=1,---, N, by periodic extension. The same EIFE method and efficient
implementation algorithm can be directly applied with slight modifications. In fact,
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the unknowns in this case is a three-order tensor given by U(t) = [u; j & (t)] N, x N, x N. »
and the corresponding mass and coefficient matrices become respectively

A(} = %RNoa BO = %Gﬁo’ for <> =T,Y, %,
where
2 -1 -1
-1 2
P _
Gp - .
=1
-1 -1 2
PXPp

Then we have
AO:PQAAQng BQ:POABQPg7 <>=$7y72

with N
(Po)i,; = sin (%) i,j=1,",No,
h

Mag = ding(Af, - X42), AR = (6 - asin (G27)), =10, N,

Apy = diagA[%, - ARE), AP0 =& (sin? (), i=1,0 o

The other steps of implementation are similar to the ones as in the Dirichlet case,
but note that the transformation from U to U (resp. from U to U) in the case can
be implemented by applying a Discrete Fourier Transform (DFT) (resp. an inverse
DFT, abbreviated as iDFT) in each dimension separately.

Remark 4.1. The proposed fast solution approach for the EIFE method doesn’t
work in the case of nonuniform spatial meshes since the mass and coefficient matrices
couldn’t be simultaneously diagonalized anymore. For such case, the products of
matrix exponentials with vectors are usually computed by using the Krylov subspace
algorithms or some other methods (see [14]).

5. Numerical experiments. In this section we will present some numerical
experiments to verify the error estimates obtained in Section 3 and demonstrate the
performance of the EIFE method. All tests are done using Matlab on a Laptop with
Intel 15-8250U, 1.80GHz CPU and 8GB memory. Specifically, we choose the EIFE1
scheme (2.13) and the EIFE2 scheme (2.14) with ¢5 = 2.

5.1. Convergence tests. We verify the error estimates obtained in Theorem
3.5 for EIFE1l scheme and Theorem 3.7 for EIFE2 scheme, and numerical errors
lu(tn) — upllo and |Ju(t,) — u}||1 are all evaluated at the terminal time 7.

EXAMPLE 5.1. In this example, we consider the following two-dimensional linear
reaction-diffusion problem with homogeneous Dirichlet boundary condition:

1 1 1
up = 5Au — 57T2u + 57‘('267#% sin(rx) sin(ry), (x,y) €Q,0<t<T
u(0,z,y) = (sin(rz) — 1) sin(wy), (z,y) € Q,
where Q = (%, 2) x (0,1) and the terminal time T = 1. The ezact solution is given by

ult,z,y,z) = e~ t(sin(mz) — 1) sin(ry).
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For the spatial accuracy tests, we run the EIFE2 scheme with fixed Ny = 1024
(i.e., At = T/Np = 1/1024) and uniformly refined spatial meshes with N, x N, =
64 x 32, 128 x 64, 256 x 128 and 512 x 256, respectively, so that the spatial mesh sizes
are much coarser compared to the time step size. For the temporal accuracy tests, we
run the EIFE1 and EIFE2 schemes with fixed N, x N, = 2048 x 1024 and uniform
time step with Np = 32,64,128,256 for EIFE1 method and Ny = 16, 32,64, 128 for
EIFE2 method, respectively. Also, the overall cost per time step of EIFE method is
tested with fixed Ny = 50 and uniform spatial meshes with N, x N, = 512 x 256,
1024 x 512, 2048 x 1024 and 4096 x 2048. Since the analysis of computing cost of
EIFE1 scheme is same as EIFE2 scheme, we only test the running time with EIFE2
scheme. All numerical results are reported in Table 2, including the solution errors
measured in the L? and H! norms and corresponding convergence rates. We observe
the roughly second-order spatial convergence with respect to the L? norm and the
first-order convergence with respect to the H! norm as expected.

It is also easy to find the first-order temporal convergence for the EIFE1 scheme
and the second-order temporal convergence for the EIFE2 scheme in both the L? and
H' norms, which coincide very well with the error estimates derived in Theorems 3.5
and 3.7.

Table 3 reports the average CPU time costs (seconds) per step for the EIFE2
scheme and corresponding growth factors along the refinement of the spatial mesh.
The results clearly show that the computational cost grows almost linearly along
with the number of mesh nodes, which matches well with the property of FFT and
demonstrates the high efficiency of our EIFE method.

TABLE 2
Numerical results on the solution errors measured in the L? and H' norms and corresponding
convergence rates for the FIFE1 and EIFE2 schemes in Example 5.1.

Nr Nex Ny Jlup —u(to)llo  CR Jluy —u(ta)li  CR
Spatial accuracy tests for EIFE2

1024 64 x 32 5.2210e-07 - 4.5560e-06 -

1024 128 x 64 1.3030e-07 2.00 2.1471e-06 1.09

1024 256 x 128 3.2505e-08 2.00 1.0566e-06 1.02
1024 512 x 256 7.2463e-09 2.17 5.2604e-07 1.01
Temporal accuracy tests for EIFE1
32 2048 x 1024 1.6807e-05 - 6.1655e-05 -
64 2048 x 1024 9.2841e-06 0.86 3.4016e-05 0.93
128 2048 x 1024 4.8688e-06 0.93 1.7831e-05 0.93
256 2048 x 1024 2.4920e-06 0.97 9.1250e-06 0.97
Temporal accuracy tests for EIFE2
16 2048 x 1024 8.5333e-06 - 3.1262e-05 -
32 2048 x 1024 1.6087e-06 2.41 5.8940e-06 241
64 2048 x 1024 3.5949e-07 2.16 1.3234e-06 2.15
128 2048 x 1024 8.4932e-08 2.08 3.3799e-07 1.97

EXAMPLE 5.2. In this example, we consider the traveling wave problem governed
by the following 3D Allen-Cahn equation with double-well potential function:

1
ut:Au—e—Q(ug—u), (,9,2) €Q, 0<t<T,

T

24/2¢

1
u(0,2,y,2) = 3 (1 —tanh(=7=)),  (2.9.2) €2,
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TABLE 3
The average CPU time costs (seconds) per step under different spatial meshes and corresponding
growth factors with respect to the number of mesh nodes for the EIFE2 scheme in Example 5.1.

Nz x Ny Average CPU time Growth
cost per step factor
512 x 256 1.121 -
1024 x 512 4.444 0.99
2048 x 1024 17.516 0.99
4096 x 2048 75.944 1.06

where Q = (0,v2) x (0, 3) x (0, 5). The ezact solution is given by u(t,z,y,z) = (1 —
tanh(2=5L)), where s = ﬁ, and the Dirichlet boundary condition is correspondingly

2V 2e
imposed, which is clearly nonhomogeneous. The terminal time is taken to be T = 3T\/§E

We set the interface thickness parameter € = 0.05. For the spatial accuracy tests,
we run the EIFE2 scheme with fixed Ny = 1024 and uniformly refined spatial meshes
with Nz X Ny x N, = 64 x 4 x 4, 128 x 8 x 8, 256 x 16 x 16 and 512 x 32 x 32,
respectively, so that the spatial mesh sizes are much coarser compared to the time
step size. For the temporal accuracy tests, we run the EIFE1 and EIFE2 schemes
with fixed N, x N, = 1024 x 64 x 64 and uniformly refined time step sizes with
Nr = 16,32,64 and 128. All numerical results are reported in Table 4, including
the errors measured in the L? and H' norms and corresponding convergence rates.
We still observe the roughly second-order spatial convergence in the L? norm but
the convergence rate drops to between 1.11 to 1.28 (but still higher than one) in the
H' norm. It is also seen that the temporal convergence is just slightly higher than
one for the EIFE1 scheme and two for the EIFE2 scheme, which basically match the
theoretical results.

TABLE 4
Numerical results on the solution errors measured in the L2 and H' norms and corresponding
convergence rates for the EIFE1 and EIFE2 schemes in Example 5.2.

Nr Ny X NyxN. |up—u(ta)]o CR |lup —u(te)]s CR
Spatial accuracy tests for EIFE2
1024 64 x4 x4 3.3846e-06 - 2.2638e-04 -
1024 128 x 8 x 8 1.2304e-06 1.46 1.0746e-04 1.07
1024 256 x 16 x 16 3.6958e-07 1.74 4.5672e-05 1.23
1024 512 x 32 x 32 1.0756e-07 1.78 1.9751e-05 1.20
Temporal accuracy tests for EIFE1
16 1024 x 64 x 64 2.4126e-04 - 6.7800e-02 -
32 1024 x 64 x 64 7.3576e-05 1.71 2.1500e-02 1.66
64 1024 x 64 x 64 2.9275e-05 1.33 8.6000e-03 1.32
128 1024 x 64 x 64 1.2500e-05 1.23 3.8000e-03 1.18
Temporal accuracy tests for EIFE2
16 1024 x 64 x 64 9.5405e-04 - 4.6100e-02 -
32 1024 x 64 x 64 3.0619e-05 4.95 4.7000e-03 3.29
64 1024 x 64 x 64 4.5661e-06 2.75 9.3473e-04 2.33
128 1024 x 64 x 64 9.4147e-07 2.28 2.1521e-04 2.12

5.2. 3D Grain coarsening simulations. We now illustrate the performance of
the proposed EIFE method through numerical simulation of the 3D grain coarsening
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process. In particular, the EIFE2 scheme is used for its higher-order accuracy in time.
EXAMPLE 5.3. We consider the grain coarsening process governed by the following
3D Allen-Cahn equation with Flory-Huggins potential function:

0. 1—u
2
U = € u—i—2n1 "

+0u, (z,y,2)€Q, 0<t<T,

where Q = (0,1)3. The initial data is generated by random numbers on each mesh
point ranging from —0.9 to 0.9, and the periodic boundary condition is imposed. This
equation can be regarded as the L? gradient flow of the following energy functional

E(u) = /Q g(u +u)In(l+u) + (1= w)In(l - w)) - %UQ + 5 |Vul* da,

and thus the energy monotonically decays along the time.

We set the interface thickness parameter € = 0.01 and the Flory-Huggins potential
parameters 0. = 1.6,6 = 0.8. This problem satisfies the maximum bound principle
with the maximum bound value v ~ 0.9575, i.e., |u(t,z)| <~y forallx € Q and t > 0
[29, 6]. The terminal time is set to be T' = 20 for our simulation. We take the spatial
mesh with N, = N, = N, = 128 which means the mesh size h = 1/128, and the total
time step size Ny = 2048 (i.e., At = T/Np = 5/512). Evolutions of the supremum
norm and the energy of the numerical solutions produced by the EIFE2 scheme are
plotted in Fig. 1. We observe that the maximum bound principle is well preserved
and the energy also decays monotonically along the time. Fig. 2 presents simulated
phase structures of the numerical solutions at times ¢t = 0, 2.5, 5, 10, 15, and 20, and
from which we can clearly observe the coarsening process of the 3D grains.

0.9575 [-—~~~ -~~~
0.9

supremum norm
E

0 5 10 15 20 0 5 10 15 20
time time

Fi1G. 1. The evolutions of supremum norm (left) and energy (right) of the numerical solution
produced by the EIFE2 scheme for Example 5.3.

6. Conclusions. In this paper, we develop an efficient EIFE method for solving
a class of semilinear parabolic equations taking the form (1.1) in rectangular domains,
in which the fully-discrete solution is obtained by using first the finite element method
for spatial discretization and then explicit exponential Runge-Kutta approximation
for temporal integration. The proposed EIFE method allows for fast implementation
based on FFT and tensor product spectral decomposition when the Dirichlet or the
periodic boundary conditions are imposed. We also successfully derive optimal error
estimates in the H' norm for the EIFE method with one and two RK stages. Some
numerical examples are also presented to demonstrate the accuracy and high efficiency
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Fic. 2. Simulated 3D phase structures at t = 0,2.5,5,10,15,20 (from left to right and top to

bottom) produced by the EIFE2 scheme for Example 5.3.

of the proposed method. The numerical method and corresponding error analysis
framework developed in this paper also naturally enable us to further investigate the
localized ETD methods [30, 18] with solid theoretical support.
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