CSIAM Trans. Appl. Math. Vol. 4, No. 1, pp. 177-224
doi: 10.4208/ csiam-am.SO-2022-0019 March 2023

Unconditionally Maximum-Principle-Preserving
Parametric Integrating Factor Two-Step Runge-Kutta
Schemes for Parabolic Sine-Gordon Equations

Hong Zhang!*, Xu Qian!, Jun Xia? and Songhe Song!

! Department of Mathematics, National University of Defense Technology,
Changsha 410073, China.

2 College of Basic Education, National University of Defense Technology,
Changsha, Hunan 410073, China.

Received 26 May 2022; Accepted 8 October 2022

Abstract. We present a systematic two-step approach to derive temporal up to the
eighth-order, unconditionally maximum-principle-preserving schemes for a semilin-
ear parabolic sine-Gordon equation and its conservative modification. By introducing
a stabilization term to an explicit integrating factor approach, and designing suitable
approximations to the exponential functions, we propose a unified parametric two-
step Runge-Kutta framework to conserve the linear invariant of the original system.
To preserve the maximum principle unconditionally, we develop parametric integrat-
ing factor two-step Runge-Kutta schemes by enforcing the non-negativeness of the
Butcher coefficients and non-decreasing constraint of the abscissas. The order condi-
tions, linear stability, and convergence in the L*-norm are analyzed. Theoretical and
numerical results demonstrate that the proposed framework, which is explicit and free
of limiters, cut-off post-processing, or exponential effects, offers a concise, and effective
approach to develop high-order inequality-preserving and linear-invariant-conserving
algorithms.
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1 Introduction

Many differential equations in fluid dynamics, physics, chemistry, biology, engineering,
and material science are naturally equipped with inequality constraints on the solution
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components, such as strong stability [30], positivity [78], maximum principle [19,54], and
contractivity [48] constraints. It is recognized that preserving these inequality structures
is not only important for solutions to be physically meaningful but also relevant for the
numerical stability of time integration methods. In the last three decades, the develop-
ment of high-order accurate and efficient algorithms that can preserve such inequalities
has been a serious research objective [10,36,39,40,55,66]. However, it still remains an out-
standing open problem [3] to develop numerical methods that are both (i) of high-order
accuracy and (ii) capable of preserving inequality structures for any time-step size. To
the best of our knowledge, the high-order methods that can unconditionally guarantee
these properties are very limited [4, 19,28,46]. This motivated us to pursue high-order-
accurate and stable explicit schemes that can preserve the above inequality structures for
any time step. In particular, we selected the preservation of the maximum principle for
newly developed semilinear parabolic sine-Gordon equations as an example.

Recently, starting from the semilinear parabolic Allen-Cahn (AC) equation [1] and hy-
perbolic sine-Gordon equation [23], Cheng et al. [11] proposed and analyzed a parabolic
sine-Gordon (pSG) equation. They rigorously analyzed the existence of a maximum prin-
ciple, bounded steady states, a conditionally maximum-principle-preserving (MPP) first-
order implicit-explicit (IMEX) scheme, and an energy-stable second-order backward dif-
ferentiation formula (BDF2) scheme. The pSG equation is interesting for a number of rea-
sons. First and foremost, Cheng et al. [11] demonstrated that the pSG model exhibits strik-
ing similarity with the classical AC equation (Ginzburg-Landau potential). Because of its
very benign nonlinear structure, one can develop unconditionally MPP schemes. Thus,
it is of purely mathematical interest as a suitable testbed for phase field simulations, and
is expected to have a ubiquitous presence [11]. Moreover, from a physical perspective,
the pSG equation (with a white noise term and suitable parameters) is closely related to
models of a globally neutral gas of interacting charges [31], most directly it is the natural
(Langevin) dynamics for the sine-Gordon (Euclidean) quantum filed theory [7]. Hairer
and Shen [31] showed that the pSG equation with white noise also arises naturally from
a class of equilibrium interface fluctuation models with periodic nonlinearities. In addi-
tion, it was also proposed as a model for the dynamics of crystal-vapour interfaces at the
roughening transition [56], and has attracted much attention [32] in recent years. There-
fore, the development of efficient and stable schemes for the pSG equation has practical
significance. Consider the semilinear pSG equation [11]
ur=e*Au+f(u), x€Q, te(0,T], (.1)

u(x,0)=u’(x), x€Q, '

where the unknown function u represents the difference between the concentrations of
the two components, Q € R? is an open, connected, and bounded region with a Lips-
chitz boundary 0(2, and periodic or homogeneous Neumann boundary conditions. The
nonlinear function f(u)=sin(u) is the negative derivative of a cosine potential function
F(u)=cos(u).
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Note that the pSG equation does not conserve the phase variable, that is to say, the
total amount of the two components (e.g., gas and plasma when modeling a globally
neutral gas of interacting charges [31]) will change during the evolutions. To carry out
simulations that conserve the mass, we study the conservative pSG equation

ur=e*Au+f(u), (1.2)

following the work of Li et al. [52] where a Rubinstein-Sternberg-type Lagrangian mul-
tiplier [58] was introduced to the AC equation. The modified nonlinear term in (1.2) is
defined as f(u):=f(u)—A(t), with A(t) being the non-local Lagrange multiplier proposed
by Rubinstein and Sternberg [58],

1
RSLM: /\(t)_@/ﬂf(u)dx, (1.3)
to enforce the conservation of mass M(u) = (u,1),
dAﬁE“) —0, Vt>0, (1.4)

under periodic or homogeneous Neumann boundary conditions. The symbol (-,-), which
denotes the standard L? inner product, is defined as (1,v) = [,uvdx. We denote the
modification (1.2) with the Lagrange multiplier (1.3) as the RSLM formulation.

Cheng et al. [11] proved that the parabolic equation (1.1) with a cosine potential func-
tion admits a maximum principle, i.e., if the supremum norms of the initial and bound-
ary conditions are bounded by p=rt, then the solution will always satisfy ||u(x,t)| L~ <pB,
Vt>0. In addition to the maximum principle, another intrinsic property of the pSG equa-
tion is the dissipation of energy, i.e.,

2

d u
il - _ - <
th(u) /Q 5 dx<0, Vt>0
with the energy functional given by
1
E(u) :/ EeﬂVuF—i—cos(u)dx. (1.5)
@)

It is known that the introduction of the RSLM formulation in the classical AC equation
changes the maximum principle of the original equation, but retains the energy dissipa-
tion law [58]. As is shown in [44,52,57], it is of great importance to develop schemes to
preserve the structures of conservative AC-type equations, i.e., the preservation of the
maximum principle, conservation of mass, and dissipation of energy. Otherwise, the nu-
merical solution may be unstable, and the properties of the original equations will be
destroyed. In the literature, semilinear parabolic equations in the form of (1.1) with the
Ginzburg-Landau polynomial potential function

L o

P(u)zi(u —1)2
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or the Flory-Huggins logarithmic potential function

E(u)= g [(14)In(1+1) 4+ (1— ) In(1— )] %uz
have been widely investigated [18,19,33,61,65]. Still, further studies on the pSG equation
and its RSLM formulation are lacking.

Parabolic equations are difficult to solve because of their strong stiffness. The stiffness
of such equations comes from high-order spatial derivatives. When a stiff partial differ-
ential equation is to be solved by a general explicit scheme, the stability usually forces
the time step to be much smaller than that imposed by the accuracy. Although implicit
schemes can overcome this limitation, for many practical problems, a fully implicit treat-
ment may be structurally difficult or computationally costly. As a compromise between
efficiency and stability at large time steps, the development of high-order-accurate and
stable linearly implicit/explicit schemes for stiff equations has received much attention
in recent years [6,8,18,24,45,60,73].

As demonstrated by Du et al. [19], as well as in earlier papers [15, 22,34, 61, 62,69],
a concise and effective technique for improving the stability of a numerical method is
to add and subtract a linear term to and from the original system. Such linearly sta-
bilized schemes have been widely used to construct unconditionally MPP and energy
stable schemes. Tang and Yang [65] proposed the first unconditionally MPP scheme, in
which the first-order IMEX Euler scheme was combined with a stabilization technique.
Using the energy factorization together with a stabilization approach, Wang et al. [67,68]
developed first-order semi-implicit schemes with small stabilization parameters to pre-
serve the maximum principle unconditionally. However, traditional high-order tempo-
ral integrators fail to preserve the maximum principle because of the lack of strategies for
dealing with the stiff term and stabilization term. By utilizing exponential time difference
(ETD) methods and a stabilization technique, Du et al. [18] developed two uncondition-
ally MPP schemes for a non-local AC equation equipped a non-local operator, i.e., the
first-order ETD1 scheme and the second-order ETD2 scheme. The ETD schemes have be-
come popular in recent years. Du et al. [19] further proved that ETD schemes can preserve
the maximum principle unconditionally for a class of semilinear parabolic equations. Li
et al. [52] and Jiang et al. [44] showed these ETD schemes not only preserve the maximum
principle unconditionally but also conserve the mass when applied to conservative AC
equations. Very recently, Ju et al. [45] proved that the ETD schemes incorporated with
generalized scalar auxiliary variables unconditionally preserve the maximum principle
and are stable with respect to a modified energy.

The stabilization technique has also been introduced to the integrating factor Runge-
Kutta (IFRK) framework. To eliminate the exponential decay or growth in the integrating
factor approach, some novel strategies have been developed. Starting from the tradi-
tional integrating factor RK and multi-step schemes, Huang and Shu [38] first proposed
replacing the exponential functions with polynomial functions without destroying the
convergence, hence obtaining high-order modified exponential RK and multi-step meth-
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ods that can preserve the bounds for scalar hyperbolic equations with stiff source terms.
Du et al. [16, 17] proposed second- and third-order modified exponential RK schemes
by using conservative approximations that were combinations of linear and exponential
functions. Recently, a recurrent approximation that bypasses some typical challenges,
such as exponential effects and stability issues, was introduced by Zhang et al. [77] to
develop unconditionally MPP and mass-conserving parametric IFRK (pIFRK) schemes
up to the fourth-order. The above approaches simplify the design of explicit, high-order
accurate, stable schemes and are applicable to a wide range of applications [63,72].

The objective of this work is to derive efficient, high-order-accurate, and stable ine-
quality-preserving schemes. Although the focus of this work is mainly on the maximum
principle and mass conservation of pSG equations, the proposed integrators can be ap-
plied to preserve other inequality structures without any difficulty. To achieve this goal,
we investigate the approximations of combining exponential and linear functions in the
integrating factor (IF) two-step Runge-Kutta (TSRK) framework and propose a new re-
current approximation incorporating Taylor expansions. When considering the preserva-
tion of the maximum principle, it is important to construct a spatial discretization that in-
herits the maximum principle. In the literature, the central finite difference (FD) method
plays a key role in constructing MPP schemes [18, 53,71, 76], because of its diagonally
dominant property. Another popularly used spatial discretization method for semilin-
ear parabolic equations is the Fourier pseudo-spectral (FP) discretization [9, 21, 26, 35].
However, high-order spatial discretizations in general do not inherit the maximum prin-
ciple [71]. Therefore, it is also meaningful to explore the performance of high-order MPP
temporal integrators combined with high-order spatial discretizations. Compared with
the existing literature, the novel contributions of this work include the following;:

* A new strategy to construct high-order stabilization schemes for stiff nonlinear
problems is proposed by adopting the integrating factor two-step Runge-Kutta
method.

¢ Twonovel approximations are developed in a unified framework to eliminate expo-
nential decay/growth effects of integrating-factor two-step Runge-Kutta (IFTSRK)
schemes, which result in two types of linear-invariant-conserving parametric TSRK
(pTSRK) schemes up to the eighth-order.

e By incorporating an integrating factor e, under suitable requirements of the sta-

bilization parameter, we derive sufficient conditions for the parametric IFTSRK
(pIFTSRK) schemes to be unconditionally MPP, i.e., the coefficients are non-negati-
ve, and the abscissas are non-decreasing.

¢ The proposed parametric schemes are explicit, free of limiters or cut-off post-pro-
cessing. In addition, they can unconditionally preserve many inequality structures
characterized by forward Euler conditions, such as strong stability, positivity, and
contractivity.
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The rest of this paper is organized as follows. Section 2 presents some preliminaries
for the model equations. In Section 3, we start with a linear-invariant-conserving im-
provement over the traditional integrating factor approach and illustrate the main ideas
to construct up to the eighth-order unconditionally inequality-preserving schemes. The
linear stability analysis and error estimates are analyzed in Section 4. In Section 5, various
experiments are considered to demonstrate the effectiveness and advantages of proposed
schemes. Some concluding remarks are presented in Section 6.

2 Preliminaries

The pSG equation and its conservative RSLM formulation belong to a family of semilin-
ear parabolic equations with the form

up=Lu+N (u). (2.1)

Dueet al. [19] investigated sufficient conditions for the abstract framework (2.1) to have
a maximum principle:

1. The linear operator L is dissipative in the sense that if a function w reaches its
maximum on Q= QU at xq € (), then it must hold that Lw(x() <0.

2. There exist a >0 and a x >0, such that the nonlinear term N (u) satisfies the
inequality
IN (u) +xul| = <xp,  Vl|u[L= <B. 22)

Here, the inequality (2.2) is denoted as a circle condition (which also appeared in [29,48]),
which means that A/ (u) is bounded by a ‘circle’ measured by ||-||;~ that is centered at
—xu with a radius «f. Noting that the Laplacian satisfies the first condition, we have
following lemmas.

Lemma 2.1 ([19]). The linear operator L:=e>A with periodic or homogeneous Neumann bound-
ary conditions generates a contraction semi-group {S(t) = e'*}1>q with respect to the infinity
norm ||- ||~ on the subspace of C(CY). Moreover, for k >0, let L, := L —x. It holds that

let“rul| o <e ™||ul|x, VE>0, ucC?*Q). (2.3)
Lemma 2.2. Under periodic or homogeneous Neumann boundary conditions, it holds that
(e“u,1)=(u,1), Vt>0, uecC*Q). (2.4)
Proof. Noting that v(t) =e'“u is the analytical solution to

{ vy=Lv, t€(0,T],

o(0) 1, (2.5)

and Eq. (2.5) is mass conservative under periodic or homogeneous Neumann boundary
conditions, it holds that (v(t),1) = (e'“u,1) = (u,1). O
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For the pSG equation with NV (u):= f(u), for any B € [(2n—1)7,2n7),n € Z*, when
[[ul| L= < B and x >max;g <g|f'(¢)| =1, the circle condition is satisfied

kB F(—B)—kB< F(u(x) +xu(x) <f(B)+KB<rp, ae. xeQ.
For the conservative RSLM formulation (1.2), the following result holds.

Lemma 2.3. Let

1
=(2n—=|mn, neZ" and x>max =1.
g ( 2> \C|<ﬁ’f< )

The nonlinear function
1
N ()= )~ g [ Sy dx
satisfies the circle condition (2.2).

Proof. Noting that
1f ()l < f(=p)=—f(B) =1,

1
< T o (0SB,

When x >maxg<g|f'(¢)| and [ul[r~ < B, we obtain

f(=B)—xB<f(u(x))+xu(x)<f(B)+xB, ae. xeQ.
Then, it holds that

we obtain

KB F(—B) =y [ F(u(0)dx <N (u(x) +xu(x)

<f(B)+xp— |Q|/f ))dx<kB, ae. xeQ.

This completes the proof. O
By applying previous results in [19,52], we have the following lemma.

Lemma 2.4. For the semilinear parabolic equation (2.1), suppose that

pSG/RSLM: K>|rér{‘1ax\f =1 (2.6)

Let Ni(u) =N (u)+xu, where N (u) is given by f(u) for the pSG equation and f(u) for the
RSLM formulation, respectively. It holds that

1) ||Nc(u)||= <xB forany u(x)€L®(Q) with ||u|~<B,
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2) [Ny (u1) =N (u2)| Lo <Ix||ug —uz| = for any u;(x) € L®(Q) with ||uj|1~<p, j=1,2,

where BE[(2n—1)7t,2n7t),n€Z™,1=2 for the pSG equation, and = (2n—1/2)w,neZ*,1=3
for the corresponding RSLM formulation.

By applying Lemmas 2.1 and 2.4 and the abstract framework proposed by Du et al.
[19], we present the maximum principles for the pSG and RSLM formulations.

Theorem 2.1. For the pSG equation (1.1) and the RSLM formulation (1.2) with either periodic,
or homogeneous Neumann boundary conditions, supposing u® € X, where X is L®(Q) or C(Q)),
then each problem has a unique solution u € C([0,T|;X) and admits the maximum principle

pSG:  VBe[(2n—1)m,2nm|, ne€Z*, it holds that
lu@®)ll=<p, VIul-<p, Vte[0,T],

2
lu(®ll><p, VNu'l=<p, Vte[0,T].

RSLM: VA= <2n— 1) t, neZ"’, itholds that

3 Structure-preserving discretizations

To construct efficient time integrators for general stiff, nonlinear differential equations,
three key design principles [2,6,12,17] have been considered previously:

1) Linear invariants of the system are preserved.
2) The nonlinear term is handled simply and inexpensively.

3) The time-step size is selected to reflect the accuracy requirement rather than being
restricted by a stability requirement.

It is acknowledged that the more principles a numerical method can fulfill, the better
its applicability is. In this section, we investigate modifications of the integrating factor
approach and construct new parametric methods in which above principles are achieved.
To present the schemes in a unified framework and avoid the excessive introduction of
symbols, we remark that some symbols, for example, ¢;(7x), 4;;(Tx) and ufi,j(TK), have
different definitions in different modifications.

3.1 First parametric two-step Runge-Kutta method

By introducing a stabilization term «(u—u), x>0 to the abstract system (2.1), we consider
the system

(3.1)

up=Lu~+N(u)+xu—xu,
u(0)=u
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with periodic or Neumann boundary conditions. When Eq. (3.1) is given by the RSLM
formulation (1.2), it holds that

(Lu+N(u),1)= (ezAu,l)—i—/(.) [f(u) —ﬁ/ﬂf(u)dx] dx=0.

Then, it is expected that a numerical method will conserve the mass M(u).

To better illustrate the construction of the proposed framework, we first treat both
the linear and nonlinear terms explicitly, although the stiff linear term could lead to se-
vere time-step restriction for the fully discrete system. Consider an s-stage, p-th order
explicit TSRK(s, p) scheme that does not rely on the stage values of the previous steps, as
presented in the form of a Butcher-like tableau

Cc_1 1 0
Co 0 1 0 0
c|D|A c1 | di,—1 dip | ;-1 a1 0
T T . . , (3.2)
Cs—1|ds—1,-1 ds—10|8s5-1,-1 as-10 as-11 -+ O
Cs ds,—l ds,O as,—1 as,0 as1  +° fAgs—1

where
i—1

0
a; =0, i S], Z dz"]' =1, ¢= —di,_1 + Z aij, i——1,0,...,s,
j=—1 j=—1
and coefficients are constrained by certain accuracy and stability requirements [40,42,43,
47]. Considering the Lawson transformation [49], with e'* being the integrating factor to

the unknown u(t), i.e., v(t) =e*u(t), we obtain an equivalent system

{ = [ 7Ktv_|_'/\/‘ tU) —}—KefKtU] , te€ (O,T], (33)

0(0) =u’
Letting c_; = —1, ¢g =0, and u""/ = u(t, +¢;T), j=—1,0, we apply the TSRK method

to Eq. (3.3) and then perform the inverse Lawson transformation to obtain the IFTSRK
method

uyj=u"", j=-1,0, (3.4a)
Up,i = i d; e =™y,
j=—1
+T E a;je~ D[ Luty i+ N (un )+ ], i=1,.8, (3.4b)
j=—1
u™ =, . (3.4¢)
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Assuming that
M(un ) = (un;,1) = (u°1), j=-1,0,..,i—1,
taking the L? inner product on both sides of (3.4) with 1, and using the equality

(Eun,j +N(un,j),1) =0,

we obtain
0 i—1
(1) = Y e D™ (1) 47 Y agje D] (Lt b N (7),1) (1)
j=-1 j=—1 5
0 i—1
:ef(l+c‘-)rx Z di/je(l+cj)TK+TK Z ai,je(l+cj')TK (uoll), i<s. (3.5)
=1 =1

Note that e(1*¢)7 in general is not equal to [Z?:fldil]-e(l”f)”+rk ;;llai,je(”cf)“]
unless Tk =0. Therefore, IFTSRK is not conservative unless the initial mass (1%,1) equals

zero. To overcome this shortcoming, we propose an approximation of e(1)7 using

0 i1
Pi(tr):= Y di,je(1+cf)f"—|—rx ) ai,je(1+cf)r", i=—1,...,s. (3.6)
=1 =1

Then, stage solutions of (3.4) are given by

1 0 . i—1 .
Uy = ) (j_Z:ldi,je(1+C])TKun,j+Tj_21ai,je(l+C])TK [,Cun,]-+/\/'(un,]-)+xun,j]>, 37)

i=1,...,s.

It can be directly derived that the modification (3.7) conserves mass (Principle 1) for the
RSLM formulation.
By substituting stage solutions into xu,, ;, we obtain

0 i—1
Up ;= Z dij(TK)ty,;+T Z a;,j(Tic) [ Luty j+N (uyj)], i=1,...s, (3.8)
j=—1 j=—1
where ufi,j (tx) and 4; ;(T«) are recurrently computed by

1 Lic. i1 . R
d;j(t) = W [dije( +C’)TK+TKk;lai,ke( +C’<)T"dk,]-(1'1c) ,

(3.9)

i—1
|:ﬂi,je(1+cf)TK+TK Z ﬂi’ke(1+ck)TKﬁk’j (TK):| P
k=1

We denote the formulation (3.8) with new coefficients cfi,j,ﬁi,j and old abscissas c; as the
first parametric TSRK method (pTSRK1).
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3.2 Second parametric two-step Runge-Kutta method

The exponential term (1) will be extremely large and may blow up when 7x>>0. To

improve the numerical stability, we propose a new recurrent approximation to conserve
the mass. Denote

1
¢k(z)::1+z+-~-+ﬁzk

as the k-th order Taylor polynomial approximation to the exponential function e*. Letting

¥i(t6) :=¢p_1((1+cj)tx), j=-1,0,

(I4-ci)Tx

we approximate e recurrently using

0 i-1
pi(ti):= Y dijpi(ti)+T Y appi(t), i=1,...s. (3.10)

j=—1 j=—1

Then, the second improvement of (3.4) is obtained as

0 i1
”n,i:ﬁ< Z di j ;i (T )1ty j+T Z a;,j i (Tx) [Eun,j+/\/'(un,j)+icun,j]> (3.11)

PilTtr) \ ;254 =1
0o i—1
=Y dij(ti)uy+7 Y A;(TK) [Luy i+ N (uy )], i=1,....8, (3.12)
j=-1 j=-1

where

. 1 i-1 R
di’]'(TK) = dﬁl[]j(TK)‘FTK Z ai,klle(TK)dk,j(TK)] ,
L k=—1

(3.13)

1 r i—1
a;j(tK) = e _ai,j¢j<TK) +TKk_Z:1ai,klI)k(TK>ﬁk,j<TK)] ,

i=1,..., j=—1,.,i-1

We denote the formulation (3.12) with new coefficients dAZ-,]- and 4;; given by (3.13) and the
old abscissas c; as pTSRK2.

Remark 3.1. To design conservative approximations for the IFTSRK method (3.4), dif-
ferent decompositions of exponential functions may be used. The decomposition of
e~ (6= into e~ (1+c)Tk(14¢) T8 has the advantage that we can present the two modifica-
tions in a unified framework. Indeed, for the pTSRK1 method, the modifications using
the decompositions e~ (1+e)™e(1+6)T¢ and e~¢iT%e™ are equivalent. However, the de-
composition e~ “"™e ™ can not be used in the pTSRK2 method. The reason is that, to pre-
serve the maximum principle, we have to make sure that the approximations ¢;(7x),j =
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—1,...,s are positive. Noting that the abscissa c_; =—1, when approximating e“-'™* using
a k-th order Taylor expansion, the positiveness of function 1_1(7x) := ¢y (c_17k) can not
be guaranteed. In practice, for the pTSRK2 method, the approximations to ell+e)te j=
—1,0 can be replaced by any k-th order (k > p—1) Taylor expansions; the higher is the
order, the better is the accuracy of the approximations.

3.3 Accuracy of parametric two-step Runge-Kutta schemes

To derive order conditions for modifications (3.7) and (3.11), we define

i—1
@i:—dl‘,,l—i— Z ﬁi,jr i=-—1,...,s,
=

and present the pTSRK1/2 schemes using a unified Butcher-like tableau

C_1 é,1 1 0 0
Co @0 0 1 0 0
c ¢|DJA ct 6 | di,-1 dip | d,-1 A1 0
= AL S R - (319)
cs G50 b : : : : : :
Cs—1 és—l ds—l,—l ds—l,O ﬁs—l,—l ﬁs—l,o ﬁs—l,l 0
Cs Cs ds,—l ds,O ﬁs,—l as,O ﬁs,l ﬁs,s—l

Let £ = [1,0]7 and denote g(t,u) := Lu+N(u). We apply the Taylor expansions to
obtain

P k ) (k1) . )
t(ti) =u(tn) Z ! [at gau] &leuy FO(TH), i=—1,..s,  (3.15)

0
g<tn112d nl +T2a]lg nl /U )))

— 1=—1

k—1 j—1 (k=1)
T d A R 0
:kg:l (k—1)! ng"" [_dj,lg(tn,—b”(tn,—l)) +Z_Z:1aj,lg(tn,lr“(tn,l))] @] 8t u(ty)
+0O(t), j=-1,....,s (3.16)

where §(t,;,u(t,;)) denotes the Taylor expansion of g(t, ,u(t,;)) at (tn, ).
Inserting the exact solutions into the numerical scheme (3.8) (or (3.12)) gives

u( Zduu n,j +TZQ1]g<n]/Zd]lu n,l +Tza]lg(nl/ <nl))>

j=—1 j=—1 I=-1
+Api, i=—1,..5. (3.17)
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Substituting (3.15)-(3.16) into (3.17) gives the defects

A ‘:ZTk l(ck—dd (_1)k) i—l-gi (k=1)
i et ot Cou

1 i—1 . o) . A
_ <k_1)'j_Z;lai,j ng—i— {—d]-,_1g(tn,1,u(tn,1))
j-1 3 (k=1)
+ Z ﬁ]‘,lg(tn,lru(tn,l)):| o Slew (e
=1

+O(tPtY), i=-1,...,s.

Then, it can be concluded that the order conditions will contain both ¢; and ¢é;. We define

~k ak— k ~k ~k ~k T =k . ~k

cj,m:c;”cj " G = B ]+ Cr=diag(y,), m=0,...k,

. 1 .k 5 k 1 S

Tiem =7 (6 =di 2 (=1)") = 1)1 ‘Zlaif]'cj,m : m=0,... k-1,
j=—

and denote %, = [tllk,m,folk,mp-~,f5,1,k,m]T. By using the parametric Butcher tableau
(3.14), we obtain

o= (F = D(—0)F) - AckT,

i (—1) 1)
A _ 1 AT k 1 T ~k—1 ‘
Ts,k,m—H(l_e (=) )_(k—l)!b et

The research of the TSRK [47] shows that the explicit TSRK with non-negative Butcher
coefficients has an eighth-order barrier. Thus, pTSRK1/2 with non-negative Butcher
coefficients can reach, at most, eighth-order. Following [47] and letting z := Tk and
1,=[1,1,--,1]T € R®, we present the order conditions for the parametric Butcher tableau
from first- to eighth-order using (3.18), as follows:

Order 1:  bT1,1—(1+070)=0O(2P).

Order2: bTé, — 1_§T€2 =0(zF 1)
Order 3: b'é&, 1+§T£3—0( P=2), bl =0(zF72)
rrg  1-0T¢ -3 AT A a -3
Order4: b'¢,,— 1 =0(zF7°), b' Aty =0(2P77),
BTcml AZmz_O(Zp_3) be3 _O(Zp_3)
1+07¢°

Order5: bTéet —
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b1 Cop B3, =0(2P74), by, =0(zF %),
Hn=0("T))
X 1-67¢° AT 2
Order 6: bTe5,— 3 =0(z\7), bT Aty =0(zF70),
BT Cony By = O(2P ), bl 5 =0(2"7),
bT A3, =O(2P75) bTAC,;, t3,m, = O(2P75),
b7 Cp Aty = O(2P7°), b Cl 3, =0 (2 °)
Order 7: bTe5 — 1+§T€7 =0(z\79), bT At =0(zF7°),
b Coy 5, = O(2"°) b  t6m=0(2""),
bT A%y, =0 (zP~%) bTAC,,, tym,=O(2P7°),
b7 Cp Ay, = O(2P7°), b Cl i, =0(27°),
=071
5 1-678 AT 2
Order8: bTé — 5 = O(zF77), bT At =0(z"77),
bTCony tom, = O(2P77), bT;,,=0(zF77),
BT A%y, =07, BT A%%s,, =07,
bTA%C,, Ty, = O(zF77), bTAC,, Aty m,=0(zP77),
bTAC,,, t5,m,=O(zF77), bTAC;, tam,=0(zF77),
bTCn A%y, = O(2F77) bTCp Ats = O(2P77),
b Con ACu, tam,=0=F7),  bTCh Aty,=0(z"7),
bTCL sy, =0(2"77), bC3 i, =0(2"7)

To have p-th order accuracy, the pTSRK method should satisfy all previous order con-
ditions as well as additional conditions for each order. We consider the pTSRK2(2,2)
scheme to illustrate that the proposed modification retains the order of the underlying
TSRK scheme.

The parametric coefficients of pTSRK(2,2) are computed as follows:

p1=1, Po=¢1((1+co)z) =1+z,

1 =d1,_19_1+diofo+z[ar,_1P_1+a10po] =1+z(1+c1)+22a1,

Yo =dp, 1_1+dooPo+z[az 19 _1+azoPo+azii]
=1+z(1+c2)+2*[ar0+az1 (14c1)]| +22ap1a10,

N A A 1
d_q,1=d_1,1, do_1=0, dl,fl:%(dl,—l‘ﬁzal,—l)/
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. 1 .
ai,—1=—-a1,-1, 41,0=—a1,0%0,
Y1 P v
1 C1+Z(6110—611 ,1)
Gi=— a1, 1+mo(14z)—dy _1—za; 1| = ’ . ,
1 llil[ 1,-1-+Fa1,0( )—d1,-1 L 1] 1+z(14c1) +22a19
1 A N A
dy 1= m [do,—19p_1+2(a,19p_1d_1,_1+az0odo,—1 +az1¢1d1,—1)]
1
0 [do,—1+2(a2,—1+az1d1,—1) +2%ap1a1,1],
. 1 . 1
Ay, 1= —— a2, 1Y_1+zaz1P181, 1] = ——[az, 1 +zaz1a1,1],
P2 {53
. 1 1 2
fz0=— [az0Po+z(az1a1,0t0)] = ™ [a2,0+2z(a204a21010) +27a21a10],

A

1
dy1 = [612,1 1/J1] = — [612,1 +za2,1 (1 +C1) +22a2,1a1,0] .

¥
1
%) ()
Ketcheson et al. [47] and Isherwood et al. [40] showed that TSRK(2,2) satisfies the order

conditions

1
CZZles—Gng Z azl]'—dZ,,1 :1,
j=-1

. Cy)— 9T€2
2
Then, the verification of the pTSRK(2,2) scheme is performed as follows:

1—dy 1
=

0.

bTC =—ap_1+ax1c1—

1+z(a2181,-1 420421010+ 2,1 (14¢1) —ap, -1 —a21d1, 1) +2% (2001 81,0— A2,181,-1)

by =
2 1+(1+c2)z+22 [ar0+a21(1+c1)] +23a2101
_ 1+z(1+c2) +2%(2a01a1 0 — 2141, 1) :1+O(zz),
1+ (14 c2)z+22 [ago+a1 (1+c1)] +23a21a10

~ 1_dA B 1—(dr _1+0(z

bTe— 22’ L =0y, 16_1+82,080 +2161 — (22 ; ) =0(2),
~ 1_dA B 1—(dy 1+0(z

hTe— 22’ L—a, 1c 1+moco+ay101— (22 ; ) =0(2).

The order verification processes of other pTSRK1/2 schemes are more complex. By
performing tedious Taylor expansions using the MATLAB code in a public repository
[74], we verified that the pTSRK1/2 schemes with underlying TSRK coefficients pre-
sented in [27,40] satisfy the order conditions listed above. Then, we have the following

corollary.

Corollary 3.1. Assume u(t,x) € CP*1([0,T];C*((2)) is the exact solution to (2.1), and u™"/ =
u(t"*7),j=—1,0. Then, the solution u™*' obtained by pTSRK1 (3.8) or pTSRK2 (3.12) with an



192 H. Zhang et al. / CSIAM Trans. Appl. Math., 4 (2023), pp. 177-224

underlying TSRK(s,p) Butcher tableau provided by [40] has a (p+1)-th order truncation error,
1e.,

p
u(t"+1)—u"=0 (TPH ZKk> =0O(7r ).
k=0

Proof. In the above error expansion, we can see that each of the residuals in A, s is mul-
tiplied by the corresponding O(7¥) term. Performing a summation gives the overall
truncation error O(tP1yF_ «*), which is still O(tF*1). O

3.4 Properties of pTSRK schemes

In addition to the conservation of mass for the RSLM formulation, as an improvement
over the traditional IFTSRK method (3.4), we show that the pTSRK1/2 schemes preserve
the fixed points of the system.

Lemma 3.1. The pTSRK1 (3.8) with coefficients dAi,j,ﬁi,j (3.9), and the pTSRK2 (3.12) with

coefficients dAi,j, 4 (3.13), preserve the fixed points of (2.1) in the sense that if there exists a u*
such that

Lu*+N (u*) =0, (3.19)
then the solution of pTSRK1/2 satisfies u" ' =u*, on the condition that u" =u"~'=u*.

Proof. Consider the pTSRK1 as an example. We first show that Z?:_l dAZ-,]- =1,i=-1,0,...,s
using mathematical induction.

Note that Z?:fldAk,j =1,k=—1,0. Assuming that Z?:fl dAk,j =1,k=1,...,i—1, we only
need to prove that Z?:—ldi,]' =1,i<s. By using definitions of 1;(7x) and conditions
ZO-:_l ij=1,i=1,...,s, we obtain

0

j=-1 ! k=-1 j=—1

— (11' lZd e1+C1TK—|—TKZake1+C’<) ]—1, i<s.

i k=-—1

<

Assuming that Up,j= u*,j=1,...,i—1, we have

0 i—1
upi= Y dijitni+T Y &;j (Litgj+N () Z dl]u =u*, i<s.

j=—1 j=—1 ~ j=—1

n+1

Then we obtain u" ™" =u, ;=u"*. The proof for the pTSRK2 can be carried out similarly. O
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3.5 Parametric integrating factor TSRK schemes for stiff systems

The explicit treatment of the stiff terms in pTSRK1/2 schemes leads to severe time-step
restriction. To overcome this shortcoming, we show that under certain requirements of
the TSRK Butcher tableau and the stabilization parameter «, by treating the nonlinear
term explicitly (Principle 2), the pTSRK1/2 schemes together with an integrating factor

e t£ can preserve the maximum principle for any time-step size (Principle 3).

Assumption 3.1. The underlying TSRK Butcher tableau satisfies the following:

1) non-negative coefficients:

dij>0, i=-10,..., j=-1,0,
ai{]’ZO, i:_llol“‘lsl j:_].,...,i—]_,'

2) non-decreasing abscissas: —1=c_1 <cp<---<c¢;=1.

By applying the integrating factor method (integrating factor being e t£) with the un-

derlying pTSRK1/2 schemes to (2.1), we obtain pIFTSRKI (d; ;,d;; given by (3.9), y;(tx)
given by (3.6))

0 i—1
Upi= lzldi/fe(cﬁcjhﬁ“n,ﬁ—rlzlﬁi,je(cﬁcjhﬁ/\/’wnlj) (3.20)
== j=—
1 0 i-1
= " (TK) Z dz"]'e(1+Cj)TKe(Ci—Cj)Tﬁun,]-+T Z ai,]'e(1+Cj)TKe(Ci_Cj)T£NK(un,j) . (3.21)
i = e
i=1,...,s,

and pIFTSRK2 (d; ;,4;; given by (3.13), ¢;(tx) given by (3.10))

i—1

1 0
= d: (T e(ci—c/-)rﬁun 4T a; (T e(Ci—Cj)T,CNK u, )1,
, 1,[JZ'(TK) []’_Z—l /]ll)]( ) i j—Z—:1 Jllb}( ) < 'f) (3.22)

i=1,...,s.

Theorem 3.1. Assume « satisfies condition (2.6) and the underlying TSRK Butcher tableau of
pIFTSRK1/2 satisfies Assumption 3.1. Then, for the system (2.1), if the starting values satisfy
[|u/]| L= <B,j=0,1, the solutions obtained from pIFTSRK1/2 satisfy |[u" || .~ < B for any T>0,
n>1.

Proof. We prove this claim by induction. Consider the equivalent formulation (3.21) of
pIFTSRK1 as an example. Assuming that ||, ;||;~ <B,j=—1,...,i—1, we verify that the
maximum principle holds for u,, ;.
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Using Lemmas 2.1 and 2.4, the conditions in Assumption 3.1, and the definitions of
Pi(tK), we have

1
||u7’ll||L ~ 1_/] ( [ Z dz]e 1+C] TKHe Ci— C] un,j||L°°
1 —

i—1

+7 ) ayel Tl DTEN (uy ) HL”]

j=—1
1 .
<—— Z d; eI ™ 4 7 Z a; ;1T B=B, i<s.
Pi(tx) | .~ =
Then, we have ||u" | 1o = ||t || .~ < B. O

Finally, we show that pIFTSRK1/2 conserve the mass (Principle 1) of the RSLM for-
mulation under periodic or homogeneous Neumann boundary conditions.

Theorem 3.2. Assume that the underlying TSRK Butcher tableau satisfies Assumption 3.1. If
starting values satisfy M(u') =M (u’)=M?, then pIFTSRK1/2 conserve the mass of the RSLM
formulation under periodic or homogeneous Neumann boundary conditions.

Proof. We prove this claim by mathematical induction. Assume (u,,;,1)=M", j=—1,...,
i—1. By taking the L? inner product on both sides of (3.20) with 1, and using Lemma 2 2
and the equality

A (1) = [ [ £ =17 )| s =0,

we have
0 ; i1 ,
(un’i,l) Z d ( (ei— )T I/ln,]‘,].) +T Z fli’]' (e(c"_cj)T N(I/ln,j),l)
j=—1 j=—1
0 i—1
=Y dij(unj1)+7 Y 4 (N (), 1) =M°, i<s.
j=-1 j=-1
Then, we have M" ! = (u,,1) = M°. d

Remark 3.2. The pIFTSRK1/2 can be seen as improvements over the stabilized IFTSRK
method (with integrating factor e~ t£x, denoted as SIFTSRK)

0 i—1
SIFTSRK: 1= Y djjel D, 7 Y ;0™ N (uy, ), i=1,...,5. (3.23)
j=—1 j=—1
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Under condition (2.6) and Assumption 3.1, assuming that ||un,]-||Loo <B j=-1,..,i-1,
taking the L*-norm on both sides of (3.23) and applying Lemma 2.1 yields

0 i—1
Hun,iHL“’ Se—(l—&-ci)ﬂc lz di’je(1+cj)TK+TK Z ai,je(lJ’Cf)TK ,B, i<s.
i=—1

=1

We define the amplification function of the i-th stage of the sSIFTSRK (3.23) as

0 i—1
gi(TK) Izef(lJrC")TK lz di,je(l+cj)TK+TK Z az-,]-e(Hcf)T" P i:1,...,S.
= .

j=-1

To preserve the maximum principle unconditionally, the inequalities ¢;(7x) <1,i=1,...,s
should hold for any 7« > 0. However, by checking all underlying non-negative TSRK
Butcher tableaux developed by Isherwood et al. [27,40], we find that [74] only the second-
order sIFTSRK(s,2) (s =2,...,10) and the third-order sIFTSRK(2,3) satisfy these require-
ments. In addition, we verify that [74] some amplification functions of sIFTSRK go to
zero as Tk approaches 400, because of the exponential term e~(1*<)™_ As an improve-
ment, it can be seen that the amplification functions of the proposed pIFTSRK1/2 are
equal to 1 from the proof of Theorem 3.1. Therefore, the pIFTSRK1/2 schemes not only
promote the unconditionally MPP schemes to the eighth-order, but also remove the ex-
ponential decay/growth effects of traditional sIFTSRK schemes.

Remark 3.3. In addition to the preservation of the maximum principle using scheme
pIFTSRK1/2, we point out that pTSRK1/2 with a suitable parameter « also uncondition-
ally preserve general inequality structures, such as the strong stability, positivity, range
boundedness, and contractivity, when the right-hand-side term satisfies a forward Euler
condition, as presented in Appendix A.

Remark 3.4. In the literature, some novel approximations of exponential functions in the
integrating factor framework have been proposed. The approximations of pTSRK1/2
differ from those proposed by Huang et al. [38] and Du et al. [17] in several aspects.
First, the conservative approximations [17] using Shu-Osher coefficients require addi-
tional order conditions on the Shu-Osher Runge-Kutta coefficients, while the pTSRK1
using Butcher coefficients retains the convergence characteristic without imposing other
requirements. Second, in comparison with the approximations using Taylor expansions
[38], the pTSRK2 schemes conserve linear invariants. Third, pTSRK1/2 preserve the in-
equality structures for any time-step size, in contrast to the strategies proposed in [17,38].

3.6 Second-order finite difference spatial discretization

For simplicity, we consider the interval (x7,xr) with periodic boundary conditions. Let
the mesh size h= (xg —x1)/N. Denote the grid points as

Qh:{x]-]x]-:xL+jh, jZO,l,...,N—].}.
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Let
Vy={o|o=[o(x0),",0(x;),0(xn1)] ", x; €0y} CRY

be the space of grid functions defined on (), equipped with the I2-inner product, and

[*°-norm defined as
N-1
(u,0):=hvTu=nh Y upj,  |ulle=max|u;|, VuoeVy.
j=0 ’

Then, the induced co-norm of matrix is given by

|As|j= sup [|Aulj>, VAERN*N  yecRN.

([l je0=1

Denote the central finite difference discretization of d,, by

L 4 NxN

Let L=€2D; and L, =€e?D,—«I, where I ¢ RN*N is the identity matrix. The following
lemmas hold.

Lemma 3.2 ([75]). For any x >0 and T >0, it holds that ||e™ || =" <1.

Lemma 3.3 ([75]). For any x >0 and T >0, by letting 1= [1,1,---,1]T € RN, it holds that
(e, 1) =e ™ (u",1),¥x > 0,7 >0.

By applying pIFTSRK1/2 in the temporal direction and the second-order finite differ-
ence method in the spatial discretization, we obtain pIFTSRK1 (FD)

0 i—1
i = ), i@+ Y7 a0l VTN ()

) 1
0 i—1
:# Z di,je(l+c]-)TKe(c,»—cj)TLun,j+T Z [ll',]‘e(l—i_cj)TKe(Ci_cj)TLNK(un,j> ,
wi(Tr) j=—1 j=—1
i=1,...,s, (3.24)
and pIFTSRK2 (FD)
un,i:L i dl',jll)j(TK)G(C"icj)TLun,j‘i‘T f ﬂi,ﬂ/’j(”)e(CﬁC")TLNK(”n,j) /
pi(tr) |4 Pl (3.25)

i=1,...,s.
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Here, N(u) denotes the spatial discretization of the nonlinear term N (u). For the RSLM
formulation, the Lagrange multiplier appearing in the nonlinear term is computed by
AE)={f(u),1)/]9].

We show that under certain requirements of the TSRK Butcher tableau (3.2) and «,
pIFTSRK1/2 (FD) preserve the maximum principle and conserve the mass of (2.1) un-
conditionally.

Theorem 3.3. Assume that x satisfies condition (2.6) and the underlying TSRK Butcher tableau
of pIFTSRK1/2 satisfies Assumption 3.1. Then, if the starting values satisfy ||w/ ||~ <B,j=0,1,
the solutions obtained from the pIFTSRK1/2 (FD) (3.24)/(3.25) always satisfy ||u" || < B for
any T>0.

Proof. Consider the pIFTSRK2 (3.25) as an example. We prove this by mathematical in-
duction. Assuming that ||u, |~ <B,j=—1,0,...,i—1, by applying Lemmas 2.4, 3.2, and
the definitions of 1;(7x), we obtain

1
il < = ¢i(tx) lz di jipi(Tx Hec' 24 ”n1H1w+T Z a; (T Hec' TN (1, sz
- =

1 ,
<— Z d; jpj(Ti) +TK Z a;pi(tx) | p=PB, i<s.
ll) <TK = j=-—1
Then, we have ||t | = ||t || 1= < B. O

Theorem 3.4. Assume the underlying TSRK Butcher tableau of pIFTSRK1 /2 satisfies Assump-
tion 3.1. Let MI! = (u",1) denote the discrete mass. If the starting values satisfy M} =M., then
the pIFTSRK1/2 (FD) (3.24)/(3.25) conserve the mass of the RSLM formulation (1.2), i.e.,

Mt =M, V>0, (3.26)

By using Lemma 3.3, the proof of Theorem 3.4 can be carried out in a similar manner
to that of Theorem 3.2. Therefore, we omit it.

3.7 Fourier pseudo-spectral spatial discretization

For the interval (xp,xg) with periodic boundary conditions, letting N be an even in-
teger denoting the number of subintervals, we consider the interpolation space Sy =
span{h;(x),j=0,1,...,N—1}, where h;(x) are trigonometric functions of degree N /2 given
by [25,59]
1 21
h'(X):— _elly(x—xj)
]
NSz

with ;=1 ([l| #N/2), c_.npa=cN/2=2, p=27/(xr—XL).



198 H. Zhang et al. / CSIAM Trans. Appl. Math., 4 (2023), pp. 177-224

Defining the interpolation operator I :C(Q)) — Sy,

Inu(x Z u(xj)hi(x),

and taking the second-order derivative, we obtain

aleu 2 N-1
T o2 Z u(x)hy™ (xi) =} (Da)iu(x;),
j=0

where Dy =[d; j]e RN*N is the second-order Fourier differentiation matrix determined by

1o it 2 G=D7T .
_ 274( 1) sin N ) i#£],
) NP2 i

1’ =1

for i,j=0,1,...,N—1. (3.27)

Noting that zero is an eigenvalue of D, [64], letting L,=€2Dy—x«I, we have the following
lemma.

Lemma 3.4. For any x>0 and T >0, it holds that
<eTi"u”,1> =e (u",1), Vx>0, T>0.
Proof. Because 1=1,1,---,1]T € RN is an eigenvector of €D, —«I corresponding to the

eigenvalue —x, the row sum of e™'* can be calculated by

) Tk B k ot (_
elr1= Z (2D, —x1) 1= I;)H(ezDz—KI) 1:;) p
=(—x)k1

1=e ™1 (3.28)

7K )*
u

The symmetry of D, implies that
<eTE"u,v> = <u,eTZKv>, Vu,veRY,
and then i )
(e™u" 1) = (u",e™1) = (u",e”™1) =e ™ (u",1).
This completes the proof. O
Applying pIFTSRK1/2 and the Fourier pseudo-spectral discretization to (2.1) gives
0 _ i—1 _
pIFTSRK1/2 (FP): u,;= ) dA,-,]-e(Cf_Cf)TLun,j+T Y ai,je(cz-—cmL N (1),
=1 =1 (3.29)
i=1,...,s.

Similar to Theorem 3.4, we present the mass conservation for the fully discrete system
(3.29) without proof.
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Theorem 3.5. Assume the underlying TSRK Butcher tableau of pIFTSRK1 /2 satisfies Assump-
tion 3.1. Let M} = (u",1) denote the discrete mass. If starting values satisfy Mj, = M), then
the pIFTSRK1/2 (FP) (3.29) conserves the mass of the RSLM formulation (1.2), i.e., MZ“ =
M), YT >0.

Different from the second-order finite difference discretization, the matrix D, (3.27)
is not a diagonally dominant matrix. Thus the Fourier pseudo-spectral method does not
inherit the contraction semi-group property of the Laplace operator as in Lemmas 2.2 and
3.2, and it cannot strictly preserve the maximum principle of the continuous equation.
For example, letting (x1,xg)=(0,2), we show the infinity norms of e™* for different values
of Tand N in Fig. 1. Clearly, since D; is an approximation to the Laplace operator, and can
be arbitrarily accurate in space, the values of ||e™" |« are close to but not bounded by one.
Nevertheless, Li [50] proved that the Fourier spectral and pseudo-spectral discretizations
admit effective maximum principles that allow the numerical solution of the AC equation
with the Ginzburg-Landau potential to deviate from the sharp bound by a controllable
discretization error. In the numerical experiments, we will study the performance of
uniformly high-order-accurate schemes by incorporating the pIFTSRK integrators with
the FP discretization. For a strict derivation of the effective maximum principle using FP
discretization, we refer to [50, Theorem 1.6].

1.14

1.12r

1.1f

1.08

[e¢]

= 1.06
=
\S)

—1.04

1.02¢

14

0.98 ' '
107 107 10° 107
T

Figure 1: Infinity-norms of e for different values of T and N.

Remark 3.5. One advantage of using the proposed pIFTSRK schemes over the existing
pIFRK schemes developed in [77] is that the pIFTSRK can promote the temporal con-
vergence of unconditionally MPP schemes to the eighth-order, thus greatly reducing
the splitting errors and time delay caused by stabilization techniques [70]. Moreover,
to match the high-order spatial discretization of Fourier spectral Galerkin or collocation
methods for the AC-type equation, it is also meaningful to develop high-order temporal
integrators.
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4 Numerical analysis

4.1 Stability regions

To obtain the stability regions of the proposed schemes, we consider the model equa-

tion [14]
Ur=—xu+Au,

where x and A are scalars. Applying pTSRK1 gives

1
pi(TK) =1 =1

Uyi=

Letting

0
Ai: Z dz-,]-e(lﬂf)“unl]-, i:1,...,S,
j=-—1

we reformulate (4.2) in the matrix form
(I-tAA)ii=b,
where

= [un,flluﬂ,OI tee /un,s] T/

e(l-‘er)TK

¥i(Tx)
M A r
pi(te)” Tps(T) |7

[Ai2j0]= [ai,j ] eREF2)x(s+2), Lj=—1,...5,

b= |:u1’l,—1/u1’l,01

and [ € R(5+2)x(s+2),
Because the matrix A is strictly lower triangular, we can calculate that

u™ =S (tK,TA) [5+2],

where

S
S(tx,TA)= Y (TA)F A b e RS2
k=0

and [s+2] denotes the (s+2)-th entry of the vector S(tx,TA).

0 i—1
Z di,je(l+cj)TKMn,j+T/\ Z ai,je(l+cj)TKun,j Ci=1.s

(4.1)

(4.2)

(4.3)

(4.4)

The stability functions S(7x,TA) for the classical IFTSRK and pTSRK2 can be obtained
similarly. Letting u" =u"~!=1 and requiring |S(t«,TA)[s+2]| =1, we present boundaries
of the stability regions of some third- to fifth-order IFTSRK and pTSRK1/2 schemes for

kt=0,1,...,5and At €C in Fig. 2.
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Figure 2: Stability regions of IFTSRK, pTSRK1 and pTSRK2 with underlying TSRK(s, p) Butcher tableau.

From Fig. 2, we clearly see that for each scheme, the stability region monotonically
becomes larger with the increasing 7. Thus, the boundaries of stability regions obtained
with kT =4 and 5 are not displayed in Fig. 2 (a). As a byproduct of eliminating the
exponential effect, the stability regions become smaller for pTSRK1 and pTSRK2 when
kT >0. We can also observe that the pTSRK2 schemes have larger stability regions than
the pTSRK1 schemes. Furthermore, the IFTSRK and pTSRK1/2 methods reduce to the
classical TSRK schemes when T equals zero.
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4.2 Convergence analysis

Using Theorem 3.1, and the truncation errors of the p-th order pTSRK1/2 schemes, we
derive the following convergence result.

Theorem 4.1. Assume that u(t,x) € CP1([0,T];C*(Q))) is the exact solution to (2.1) and u"*!
is computed by the pIFTSRK1/2 scheme. For the underlying Butcher tableau provided in [40]
satisfying Assumption 3.1, if the initial values are smooth and satisfy ||u’|| .~ <B,i=0,1, then we
have following error estimate for the pIFTSRK1/2 (3.21)/(3.22) with the p-th order underlying
Butcher tableau as

lu(trsa) =+ o <ehtmax el + Ce™ 0~ 1) for 1, <T,

where e/ = u(t;)—u, the constant C >0 depends on the CP™([0,T};C3(Q)) norm of u, the
CP[—B,B]-norm of f, and the stage numbers s, «, 1, but it is independent of T.

Proof. Consider the pIFTSRK1 method as an example. We introduce the reference func-
tions [20] U, ;, —1<i<s, with U, ;= u(tn+]-),j: —1,0, and Uy, s = u(t,+1) satisfying

1
un,z': [Z dl]e 1+c])ﬂ< (ci— c])rll (tn+j)

1/)1'<TK> j=—1
+T Z a; je ellHe) el )L AL (U Uy )|, i=1,...,5-1,
o = (4.5)
Uys= W L_Z;ldslje(l—s-cj)rxe(l—Cj)mu(tn+j)
+T S_Z;l a; je1 T ™= TLNL (U, ) | +RY.
=1

For an s-stage, p-th order pIFTSRK1 scheme, Corollary 3.1 shows that the truncation error
satisfies
max  ||R?||» < CstP Y,
0<n<|T/t|-1
where C; depends on the CP*1(]0,T];C?(Q)))-norm of u, CP[—B,B]-norm of f, s and «, but
is independent of 7.
Let

e =u(ty ) —u", eni=Uyi—uy;, —1<i<s,

thene, j=e"",j=—1,0 and e, s =¢"". Subtracting (3.21) from (4.5) yields

en,i =

1
d: e (I+c; )TK (ci—cj)T Ee
ll)l(T ]_Z_:l L] i’l/]
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i—1
4T Z al.,].e(l+cj)fxe(c;*cj)rll (Nx(un,j) __/\/’K(un’].))], i=1,...,s—1,
=1
1 . (1+¢))tx s (1—c))TL
e - - d o CjTKe 7CjT e
e [ 2, &

4T Z a je (Ttej) T (1= Cf)Tﬁ(/\&(”n,j)_NK(u”J))

j=-1
The MPP property guarantees that ||u, ;||1~ <p and | U, |1~ <B,—1<i<s. Accordingly,
using Lemma 2.4, we obtain

[N (Ui, ;) = Nic (1t j) || Lo < Ixcle ] Lo

It can be verified that all of the non-negative and non-decreasing SSP TSRK schemes
developed in [40] satisfy

+R",

0
0< a;: <1, 0< ,
]'_Z_:1 K $i(Tr)

Together with

Zdu—l et u s < flulles, e ul| o <l 1,

j=-1
we derive
1
lewillzs < Y dyjeltHeelemaree, |
1)[JZ( ]—71
i—1
T Z i je (1+¢)) mHe ci— CJ)TE(NK(Un,j)—NK(”n,j))HLoo
j=-1
i—1
<]max HEH]HLw—HTK Z al]Hen]HU’"
j=-—1
i—1
g(1+lrx)jr:r@lxoHen,jHLerlmzllHen,jHLw
, i=
§(1+l’nc)ilmalx lenjllLe, i=1,...,5—1,
j=—
1
HensHL _lp < Z dS]e l+C TK”e (1- C] en,jHLw

j=—1

s—1
+ Z aS,jTe(l-I-Cj)TKHe(l—Cj)Tﬁ(NK<LI”,]) Ni( Mn] )HL°° IR g
j=—1
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s—1

<(1+Itx) ,maleHen,jHLoo +1TK Y [len, ||z +CsP
== =1

]
<(1+Itx) max el +CytP T,
j=—1,

By induction, we obtain

" || e < (14 1T5)" .malxo||el+] 1=+ Cst? Y (1+17K0)*
== i=0
- C
< elenTmaX He] H Lo+ =5 (elxsnr N 1)Tp.
j=0,1 Ixs
Letting C = C,/(Ixs), we obtain the desired result, since t,+1 > nt. The convergence of
the pIFTSRK2 can be proven similarly. O

5 Numerical experiments

In this section, we present numerical experiments to demonstrate the effectiveness and
inequality-preserving properties of the proposed schemes. All the TSRK Butcher tableaux
used in this work were downloaded from the repository [27]. If not specified, the maxi-
mum bounds for the pSG equation and RSLM formulation were chosen to be = 7t and
B=37/2, respectively. In the simulations, we computed products of the matrix exponen-
tials with vectors via the fast Fourier transform to accelerate the computations [18].

5.1 Convergence tests

Example 5.1. We first tested the stability and accuracy of the proposed integrators on
a stiff nonlinear benchmark system of ordinary differential equations (ODEs) from [72],

u—co’ 1

2vo 2 (5.1)

vr=u—/v—cv’

Uy =

with initial values u°=1.0, v° =1.0, where c is a parameter that determines the stiffness
of the problem. This system has an exaction solution

[~

N
=

u(t)=(6ct+1)"12, o(t)=(6ct+1) 6.

For comparison, we considered different stiffness by setting ¢ = 10,100,1000, and
solved this problem to time t=0.1 using the existing ETD2 [18] (Appendix B), pRK2(4,4)
[77] (Appendix B), TSRK(4,5) [40], and the proposed fourth- to eighth-order pTSRK1/2
schemes. The corresponding stabilization parameters for the schemes ETD2, pRK2(4,4),
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Figure 3: Example 5.1. Time accuracy tests of ETD2, pRK2(4,4), TSRK(4,5), pTSRK1/2 for Eq. (5.1) at
t=0.1. Colored dashed curves denote errors obtained using pTSRK2 (some overlap with those of pTSRK1).

and pTSRK1/2, were chosen as x = c. Numerical errors in the [ Lnorm are presented in
Fig. 3. When the stiffness of the system was not strong (c =10), we can observe the ex-
pected convergence orders of the ETD2, pRK2(4,4), TSRK(4,5), and pTSRK1/2 schemes.
Since the pTSRK1/2(4,5) utilized two-step solutions, the numerical errors were signifi-
cantly smaller than those of the ETD2, and the convergence rate was one order higher
than the pRK2(4,4). This demonstrates the advantages of using two-step high-order
methods. Upon increasing c¢ to 1000, the TSRK(4,5) integrator (green square curve) blew
up at large time steps, so the errors were not plotted in Fig. 3 (c). Since ETD2, pRK2(4,4),
and pTSRK1/2 require large stabilization parameters to ensure the stability, the corre-
sponding errors in Figs. 3 (b,c) were higher than those in Fig. 3 (a). Thus, the convergence
orders were reduced at large time steps, which is common phenomenon of stabilization
methods [17,72].

Example 5.2. We then tested the temporal and spatial convergence of the proposed sche-
mes on the 1D pSG Eq. (1.1) and its RSLM reformulation (1.2) with periodic boundary
conditions and the smooth initial value

u(x,t=0)=0.1sin(27tx)+0.05, x€(0,2), t>0. (5.2)

We set € =0.01 and solved this problem to time T =4.0. The numerical errors were
computed using
Errorje = ||a" —u" ||},

where 71" is the reference solution computed with a refined step size and u" is the numer-
ical solution. For the temporal convergence, the grid number was set to be N =28 and
the reference solution was computed with T=2712 using the eighth-order IFTSRK(11, 8)
(FD). The starting values for two-step schemes were found using the fourth-order uncon-
ditionally MPP parametric IFRK scheme proposed in [77] with a refined time-step size.
We set the stabilization parameter x =1 for both stabilized formulations.
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Figure 4: Example 5.2. Time accuracy tests of IFTSRK (FD) and pIFTSRK1/2 (FD) at T=4. The reference
slopes in (b) and (c) are fixed. The colored dashed curves in (b) and (c) denote the errors obtained using
pIFTSRK2 (FD) (some overlap with those of pIFTSRK1).

The results of the numerical convergence study at T =4 obtained by the IFTSRK (FD)
and the proposed pIFTSRK1/2 (FD) for the pSG equation and RSLM reformulation are
shown in Fig. 4. Each of the third- to eighth-order schemes converged with the expected
order of accuracy when applied to different models. The comparison of the sub-figures
in Fig. 4 shows that the numerical errors of the IFTSRK were smaller than those of the
pIFTSRK1 and pIFTSRK2 because of the splitting errors introduced by the stabilization.
Figs. 4 (b,c) demonstrate that the accuracy of the pIFTSRK2 schemes was very close to that
of the pIFTSRK1. In addition, with the introduction of ¥ =1, the introduced numerical
errors clearly demonstrated the necessity of developing high-order-accurate schemes.

Next, we tested the spatial accuracy of the FD and FP for the RSLM formulation by
choosing the moderate pIFTSRK1(4,5) as the temporal integrator, fixing the time step 7=
2710 and refining the spatial grid from N =20 to N=2° uniformly. The reference solution
was computed with Ni,r = 212 and 7=2"10. As expected, the second-order convergence
of the finite-difference discretization, and the spectral accuracy of the Fourier pseudo-
spectral discretization were obtained, as shown in Table 1.

Table 1: Spatial accuracy tests of FD and FP discretizations for the RSLM formulation. Underlying temporal
integrator: pIFTSRK1(4,5). Parameters: 1=2"10, k=1, T=4, N,,;=2'2.

Scheme N | [*® Error | Order Scheme [®° Error | Order
20 | 1.736e-3 - 3.409e-5 -
27 | 4.559e-4 | 1.929 4.028e-8 | 9.725

pIFTSRK1 (FD) pIFTSRK1 (FP)

28 | 1.151e-4 | 1.986 4.743e-13 | 16.374
27 | 2.882e-5 | 1.997 5.800e-13 | -0.290
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5.2 Structure-preserving tests

Example 5.3. We first demonstrate the positivity-preservation (Appendix A) of pTSRK
by considering a benchmark stiff linear system of ODEs [37,41] with the form

-2 1 1 1
w=Au=100| 1 -4 1 |u, u’=]|9 |. (5.3)
1 3 =2 5
The exact solution reads
5 -1 0
u(t)=cy | 3 | +ce 3| 0 | ez | 1
7 1 1
with coefficients ¢y =1, c; =4, c3 = —6 determined by the initial condition. Since the

coefficient matrix is a so-called Metzler matrix [41], which has only positive off-diagonal
elements, this ensures that the solution components are positive for all times because of
the positive initial values. In addition, the ODE system has a linear invariant M (u)=u"1.

This problem requires T < tpg = 1/400 to guarantee the forward Euler condition of
positivity, that is,

Jtrg= such that u+tAu>0, VYu>0, Vte(0,7rg],

400
where the inequalities are element-wise. Thus, to guarantee the positivity of the solution,
the circle condition requires x > 1/7rg =400. Because the exact solution converges to
the equilibrium state u* =[5,3,7]T very rapidly, and the exponential functions in pTSRK1
blow up for x =400 and large time steps, we only demonstrate the positivity and linear
invariant conservation of pTSRK2 at times steps larger than 7rg.

We set k =400 and solved this problem to T =0.06 and T = 100 with time steps
7=0.006 and 5.0, respectively. We chose TSRK(4,5) with the SSP coefficient C~0.8542 [40]
as the underlying scheme. The numerical solutions computed using TSRK(4,5) and
pTSRK2(4,5) are presented in Fig. 5. As T = 0.006 > Ctrg, the solution obtained by
TSRK(4,5) in Fig. 5 (a) was not positivity-preserving. With the introduction of stabi-
lization, pTSRK2(4,5) with 7 =0.006 preserved the positivity and linear inequality, as
shown in Fig. 5 (a), and the solution closely followed the exact solution. After increasing
T to 5.0, the solution of TSRK(4,5) blew up, and thus, it is not presented. In Fig. 5 (b),
we compare the solution of pTSRK2(4,5) with the exact one. There were no oscillations
in the solution profile, and pTSRK2(4,5) preserved the positivity, fixed point, and linear
invariant M (u).

Example 5.4. To test the properties of proposed schemes on the pSG equations, we con-
sider the 1D initial profile in Example 5.2. Since Fig. 2 and Examples 5.1 and 5.2 demon-
strated that the stability and accuracy of pIFTSRK1 and pIFTSRK2 were very similar,
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Figure 5: Example 5.3. Numerical solutions and linear invariants M(u) obtained by different schemes with
7=0.006 (a) and 7=5.0 (b).

for comparison and simplicity, we solved the pSG equation and RSLM formulation us-
ing some fourth-, fifth- and eighth-order IFTSRK, and pIFTSRK1 schemes with € =0.01,
N =128, and set the final time T =100.

Test 5.4 using FD. First, we tested the temporal integrators using the FD spatial
discretization. Fig. 6 column (a) presents the results of the pSG equation computed
with underlying TSRK(3,4) scheme. When the time step 7 is increased from 0.1 to 2.5,
IFTSRK(3,4) produced oscillations in the solution and energy profiles (first row and
fourth row), and the maximum-principle was violated (second row). By introducing
a stabilization term with x =1.0, the solution computed with T=2.5 using the proposed
pIFIFRK1 scheme, was not only accurate but also preserved the maximum principle, and
dissipated the energy. When adopting the fifth-order underlying TSRK(4,5) scheme,
although Fig. 6 column (b) shows that the solution computed using IFTSRK(4,5) with
T =4.0 did not violate the maximum principle, the solution profile was no longer accu-
rate (first row), and there were large differences between the energy profiles computed
with 7=4.0 and 0.1. With the introduction of ¥ = 1.0, pIFTSRK(4,5) provided a very
accurate solution, and well preserved such structures.

The results of the RSLM formulation computed by the highest eighth-order schemes
are presented in column (c) of Fig. 6. Similar to the fourth-order scheme in column (a),
the solution of IFTSRK with T=7.0 had oscillations. With suitable approximations of the
exponential functions, the pIFTSRK1 scheme provided an accurate solution, preserved
the maximum principle, conserved mass to machine accuracy, and dissipated the energy.
In addition, there was little difference between the computed solution and the reference
solution obtained.

Test 5.4 using FP. Next, we studied properties of the Fourier pseudo-spectral dis-
cretization using the moderate fifth-order and highest eighth-order pIFTSRKI1 integra-
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Figure 6: Test 5.4 (FD). The profiles of u (first row), evolutions of ||u||;~ (second row), absolute mass error
\MZ—M2| (third row) and energy (fourth row) computed with different combinations of T and x using IFTSRK
and plFTSRK1. The black dashed lines in the first and second rows denote the levels of +7r. Parameters:

€=0.01, N=128.

tors. The largest values of {||u" |~ }n—o,.n for the pSG equation computed by schemes
pIFTSRK1(4,5) and pIFTSRK1(11,8) with T€[1072,10?] and N=2!i=5,...,9 are presented
in Fig. 7. Fig. 1 shows that the value of ||e™ ||, was close to 1. It can be observed in Fig. 7
that, although the pIFTSRK1 (FP) integrators violated the maximum principle, they were
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Figure 7: Test 5.4 (FP). Plots of the largest values of {||u"||j~},=0,. N for the pSG equation computed by
pIFTSRK(4,5) (left) and pIFTSRK1(11,8) (right) with different values of T and N. The black dashed lines
denoting the level 7T overlap with the blue and brown curves. Parameters: € =0.01, x=1.0, T =100.
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Figure 8: Test 5.4 (FP). Profiles of u (top left, t = 100), evolution of ||u||;~ (top right), absolute mass error
\M,’;—Mg\ (bottom left) and energy (bottom right) for the RSLM formulation computed with different T and
« using IFTSRK(11,8) and pIFTSRK1(11,8). Parameters: €=0.01, N=128.
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very stable, and the maximum bounds were close to the theoretical bound, especially
when using a large grid number.

We present the results of the RSLM formulation computed by pIFTSRK1(11,8) (FP)
with different values of T and x in Fig. 8. This shows that without stabilization, the
IFTSRK with a large T =7.0 produced oscillations in the solution and finally violated
the maximum principle and the energy dissipation law. With the introduction of x =1.0,
the proposed pIFTSRK1 made the solution stable and bounded. There was no difference
in the eye-norm between the solution computed with T=7.0, x =1.0 and the reference
solution computed using IFTSRK with T =0.1. In addition, pIFTSRK1 conserved mass
to machine accuracy and produced a very stable energy profile. Such behavior was very
similar to that of pIFTSRK1 (FD) in Fig. 6 column (c).

Example 5.5. Consider the evolution of a 2D profile given by the three concave squares

3
u(x,y,t=0)=0.2x Y tanh (100(0.25— |x—x;|*® — |y —yi|*®)) +0.3, (x,y)€(-0.5,0.5)%,
i=1

where (x;,y;) € {(0,—0.15),(—0.2,0.15),(0.2,0.15) }.

The parameters were chosen as € =0.01, N = 1282. We solved the RSLM formulation
using eighth-order schemes and the FD spatial discretization to the final time T = 500.
Fig. 9 presents the initial profile and the zero-level-set snapshots at t = 0,40,80,200,496
computed by IFTSRK and pIFTSRK1. The 3D views of the solutions at t=40 are presented
in Fig. 10, and the evolution of ||u|;~, the absolute mass error |[M}'— M|, and the discrete
energy are shown in Fig. 11.

For the IFTSRK scheme, we computed the reference solution using a refined time
step T=0.1. Fig. 11 shows that the infinity-norm of the computed solution grew rapidly,
but still satisfied the maximum principle. As time progressed, the three squares coa-
lesced, and finally became circular, as shown in Fig. 9. When the time-step size was

0.4 04 FTs—— 0.4
0.2 0.2 02 i
\
> 0| > 0| > 0
-0.2 —02f ¢\l — 0 —02t | \\!
t=40 t=40
A—-t=80 A —t=80
-0.4 -0.4 —t=200 -0.4 — —t=200
—1t =496 —1t=496
-04 -02 0 02 04 -04 -02 0 02 04 -04 -02 0 02 04
X X X
(a) T=0.1, IFTSRK(11,8) (b) T=8.0, IFTSRK(11,8) (c) T=8.0, k=1, pIFTSRK1(11,8)

Figure 9: Example 5.5. Zero-level-set snapshots of the solutions of the RSLM computed by IFTSRK(11,8) and
pIFTSRK(11,8) schemes. Parameters: N =128
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“os 0 05

(a) T=0.1, IFTSRK(11,8) (b) T=8.0, IFTSRK(11,8) (c) T=8.0, k=1, pIFTSRK1(11,8)

Figure 10: Example 5.5. 3D views of the solutions of the RSLM at t =40 computed by IFTSRK(11,8) and
pIFTSRK1(11,8).
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Figure 11: Example 5.5. Evolutions of |||~ (a) absolute mass error Mii — M) (b) and energy Ej (c) of the
RSLM formulation computed by IFTSRK(11,8) and pIFTSRK1(11,8). The black dashed line in (a) denotes the
level of 371/2.

increased to T = 8.0, the solution became unstable (Fig. 10 (b)), violated the maximum
principle (Fig. 11 (a)), and the energy was no longer dissipative (Fig. 11 (c)). Again, when
pIFTSRK1(11,8) with T=8.0,x=1.0 was applied, the computed solution was much better
than that of the IFTSRK scheme. In Fig. 9, we can see that there are large differences be-
tween the outlines of the zero-level-set snapshots located in dashed rectangles computed
by IFTSRK (7 =8.0) in Fig. 9 (b) and the references curves in Fig. 9 (a), while the results
obtained by pIFTSRK in Fig. 9 (c) were very close to the reference results. Fig. 10 (c)
also demonstrates the increased accuracy of pIFTSRK when compared with those ob-
tained by IFTSRK. In addition, Fig. 11 (blue curves in all sub-figures) clearly shows that
pIFTSRK1(11,8) well preserved the structures of the RSLM formulation.

The CPU time costs of IFTSRK and pIFTSRKI1 are listed in Table 2. Because the
pIFTSRK1 scheme with the stabilization parameter x =1 allows a much larger time-step



H. Zhang et al. / CSIAM Trans. Appl. Math., 4 (2023), pp. 177-224 213

Table 2: CPU time costs (s) for solving the RSLM formulation by the eighth-order IFTSRK and pIFTSRK1
with different values of T and x. Parameters: T=500,N =1282.

Scheme IFTSRK, T=0.1 | IFTSRK, T=8.0 | pIFTSRK, t=8.0,x=1.0
CPU time (s) 380.92 5.38 5.29

size, the computational efficiency improved greatly without affecting the accuracy sig-
nificantly.

Example 5.6. In this example, we consider the seven-circle benchmark problem [13,51] to
demonstrate the similarity between the pSG equation and the AC equation (u; =€*Au+
u—u?®) with the Ginzburg-Landau potential. To make the results comparable, we perform
a scaling and translation of the nonlinear potential function of the pSG, that is,

E(u):/QEe |Vul +?(1+cos(nu))dx.
Then, the pSG becomes
ut:ezAujL%sin(mt). (5.4)

As a result, the maximum bound is replaced by =1, which is same as that of the AC
equation. The stabilization parameter « of Eq. (5.4) remains the same, while the circle
condition (2.2) requires x > 2.0 for AC equation. The initial condition was chosen as

u(x,y,0)= —1+éfo (\/(x—xi)2+(y—yi)2—ri),

) 27€/%, if s<0,
Q=027 fols) { 0, otherwise.
The centers and radii of the seven circles are given in Table 3.

We chose the parameters e=0.05, N=2562, and solved the pSG (5.4) and AC equations
using pIFTSRK1(11,8) to the final time T =200 based on FD spatial discretization. The
reference solutions for AC were computed using IFTSRK with T =0.1. Since the SSP
coefficient of the underlying TSRK(11,8) is C ~0.2743 [40], we chose a critical time step

Table 3: Centers (x;,y;) and radii (r;) of Example 5.6.

i 1 2 3 4 5 6 7

x; | /2| /4 /2 T 37/2 T | 3m/2
yi | m/2 | 3n/4 | 5n/4 | n/4 | /4 T | 3m/2
ri | /5| 2n/15 | 2n/15 | /10 | m/10 | w/4 | 7/4
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Figure 12: Example 5.6. Evolutions of maximum bounds and energy for AC and pSG.

4 B 0 2 4 B

Figure 13: Example 5.6. Reference solutions of AC by IFTSRK(11,8) (T =0.1, top row), large-time-step
solutions of AC by pIFTSRK1(11,8) (t=3.5, x =2.0, middle row), and large-time-step solutions of pSG by
pIFTSRK1(11,8) (t=3.5, k=1.0, bottom row).

T =3.5 which was larger than that allowed by IFTSRK(11,8) method. We present the
evolution of the maximum bounds and energy profiles obtained for the AC and pSG in
Fig. 12. When there was no stabilization, as the time step increased from 7 =0.1 to 3.5,
the solution (orange triangle curve) obtained by IFTSRK exceeded the maximum bound
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(8=1.0) of the AC equation, and the energy oscillated. With the introduction of x =2.0,
pIFTSRK1(11,8) stabilized the simulation, and the obtained energy profile (blue square
curve) closely followed the reference profile (7 =0.1). When solving the pSG equation,
pIFTSRK1(11,8) with 7=23.5 and « = 1.0 preserved the maximum principle and gave
a very similar energy curve as the AC equation.

Fig. 13 shows the reference solutions (IFTSRK(11,8), 7=0.1) of AC, and the large-time-
step solutions (pIFTSRK1(11,8), T=3.5) of AC and pSG. The annihilation of the circles
occurred gradually, and the large-time-step solutions computed by pIFTSRK1(11,8) for
AC and pSG were in good agreement with the reference. This demonstrates the striking
similarity between pSG and AC.

Example 5.7. Finally, we considered the 3D RSLM formulation with a uniformly random
distributed phase field as the initial condition

u(x,y,z,t=0)=1.8xrand(x,y,z) —0.9, (x,y,z)€(—-0.5,0.5)3,

where rand(x,y,z) is normally distributed in [0,1].

We chose N=1283 and €=0.01. The 3D isosurfaces computed by eighth-order tempo-
ral integrators incorporated with the FD spatial discretization at t =0,32,160 and 360 are
presented in Fig. 14. Fig. 15 shows the evolution of ||u||~, absolute mass error |[M]! — M|,
and discrete energy Ej. It can be seen that the solution computed with 7 = 8.0 using
IFTSRK(11,8) violated the maximum-principle, and the energy curve oscillated. In con-
trast, the pI[FTSRK1(11,8) scheme with 7 =8.0,x = 1.0 well preserved the maximum-
principle and mass conservation law, and the energy decreased all the time.

. 0805 y 05 -05 y 05 05 y 05 -05 y

@) t=0 (b) t=32 (0) t=160 (d) t=360

Figure 14: Example 5.7. Isosurface snapshots of solutions at t=0,32,160,360 computed by pIFTSRK1(11,8).
Parameters: N=1283, 7=8.0, and x=1.0.

6 Conclusions

In this work, a class of up to eighth-order inequality-preserving two-step integrating fac-
tor Runge-Kutta schemes were designed and analyzed to solve the pSG equation and its
conservative RSLM formulation. We showed that if the underlying TSRK Butcher tableau
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Figure 15: Example 5.7. Evolutions of |lu|;~ (a), absolute mass error |MZ—M2| (b), and energy Ej (c)

computed by using IFTSRK(11,8) (7 =8.0) and pIFTSRK(11,8) (7 =8.0,x =1.0). The black dashed line
represents level of 371/2.

has non-negative coefficients and non-decreasing abscissas, then they can be used to con-
struct unconditionally MPP schemes. Theoretical analysis and numerical experiments
demonstrated that the resulting pIFTSRK1/2 schemes with FD spatial discretization un-
conditionally preserve the maximum principle, and the incorporation with non-MPP FP
discretization effectively improved the spatial accuracy with a negligible effect on the
maximum principle. Moreover, both FD and FP discretizations conserve the mass of the
RSLM formulation within machine accuracy, and numerical results indicated notable im-
provement of the energy stability.

Because of the particularity of the selected problems, the introduced stabilization term
was of the form «(u—u). Thus, it is meaningful to investigate the p(IF)TSRK1/2 ap-
proaches for the mean curvature problem [12] or the Cahn-Hilliard equation [34] where
a Laplacian-type stabilization xkA(u—u) is usually introduced to allow large time-step
sizes. Moreover, the parametric schemes could preserve maximum principles of other
problems, for example, the classical AC-type equations with either Ginzburg-Landau or
Flory-Huggins potentials [19]. Appendix A also shows that the proposed schemes can
preserve many other mathematical and physical inequality structures. When consider-
ing hyperbolic conservation law equations [40] or the production-destruction system [5],
it is also worth researching the unconditional preservation of strong stability, positivity,
or boundedness using proposed schemes.

Appendix A. Inequality-preservation of pTSRK1/2

Consider an initial value problem for a system of N >1 ODE:s of type
ur=g(tu(t)), Vte(0,T], (A1)
u(0)=u°,

where u’cRY, ¢:R x RN —RY is a continuous function. We assume that the problem (A.1)
has a unique solution u:[0,T] -+ RY, and ||-||:RN — R is a convex functional satisfying

|au+(1—a)o|| <al|ul|+(1—a)|v|, Vac[0,1], uocRN.
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Let u! be the solution at t =T computed by a proper one-step method. We present
definitions of several inequalities [4, 29, 48] relevant for the numerical stability of time
integrations for (A.1).

Definition A.1 (Strong stability preservation). A two-step method is strong stability preserv-
ing with respect to the functional ||-|| if

"M < max {[lu"], u" Y|}, ¥n>0
under the assumption that
At >0 suchthat  |lu+tg(tu)|| <|ul|, YO<t<tpg, Vt€[0,T]. (A.2)

Definition A.2 (Positivity preservation). A two-step method is positive if, whenever w/ >0, j=
0,1, it guarantees that "t >0,Vn > 1 under the assumption that

g >0 suchthat u+tg(tu)>0, YO<t<tpg, Vt€[0,T], Yu>0, (A.3)
where the inequalities are element-wise.

Definition A.3 (Range boundedness/Maximum principle preservation). A two-step me-
thod is range bounded in [m,M] if, whenever m<w <M,j=0,1, it quarantees that m<u"T1 <M
under the assumption that

It >0 such that m<u+tg(tu)<M, YVO<t<trg, Vt€[0,T|, Vuec[m,M)], (A4)

where the inequalities are element-wise. When M = —m:= B >0, the assumption (A.4) is equiv-
alent to

It >0 suchthat  |lu+7g(tu)|e<B, VO<t<Tpp, Vt€[0,T], V|u|~<p. (A5)
Definition A.4 (Contractivity preservation). A two-step method is contractive if
" — 0" | < max { |u" — 0", |u" " —0" 1|}
under assumption that 3trg >0 such that
|lu—v+(g(tu)—g(to)|<|lu—v|, VO<t<tre, Vt€[0,T], VuvcRN. (A.6)
By introducing x(u#—u) to the system (A.1), we have
w=g(t,u)+xu—rxu. (A7)

We show that when « >1/7rg, pTSRK1/2 unconditionally preserve above properties
when g(t,u) satisfies assumptions (A.2)-(A.6) in Definitions A.1-A 4.
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Theorem A.1. For the system (A.7) with k>1/trg, assume underlying TSRK coefficients satisfy
the first condition in assumption (3.1), and g(t,u) satisfies assumptions (A.2)-(A.6) in Defini-
tions A.1-A.4. Then, solutions computed by pTSRK1/2 preserve properties in Definitions A.1-
A4 for any T >0.

Proof. Consider the preservation of contractiyity in Deﬁnition A.4using pTSRK1 as an ex-
ample. Applying pTSRK1 to (A.7) with "/ and v"*/,j=—1,0 yields

Uy i= l/] TK < Z dl]e (1+ C] un]+T Z Ell 1+C] TK <tn,j,un,j>+7(un,j]>/
1

=1 (A.8)
i=1,...,s,
Upi= 1 ZO: di’]'e(lJrC )T Un]+T Zi alje (Itcj)Tx [g(tn,jrvn,j) +Kvn,j] ’
pi(tx) \ ;= = (A.9)
i=1,...,s
Let x:=1/1>1/7trg, multiplying (A.6) with « gives the circle condition [48]
1
lk(u—o)+g(tu)—g(to)||<kl|u—v|, Yx>—. (A.10)

TFE
Subtracting (A.9) from (A.8) gives
uni_vni:# Z d el+C])TK<un'_vn )
, , l[)i<TK) fl 7 /] /]
+1 Z ;1T (b ) 1ty — (8 (tn,jf"’n,f)ﬂLK%f)])'
j=-—1

i=1,...5s. (A.11)

Taking ||-|| on both sides of (A.11), and applying conditions in assumption (3.1) and the
circle condition (A.10) give

1 1
||un,i—vn,,-|\ SW Z dl]e (1+¢)) TKHM ]_vn]H"’TK Z a; e (1+¢)) TKHu ]_vn]H]
j=-1 j=-—1

i=1,...,s.

Assuming

[t,j—0n | gmax{Hu”—v”||,|\u”_1 —o" 7Y booj=1.i-1,
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we derive

[[90,i —

Z dz]e (1+¢)) ™ max { ||u" —o"||,||u"" v”’1||}

(/)
”lH - l[)l TK =1

+TK Z a; je (I+ej)Ti max{Hu”—v”H,Hu”fl—vnle}
j=-1

=max{ [[u" =", [lu""! —o" |},
By using mathematical induction, we obtain
Hun+1_vn+lH Smax{ Hun_vnH,Hunfl _vnfln}'

The proofs for preservations of other properties in Definitions A.1-A.3 can be performed
similarly. O

Appendix B. Inequality-preserving ETD and parametric
integrating factor Runge-Kutta schemes

Let g, (t,u) =g(t,u) +xu, the stabilization ETD2 scheme [18] for Eq. (A.1) has the form

ugo=u",

p1=@o(—TK)u" +TP1(—7K) g (tn,0,%n0),

2= o(—TK)u" + T [@1(—TK) — 2(—TK)] g (tn,0,1n,0)
+T(P2<_TK)3K(tn,lzun,l)/

(B.1)

where the functions ¢(z) are recurrently defined by

— —1)!
ou(z) = Pr-1(2) Z1/(k D! st with ooz =
The second type s-stage, p-th order parametric Runge-Kutta (pRK2) scheme [77] for
Eq. (A.1) has the form

i—1

1 _ .
1/)‘(1';() un+Tzai/jeC]TKgK(tn,jrun,j> , 1=1,...,s, (B2)
i =0

un,i =

C;iTK

where 1;(7TK) are approximations to the exponential functions e“™,i=1,...,s given by

i—1
(TK):i=1+71K Y a;:e5™, i=1,...,s.
/]
j=0
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The pRK2(4,4) scheme is then constructed using the following Butcher tableau:

0{0 0 0 O

111

15 0 0 O
ci| - aj % 2 1
! b - 2 0 2 0 0
: 110 0 1 0
oy T34

Similarly as Theorem A.1, the inequality-preservation of ETD2 and pRK2 can be proven
by assuming x >1/trg, therefore, we omit it.
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