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Abstract

Exponential Runge—Kutta methods have shown to be competitive for the time integra-
tion of stiff semilinear parabolic PDEs. The current construction of stiffly accurate
exponential Runge—Kutta methods, however, relies on a convergence result that
requires weakening many of the order conditions, resulting in schemes whose stages
must be implemented in a sequential way. In this work, after showing a stronger
convergence result, we are able to derive two new families of fourth- and fifth-order
exponential Runge—Kutta methods, which, in contrast to the existing methods, have
multiple stages that are independent of one another and share the same format, thereby
allowing them to be implemented in parallel or simultaneously, and making the meth-
ods to behave like using with much less stages. Moreover, all of their stages involve
only one linear combination of the product of ¢-functions (using the same argu-
ment) with vectors. Overall, these features make these new methods to be much more
efficient to implement when compared to the existing methods of the same orders.
Numerical experiments on a one-dimensional semilinear parabolic problem, a non-
linear Schrodinger equation, and a two-dimensional Gray—Scott model are given to
confirm the accuracy and efficiency of the two newly constructed methods.
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1 Introduction

In this paper, we are concerned with the construction and implementation of new
efficient exponential Runge—Kutta integrators for solving stiff parabolic PDEs. These
PDEs, upon their spatial discretizations, can be cast in the form of semilinear problems

u' () = Au(t) + g(t, u(t)) = F(t,u(r)),  u(to) = uo, (1.1)

where the linear part Au usually causes stiffness. The nonlinearity g (¢, u) is assumed
to satisfy a local Lipschitz condition in a strip along the exact solution.

Exponential Runge—Kutta methods are a popular class of exponential integrators
[9], which have shown a great promise as an alternative to standard time integration
solvers for stiff systems and applications in recent years, see e.g. [8,10-20,22]. The
main idea behind these methods is to solve the linear portion of (1.1) exactly and
integrate the remaining nonlinear portion explicitly based on a representation of the
exact solution using the variation-of-constants formula.

A s-stage explicit exponential Runge—Kutta (expRK) method [8] applied to (1.1)
can be reformulated (see [15,17]) as

i—1
Uni = tn + ¢ihg1 (cihA)F (ty, un) +h Y aij(hA)Dyj, 2 <i <5, (1.2a)

Jj=2
N
Uns1 =ty + h@r(RA)F (ty, un) +h Y bi(hA) Dy, (1.2b)
i=2
where
Dy =gty +cih, Uy) — g(tn, up), 2=<icss. (1.3)

Here, U,; denote the internal stages that approximate u(#, + c;h) using the time step
size h = 1,41 —t, > 0 and nodes c;. By construction, the coefficients a;;(z) and b; (z)
are usually linear combinations of the entire functions

1 (o) k=1
= R ————dh, k=>1 1.4
o1 (2) /0 T > (1.4)

and their scaled versions ¢y (c;z).
A common approach that has been used to determine the unknown matrix func-

tions a;; (hA) and b; (h A) is to expand them as a;; (hA) = Y - a};‘) (hAYK, b;(hA) =

Y k=0 ,Bi(k)(hA)k (e.g. using classical Taylor series expansions) to obtain order con-
ditions. Clearly, the boundedness of the remainder terms of these expansions (and
thus the error terms) are dependent of ||A||. Due to stability reasons, such resulting
methods might not be suitable for integrating stiff PDEs, which A typically has a
large norm or is even unbounded operator. These methods are thus usually referred
as classical (non-stiffly accurate) expRK methods. Unlike this approach, in a seminal
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contribution [8], Hochbruck and Ostermann derived a new error expansion with the
remainder terms that are bounded independently of the stiffness (i.e. not involving the
powers of A), leading to stiff order conditions, which give rise to the construction of
stiffly accurate expRK methods of orders up to four. Following this, in [14] Luan and
Ostermann developed a systematic theory of deriving stiff order conditions for expRK
methods of arbitrary order, thereby allowing the construction of a fifth-order method
in [15].

In view of the existing stiffly accurate expRK methods in the literature, we observe
that they were derived based on a convergence result that requires weakening many
of the stiff order conditions (in order to minimize the number of required stages s
and matrix functions used in each internal stages U,;). As a result, their structures
contain internal stages U,; that are dependent of the preceding stages, implying that
such methods must be implemented by computing each of these stages sequentially.
Also, the very last stages usually involve several different linear combinations of
¢k (cih A)-functions (using different nodes c¢; in their arguments) acting on different
sets of vectors. This would introduce additional computational effort for these stages.
For more details, we refer to Sects. 2 and 5.

Motivated by the observations above, in this work we show a stronger convergence
result for expRK methods up to order five which requires weakening only one order
condition (thereby could improve the stability and accuracy) and offers more degree
of freedoms in solving order conditions. Using this result and inspired by our recent
algorithm, phipm_simul_iom, proposed in [19] (which allows one to simultane-
ously compute multiple linear combinations of ¢- functions acting on a same set of
vectors), we construct new methods of orders 4 and 5 which involve only one linear
combination of ¢- functions for each stage and have multiple internal stages U,,; that
are independent of one another, thereby allowing them to be computed in parallel.
Furthermore, one can derive these independent stages in a way that they share the
same form of linear combination of ¢ (c;hA)- functions acting on the same set of
vectors, allowing them to be implemented simultaneously (by one evaluation). While
these independent states can be computed in parallel (as mentioned above) by any
algorithm which approximates the action of (the linear combination of) ¢- functions,
we note that the possibility to compute them simultaneously is a new feature that
can be used with our algorithm phipm_simul_iom (other algorithms, e.g., that do
not require the construction of Krylov subspaces, might not support computing these
stages simultaneously). Overall, this makes the new methods to behave like methods
using much less number of stages (even when compared to the existing methods of the
same orders), meaning that they require much less number of evaluations for linear
combinations of ¢- functions, and are thus more efficient.

The paper is organized as follows. In Sect. 2, we describe our motivation, propose
new ideas, and review the existing expRK methods in the literature with respect to these
ideas. Following this, in Sect. 3 we prove a stronger convergence result (Theorem 3.1)
for expRK methods, which requires relaxing only one order condition. This allows us to
construct more efficient methods in Sect. 4. In particular, we are able to derive two new
families of fourth- and fifth- order stiffly accurate expRK methods called expRK4s6
(4th-order 6-stage but requires 4 independent stage evaluation only) and expRK5s10
(5th-order 10-stage but requires S independent stage evaluation only), respectively. In
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Sect. 5, we present details implementation of these two new methods, as well as the
existing stiffly accurate expRK schemes of the same orders (for comparison). In the
last section, numerical examples including one and two-dimensional stiff PDEs are
presented to demonstrate the accuracy and efficiency of the two newly constructed
expRK integrators.

2 Motivation and existing methods

In this section, we start our motivation by taking a closer look at an efficient way for
implementing expRK methods (1.2). Then, we propose some ideas to derive more
efficient methods with respect to this efficient implementation along with reviewing
the current methods.

2.1 An efficient way of implementation

Clearly, each stage (Uy; or u,41) of (1.2) requires computing matrix functions of the
form ¢ (cihA)vg (0 < ¢; < 1), where v is some vector (could be F (¢, u,), Dyi
or a linear combination of these). Thanks to recent developments [1,4,6,21], one can
efficiently compute a linear combination of ¢-functions acting on a set of input vectors
Vo, ..., Vg

po(M)Vo +o1(M)Vi +@2(M)Va + -+ + ¢4 (M) Vy, 2.1

where M is some square matrix. This is crucial when implementing exponential inte-
grators. Very recently, in [19], we were able to improve the implementations presented
in [6,21], resulting in the routine phipm_simul_iom. The underlying method in this
algorithm is the use of an adaptive time-stepping technique combined with Krylov
subspace methods, which allows us to simultaneously compute multiple linear com-
binations of type (2.1) using different scaling factors p1, --- , p, of M, i.e.,

po(p1M)Vo + o1 (01 M)V + @2(p1 M) V2 + -+ - + on (01 M) V.,
: 2.2)
wo(prM)Vo + @1 (- M)Vi + @2(pr M)V + - - - + on (0r M) V..
Now taking M = hA and considering px (1 < k < r) as nodes ¢; used in expRK

methods immediately suggests that one can compute the following (s — 1) linear linear
combinations

01(cihA) Vi + o (cihA)Vo + - + on(cihA)Vy, 2<i<s (2.3)

simultaneously by using only one evaluation (i.e., one call to phipm_simul_iom).
Note that this requires the use of a same set of vectors [V, ..., V,] for all the linear
combinations in (2.3).
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Motivated by this, we see that if a s-stage expRK scheme (1.2) is constructed in
such a way that each internal stage U,,; has the form

Uni = un + @1(cihA)V1i + @2(cihA)Vai + - - - + on (cih A) Vi, 2.4

which includes only one linear combination of ¢- functions using exactly node c; as
an argument in all ¢y functions, then the scheme will contain a total of s such linear
combinations (s — 1 for U,; and 1 for u, 1 as (1.2b) can be always written in the
form of (2.4) with ¢; = 1), thereby requiring s evaluations only. Furthermore, since
the sets of vectors [Vy;, Vo, - - -, Vyi]in (2.4) are usually different for each Uy;, (2.3)
also suggests that the efficiency will be significantly increased if one could build such
stages (or a group of) U,; of the form (2.4) that share the same format (i.e., having
the same set of acting vectors Vi; = Vi,..., Vy = V) or that are independent of
one another. As this allows to compute such stages simultaneously by one evaluation
or to implement them in parallel similarly to our construction of parallel exponential
Rosenbrock methods [18]), it certainly reduces the total number of required evaluations
and thus speedups the computing time.

With respect to these observations, we now review the existing expRK schemes
in the literature. Since our focus is on stiff problems, we will discuss only on stiffly
accurate expRK methods, meaning that they satisfy the stiff order conditions (see
Sect. 3 below).

2.2 Existing schemes and remarks

In [8], expRK methods of orders up to four have been derived. For later reference, we
name the second-order, the third-order, and the fourth-order methods in that work as
expRK2s2, expRK3s3, and expRK4s5, respectively. In [15], we have constructed
an expRK method of order five called expRK5s8. To discuss all of these schemes in
terms of the implementation, we rewrite their internal stages U,; and u, 4 as linear
combinations of ¢- functions like (2.4) and display them as follows (Note that since
the first-order method, the exponential Euler scheme u,, 1 = u,, +¢1(hAYhF (1, u,),
has no internal stage, we do not consider it here).

expRK2s2:

Un2 = Uy + D1 (CzhA)CZhF(tr[’ un):

(2.5)
tn1 = ity + @LRAVRF (1, ) + 2(hA) ShDp2.

expRK3s3 (arepresentative with co # %):

Uno = uy + @1(c2hA)erh F(ty, up),
Uns = ttn + @1 (3hA) 3hF (tn, un) + 92 (3hA) g=h Dy, (2.6)
Unt1 =ty + @1 (HARF (tn, 1y) + 92(hA)3h Dy
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expRK4s5 (the only existing fourth-order stiffly accurate expRK method [8]):

Un2 = ttn + @1 (3hA) ShF (ty, un),

Uns =ty + @1 ($hA) ShF(ty, un) + @2 (AhA) Dy,

Uns = ttn + @1(hAYRF (t, 0n) + ¢2(hAYR(Dya + Dy3),

Uns =t + [@1 (3hA) ShF (1, un) + @2 (5hA) h(2Dy2 +2Dp3 — Dia)
+@3 (5hA) 3h(—Dyy — Du3 + Dus)] + [92(hA) §h (D2 + Du3 — Dis)
+@3(hA)h(—Dypz — Dyp3 + Dpa)],

Unt1 = tn + @1 (RAYRF (ty, ) + @2(RA)Yh(—Dys + 4Dy5) + 93(hAYR(4Dys — 8Dy5).
.7)

expRK5s8 (the only existing fifth-order stiffly accurate expRK method [15]):

Uny = tn + @1 (5hA) 5hF (tn, uy),

Ups = n + @1 (5hA) 3hF (tn, tn) + @2 (3h A) 5h Dy,

Uns = tn + @1 (§hA) $hF (ta, un) + @2 ($hA) §hDy3,

Uns = un + @1 (3hA) ShF (ty, un) + @2 (5hA) 3h(—Dy3 + 4Dps)
+¢3 (31 A) h(2Dy3 — 4Dps)

Uns = tn + @1 ($hA) $hF (tn. tn) + @2 (§1A) 55h(8Dys — 2Dy5)

+g03( hA) 135h(—32Dy4 + 16Dys),
Uy = tn + [@1 (31 A) 3hF (tn, tn) + @2 (31A) h (37 Dus + 27 Duc)
+¢3 (5hA4) h (37 Das = 57 Dis)
[ (% )h (js_z]ODnﬁl + %DnS + 486D’16)

1 16 4 50

+¢3 (shA) h (ﬁDn4 — 533 Dns — mDne)] :
_ 16 250 27
Uns = ttn + |01 RV F (1. 102) + 9201 A (4 Dy + 5P D + F D)
+¢3(h AV (22 Dys — B0D,6 — 27D,
+a(h Ak (~240D,s + 0D, + 210D, ) |
+ (02 (44) (5 Dus + B Do + 3 D7)
+¢3 ( hA)h( Dys — 10Dn6 — 2—7D 7)
48 60 162

+¢a (5hA) h (55 Das + G5 Dus + 145 Da7)]
+ (2 (51 4) h (555 Dus + 35 Dus + 353D

2 384 480 1296
4¢3 (3hA) h (332 Dus — %532 Dne — 1522 D7)
T (%hA)h( 1536 ), 5 + %600y, ¢ 4 5184y )]

s = tty + @1 RAF (b, 4n) + 9200 A (Y5 Do = B Duz + 3 Dig)
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+p3(hA)h (%Dné + gDn7 - 1_23Dn8>

+ps(h AV (Y Dus — D7 + £ Dus)

Remark 2.1 Inview of the structures of these schemes, one can see that only the second-
and third-oder schemes (expRK2s2, expRK3s3) have all U,; in the form (2.4).
While expRK2s2 requires one internal stage U,», expRK3s3 needs two internal
stages with U,3 depends on U,», making these stages cannot be computed simulta-
neously. As for expRK4s5, to the best of our knowledge, this 5-stage scheme is the
only existing fourth-order stiffly accurate expRK method. As seen, among its internal
stages the three internal stages U),2, U3, and U4 are of the form (2.4) but again their
corresponding sets of vectors [ Vj;] are not the same ([Vi2] = [%hF(t,,, un)l, [Viz] =
[%hF(tn, un), hDyol, [Vial = [WF (8, un), h(Dp2+Dy3)]), and because of (1.3), they
are not independent of one another (U,4 and U,;3 depend on their preceding stages).
Therefore one needs 3 sequential evaluations for computing these three stages. Also,
we note that the last internal stage U,s depends on all of its preceding stages and
involves two different linear combinations of ¢- functions with different scaling fac-
tors ¢5 = % and ¢4 = 1, namely, >, (pk(%hA)Vk and ), ¢x(hA) Wy (grouped in two
different brackets [ ]), which has to be implemented by 2 separate evaluations. The
final stage u,+| depends on U,4 and U,s. As a result, this scheme must be imple-
mented in a sequential way, which requires totally 6 evaluations for 6 different linear
combinations. Similarly, to the best of our knowledge, expRK5s8 is also the only
existing fifth-order stiffly accurate expRK methods. From the construction of this
scheme [15], one needs 8 stages. Among them, the first five internal stages are of the
form (2.4). We note, however, that the last two internal stages U7 and Uy,g involves 2
and 3 different linear combinations (grouped in different brackets [ ]) of ¢ - functions
(with different scaling factors) acting on different sets of vectors. And each stage (Up;
or u,+1) depends on all the preceding stages (except for the first stage U,;2). Thus, this
scheme must be also implemented in a sequential way (it also does not have any group
of internal stages that can be computed simultaneously). Clearly, it requires totally 11
evaluations (11 different linear combinations of ¢ functions).

Remark 2.2 The resulting structures of the expRK schemes discussed in Remark 2.1
can be explained by taking a closer look at their constructions presented in [8,15].
Namely, these methods have been analyzed and derived by using a weakened conver-
gence result, i.e., weakening of many order conditions in order to minimize the number
of required stages s and the number of matrix functions in each internal stage U,;.
Specifically, for fourth-order methods (e.g., expRK4s5) 4 out of 9 order conditions
have to be relaxed and for fifth-order methods (e.g., expRK5s8) 9 out of 16 order
conditions have to be relaxed. As a trade off, each stage of these methods depends on
the preceding stages (thus the resulting schemes must be implemented by computing
each stage sequentially) and the very last stages usually involve different linear com-
binations of ¢ -functions (with several different nodes c; as scaling factors) acting on
not the same set of vectors, which then require additional sequential evaluations. For
more details, see Sect. 4 below.
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3 Stiff order conditions and convergence analysis

Inspired by the motivation and remarks in Sect. 2, we next present a stronger conver-
gence result which later allows a construction of new efficient methods of high order.
For this, we first recall the stiff order conditions for expRK methods up to order 5 (see
[15,17]).

3.1 Stiff order conditions for methods up to order 5

Let €41 = ty+1 — u(t,+1) denote the local error of (1.2), i.e., the difference between
the numerical solution 7,41 obtained by (1.2) after one step starting from the ‘initial
condition’ u(#,) and the corresponding exact solution u(#,41) of (1.1) at #,,11.

To simplify the notation in this section we set f(t) = g(¢, u(t)) as done in [8],
and additionally denote G, = Dk g(ty, u(ty)) be the k-th partial Fréchet derivative
(with respect to u) evaluated at u(#,). Our results in [17] (Sect. 4.2) or [14] (Sect. 5.1)
showed that

enp1 = W22 (hA) £/ (t0) + W3ys(hA) £ () + h*WahA) £ (6) + P Ys(hA) £O (1)
3.1
+R, + O1%

with the remaining terms

N S
R, =1 biGia¥ni f/(t) +h* Y biGravi [ ()

i=2 i=2

s i—1
+ h4 ZbiGl,n Zaile,an,j f/(tn)

i=2 j=2

s N
+ Y biciGon (W (1), Yoi [/ 0)) + 1Y biGiaWai £ (1)
i=2 i=2
Ry i—1
+1Y biGia Y aijGravsj (i)
i=2 j=2
s i—1 Jj—1
+h ZbiGl,n ZaijG],n ZajkGl,nlﬂz,k 1)
i=2 j=2 k=2
s i—1
+0Y biGia Y aijc;jGan(u'(t), Yo i f'(t))

i=2 j=2

+ 1Y biciGon (' (1), Y3 £ (1))

i=2
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K i—1
+ 1Y biciGon (W' (t), Y aijGrava. f(t))
i=2 j=2

N

bi ’ ’
+ hs Z EGZ,n (¢2,i f (tn)v I/f2,i f (tn))
i=2 7

2
Por

+ 1’ biz_l'GZ,n (u" (tn), Y2i f'(tn))
i= =

52
15 Y by G (0 ) ) i (1), (3.2)

i=2

Here, (and from now on) we use the abbreviations a;; = a;;(hA), b; = b;(hA), ¢;; =
@j (C,'hA) and

K C'jfl
vi(hA) =Y b G whA, P22 (3.3a)
i=2 :
i—1 ijl )
Vi =Vj.i(hA) = Zaikﬁ —cloji. (3.3b)
k=2 J :

Requiring a local error truncation &,,; = ¢'(h®) results in the stiff order conditions
for methods of order up to 5, which are displayed in Table 1 below.

3.2 A stronger convergence result
The convergence analysis of exponential Runge—Kutta methods is usually performed
in the framework of analytic semigroups on a Banach space X with the following

assumptions (see e.g. [8,15]):

Assumption 1 The linear operator A is the infinitesimal generator of an analytic
semigroup e'4 on X. This implies that

lelxex <C, t>0 (3.4)

and consequently @i (hA), the coefficients a;j(hA) and b;(hA) of the method are
bounded operators. Furthermore, the following stability bound (see [8, Lemma 1])

n
hA ZejhA <C (3.5)
j=1

XX

holds uniformly foralln > 1 and h > O withO < nh < T — 19.
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Table 1 Stiff order conditions for explicit exponential Runge—Kutta methods up to order 5. The variables
Z,J, K, L denote arbitrary square matrices, and B an arbitrary bilinear mapping of appropriate dimensions.
The functions v; and v ; are defined in (3.3)

No. Stiff order condition Order
1 V2(2) =0 = Y7, bi(Z)c; = p2(2) 2
2
2 V3(2) =0 = Y, bi(2) % = ¢3(2) 3
3 Yo bi (D) I (Z) =0 3
a3
4 Ya(Z) =0 = Y3, bj(2)F; = a(2) 4
5 Y bi(2D)IY3,(Z) =0 4
6 Y bi(2)J Zi;lz a;j(Z)J 2, j(Z2) =0 4
7 Yo bi(ZD)ciKyn i (Z) =0 4
4
8 Ys(Z) =0 <= Y3, bi(2) 4 = ¢5(2) 5
9 S bi(2)I Y4, (2) =0 5
10 i bi(2) Y Th i () Iy j(Z) =0 5
1 S i (D)) X aij (200 S a2 T4 x(2) =0 s
12 Y bi (DI b aij(Z)ej K, j(2) = 0 5
13 Y bi(Z)ciKY3,(2) =0 5
14 Yo bi(D)eiK Y Th aij(2)v2,(2) = 0 5
15 Y0 bi(Z)B(Y2,i(2), ¥2,i(Z)) =0 5
16 Yy bi(Z)e Ly () =0 5

Assumption 2 (for high-order methods). The solution u : [ty, T] — X of (1.1) is
sufficiently smooth with derivatives in X and g : [ty, T] — X is sufficiently often
Fréchet differentiable in a strip along the exact solution. All occurring derivatives are
assumed to be uniformly bounded.

Let e;,4+1 = up+1 — u(ty+1) denote the global error at time #,11. In [15], we have
shown that e, satisfies the recursion

n—1 n—1
en="hy "M e+ e, ;. (3.6)
j=0 j=0

where % (e;) are bounded operators on X.

Motivated by Remark 2.2, we now give a stronger convergence result (compared
to those results given in [8,15]) in the sense that it requires relaxing only one order
condition.

Theorem 3.1 (Convergence) Let the initial value problem (1.1) satisfy Assumptions
1-2. Consider for its numerical solution an explicit exponential Runge—Kutta method
(1.2) that fulfills the order conditions of Table I up to order p (2 < p <5) in a strong
Sform with the exception that only one condition ¥,(Z) = 0 holds in a weakened

@ Springer



Efficient exponential Runge-Kutta methods of high... 545

form, i.e., ¥,(0) = 0. Then, the method is convergent of order p. In particular, the
numerical solution u, satisfies the error bound

lun —ut)|| < Ch? 3.7)

uniformly on compact time intervals ty < t, = to + nh < T with a constant C that
depends on T — 1y, but is independent of n and h.

Proof The proof can be carried out in a very similar way as done in [15, Theorem
4.2]. In view of (3.1) and (3.2) and employing the assumptions of Theorem 3.1 on the
order conditions, we have R,, = 0 and thus

En1 = hP (Yp(hA) = Yp(0)G p1.0 + hPH'S,, (3-8)

where G, 1, is defined in Sect. 3.1 and S, involves the terms multiplying hP+1 and
higher order in (3.1) (clearly, ||S, || < C). Inserting (3.8) (with index n — j — 1 in
place of n) into (3.6) and using the fact that there exists a bounded operator 1} p(hA)
such that ¥, (hA) — ¥, (0) = &p(hA)hA yields

n—1 n—1
en="hYy "I Hej)ej +hP Y A M, (hAYGy ;1 po1 +RPTIS, ).
j=0 j=0

(3.9)

Using (3.4), (3.5) and an application of a discrete Gronwall lemma shows (3.7). O

With the result of Theorem 3.1 in hand, we are now ready to derive more efficient
methods. In particular, we will solve the system of stiff order conditions of Table 1
in the context of Theorem 3.1. It turns out that for methods of high order this will
require an increase in the number of stages s. However, we will have more degree of
freedoms for constructing our desired methods as seen in Sect. 4 below. In addition,
by relaxing only one order condition, we expect methods resulted from Theorem 3.1
to have better stability (and thus may be more accurate) when integrating stiff systems
(see Sect. 6).

4 Derivation of new efficient exponential Runge-Kutta methods

In this section, we will derive methods which have the following features: (i) containing
multiple internal stages U,; that are independent of each other (henceforth called
parallel stages) and share the same format (thereby allowing them to be implemented
in parallel); (ii) involving less number of evaluations of the form (2.4) when compared
to the existing methods of the same orders (thus behaving like methods that use fewer
number of stages s).

We first start with methods of order p < 3. When solving order conditions for these
methods (requiring at least s = 2 and s = 3 for second- and third-order methods,
respectively), one can easily show that it is not possible to fulfill the desired feature
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546 V. T.Luan

(ii), particularly when comparing with expRK2s2 (order 2, 2-stage) and expRK3s3
(order 3, 3-stage) mentioned in Sect. 2. We omit the details. Therefore, we will focus
on the derivation of new methods of higher orders, namely, orders 4 and 5.

4.1 A family of fourth-order methods with parallel stages

Deriving methods of order 4 requires solving the set of 7 stiff order conditions 1—
7 in Table 1. First, we discuss on the required number of stages s. It is shown in
[8, Sect.5.3] that s = 5 is the minimal number of stages required to construct a
family of fourth-order methods which satisfies conditions 1-3 in the strong sense and
conditions 4-7 in the weakened form (relaxing b; (Z) as b;(0)). In other words, with
s = 5 it is not possible to fulfill the order conditions in the context of Theorem 3.1,
which requir3es only condition 4 holds in a weakened form 14 (0) = O or equivalently

Y i, bi(0) %’, = ¢4(0) = 1/24. Therefore, we consider s = 6. In this case, conditions
1, 2, and the weakened condition 4 are

bycr 4 b3csz + baca + bscs + bece = @2, (4.1a)
bacs + b3c3 + bach + bsck 4 bect = 293, (4.1b)
b2(0)c3 + b3(0)c3 + ba(0)c; + b5(0)c3 + bs(0)cg = 69pa(0) = 1/4,  (4.1c)

and conditions 3, 5, 7 and 6 are

byJ Y22 +b3J a3 + baJ Vg + bsJyns + beJ Y26 =0, (4.2a)
byJ Y32 +b3J Y33 + baJ s g + bsJ Y3 s + beJ Y36 =0, (4.2b)
byc2 Ko + b3c3 K 3 + baca K 4 + bscs K s + becs Kz 6 = 0, (4.2¢)
byJazxJ Y22 + bad(asnJ Yoo + aszJ 2 3) + bsJ (asaJ Y22 + as3J Yo 3 + asaJ Yo 4)
4.2d
+ beJ (a2 J Y22 + as3J V23 + acaJ Y24 + aes JYas) = 0. ( )
We now solve these order conditions. We note from (3.3b) that
i—1 i-1 2
Vo= ) aijcj —iri, V3= Zaijz_]! — o3 (4.3)
=2 =2

and thus Y22 = —c3¢20 # 0, Y32 = —c3¢32 # 0 (since ¢ # 0). Using (4.3),
one can infer that either ¥r» 3 or 13 3 must be nonzero as well (if both are zero then
2 3
c 2c
az = —3g02,3 = —23<p3,3, which is impossible since ¢z > 0 and {¢», ¢3} are linearly
(&) c2
independent). This strongly suggests that b, = b3 = 0 in order to later fulfill (4.2)
in the strong sense with arbitrary square matrices J and K. Next, we further observe
that if b4 # 0 one may need both V> 4 = Y3 4 = 0 (which solves a4y # 0, agz # 0).
However, this makes the second term in (4.2d) to be nonzero which is then very difficult
to satisfy (4.2d) in the strong form. Putting together, it requires that by = b3 = by = 0.
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Using this sufficient condition we can easily solve (4.1) to get

—C692 + 2¢3 _ —¢sp2 + 293

bs = , 6 =
cs5(c5 — c6) ce(ce — c3)

for any choice of distinct nodes cs, cg > 0, satisfying the condition

_4c6—3

= 4.4
6cg — 4 “.4)

cs

Since bs, be # 0, we must enforce ¥ 5 = Y35 = 0 and Y2 6 = ¥3,6 = 0 to satisfy
conditions (4.2a)—(4.2¢). Using (4.3), this leads to the following 2 systems of two
linear equations

2
as3Cy + as3c3 + asacq = 5925, (4.5a)
2 2 2 3
asyc; + aszcz + asscy = 2c593 5, (4.5b)
and
2
a62C2 + A63C3 + Aeacs + Ae5C5 = C5P2.6, (4.6a)
2 2 2 2 3
ae2c; + ag3cs + asacy + asscs = 2cg¢3.6- (4.6b)

To satisfy conditions (4.2d), we further enforce asy = a2 = 0 (since Y22 # 0),
which immediately solves (4.5) for coefficients (with c3 # ca)

dss = —cuctgns +2c33 s £0, ass = —c3cipns +2c3p3 s £0. 47
c3(c3 —cq) cq(cq — ¢3)

and thus we also need ¥ 3 = ¥ 4 = 0 (since ¥ 5 = 0), which gives

3
azy = =23, (4.8a)
2
agper + asses = cipaa. (4.8b)

After fulfilling all the required order conditions in (4.1)—(4.2), we see from (4.6) and
(4.8b) that either a4y or as3 and one of the coefficients among ae3, daes, a5 can be
taken as free parameters. We now use them to construct parallel stages. Guided by
(4.7) and (4.8a), we choose as3 = 0 to make U,4 is independent of U,3 so that both
these stages only depend on U,;», and choose ags = 0 to make U, is independent of
U,5 so that both these stages only depend on the two preceding stages U3, U,4 (since
asy = agr» = 0). From this we determine the remaining coefficients

c2 —cuctpr 6+ 2¢ 036 —c3ckp 6+ 2c036

aq = —@24, 4dAe3 = =
2 c3(c3 — ca) c4(cq — c3)

’

(4.9)
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Putting altogether and rearranging terms in Uy,;, u,41 as linear combinations of ¢
functions, we obtain the following family of 4th-order 6-stage methods (with the pairs
of parallel stages {U,3, Upa} and {U,5, Uy,6}), which will be called expRK4s6:

Unz = un + @1(c2hA)crh F (ty, up), (4.10a)

2
Unk = ttn + @1 (ckhA)ckhF (1, uy) + @2(ckhA)EhDyy, k' =3,4  (4.10b)

2 . .
Up,j = tin + @1(c;hAYCRF (0, ) + 92(¢;hA) 2o h (Z2 Dy + & Da)
2¢3 .
+¢3(jhA) = h (3 Dus — 3, Dna). =56 (4.100)
U1 =ty + @LAVRF (1, un) + 2 (hA) o (72 Dys + £ Dye)
+ @3(hA) Z=h (= Dus — 2= Das)- (4.10d)

For the numerical experiments given in Sect. 6, we choose ¢» = ¢3 = %, cq = %,
c6 = % which gives cs = 3 due to (4.4).

Remark 4.1 (A comparison with expRK4s5). As seen, expRK4s6 is resulted from
weakening only condition 4 of Table 1 instead of weakening four conditions 4-7
as in the derivation of expRK4s5. While the 5-stage method expRK4s5 requires 6
sequential evaluations in each step (as mentioned in Section 2), the new fourth-order 6-
stage method expRK4 s 6 requires only 4 sequential evaluations, making it to behave
like a 4-stage method. This is due to the fact expRK4s6 has the pairs of parallel
stages {U,3, Una} and {U,5, Upe} and all U,; within these pairs have the same format,
i.e., same (one) linear combination of ¢ (c;hA)vg, allowing them to be computed in
parallel or simultaneously (see Sect. 5).

4.2 A family of fifth-order methods with parallel stages

Constructing fifth-order exponential Runge-Kutta methods needs much more effort as
one has to solve 16 order conditions in Table 1. As mentioned in Section 2, the only
existing method of order 5 in the literature is expRK5s8 (see [15]) which requires
s = 8 stages. Like expRK4s5, this method does not have any parallel stages and
must be implemented in a sequential way. It also does not satisfy the assumption on
the order conditions stated in Theorem 3.1. Indeed, it was constructed by fulfilling
conditions 1-7 in the strong form and weakening conditions 8—16 (9 out of 16 order
conditions) with b; (0) in place of b;(Z). This resulted in the last two internal stages
U,7 and U,3 that involve several different linear combinations of ¢k (c;hA)vy (with
different scalings c¢, ¢7, cg of hA), for which additional computational efforts are
required to compute those stages (as shown in Section 2).

Therefore, to derive a method based on Theorem 3.1 which later allows us to derive
parallel stages schemes with U,,; involving only one linear combination of ¢y (c;h A) v,
we have to increase s > 9. To make it easier for readers to follow, we consider s = 10
first and later employ the similar procedure to show that it is not possible to fulfill
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condition 11 of Table 1 in the strong form (and thus not satisfying Theorem 3.1) with
s =09.

(a) The case s = 10: Similarly to the derivation presented in Sect. 4.1, using (4.3), it
strongly suggests by = b3 = by = bs = bg = b7 = 0 in order to solve conditions 3,
5,9,7, 16, 13, and 15 in their strong form. Using this, these conditions now read as

bgJ a8 +bgJ a9 + b1oJ 2,10 = 0, (4.11a)
bgJ Y3 .8 + boJ 3.9 + b1oJ Y310 = 0, (4.11b)
bgJ a8 + boJ Va9 + b1oJ 4,10 = 0, (4.11¢c)
bgcg Ko 8 + boco Ko 9 + biocioK 2,10 = 0, (4.11d)
bgcg L g + bocg Lo + biociy L, 10 = 0. 4.11e)
bgcg K3 8 + boco K39 + biocioK ¥3,10 = 0, (4.11f)
bgB(Y2.8, ¥2.8) + boB(Y2.9, ¥2.9) + b1oB(Y2,10, ¥2,10) = 0, (4.11g)

respectively. And conditions 1, 2, 4, and 8 (weakened form) become

bgcg + bocyg + biocio = @2, (4.12a)
bgcg + bocs + biocty = 2¢3, (4.12b)
bgcy + bocy + biociy = 6¢4, (4.12¢)
bg(0)cg + bo(0)ch + bro(0)cty = 24¢5(0) = 1/5. (4.12d)

Solving (4.12) gives

-2 6
by = coc1092 — 2(cy + c10)@3 + <P4’ (4.13a)
cg(cg — c9)(cg — c10)
-2 6
by = cgclo92 — 2(cg + c10)@3 + §04’ (4.13b)
c9(cg — cg)(cy — c10)
-2 6
bio = cgco@y — 2(cg + c9) @3 + 694 4.130)
c1o(c10 — cg)(c10 — c9)

where cg, c9, and ¢ are distinct and positive nodes satisfying the algebraic equation

g +co+clo  cgeg+cgeio +cocip | cgeocip 1

. 4.14
4 3 2 5 ( )
Clearly, bg, by, b1o # 0 so one has to enforce

Yo, =3 =1v4;=0( =8,9,10) (4.15)

to satisfy (4.11) in the strong sense with arbitrary square matrices J, K, L and B.
Next, we consider conditions 6 and 10 taken into account thatb; =0 (G =2,---,7)
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and (4.15), which can be now simplified as

7
> (bgJagj + boJagj + bioJaro;)Jym.; =0 (m =2.3), (4.16)
j=2

respectively. In order to satisfy the strong form of (4.16) one needs
agj =a9; =ay; =0(j =2,3,4) 4.17)
(this is again due to (4.3)) and
V2,j =V3,;=0(0=5,67). (4.18)

With (4.17), we note that U,g, U,9, U109 are independent of the internal stages
Uz, Uys, Upa. Taking into all the requirements above, one can easily see that con-
ditions 12 and 14 are now automatically fulfilled. Therefore, the only remaining
condition to satisfy is condition 11.

Before working with condition 11, we first solve (4.15) using (4.17). For this, we
observe that several coefficients a;; can be considered as free parameters. To have
U,s, Uyg, Up1o are independent of each other, we choose

agg = aip,g = ajo,9 = 0. (4.19)

The resulting systems of linear equations from (4.15) is then solved with the unique
solution

crercipa,i — 2¢3 (ck + c)3,i + 6¢fpa
cj(cj —cp)c; —cr)
i=8,9,10; j.k,1€{567), j£k#I (4.20)

’

ajj =

(i.e., ¢cs, cg, c7 > 0 are distinct nodes).
Wenow use by = 0 (G = 2,---,7), (4.15), (4.17), (4.18), and (4.19) to simplify
condition 11 as

10 7
D bid Y aijd(apd s +ajztvns +ajadyng) =0. (4.21)
i=8 j=5

Since bg, by, b1g # 0, coefficients a;; in (4.20) (i € {8,9, 10}, j € {5, 6, 7}) are also
nonzero, and that 2 » # 0, we must enforce

ajpp=0( =5,6,7), ie.,asx =a¢x =a; =0 (4.22)
and require that

Y23 =vY24=0 (4.23)
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in order to satisfy (4.21) in the strong sense. Note, because of (4.22), one could not
require as3 = 0 or as4 = 0 (j = 5) in (4.21) or both as this does not agree with the
requirement ¥ 5 = ¥3 5 = 01in (4.18) (in other words, the linear system of equations
displayed in (4.5) represented for this requirement has no solution). This justifies the
requirement (4.23).

Finally, we solve (4.23) and (4.18) for the remaining coefficients a;;. When solving
(4.23) (see (4.8)), we choose as3 = 0 to have U,4 is independent of U, 3. This gives

2 2
3 Cyq

axp = —=@3, an = —¢ 4. (4.24)
I} le)

When solving (4.18) (using (4.22)), we choose ags = a75 = azg = 0 to have
U,s, Uye, Uy are independent of each other. This results in the following 6 coef-
ficients:

—Cizck(PZ,i + 2c§<ﬂ3,i

, 1=5,6,7; j,ke{3,4}, j#k (4.25)
cj(cj —cx)

ajj =

(i.e., c3, ¢4 > 0 are distinct nodes).

Inserting all the obtained coefficients a;; and b; into Uy;, u,y1 and rewriting
these stages as linear combinations of ¢ functions, we obtain the following fam-
ily of 5Sth-order 10-stage methods (with the groups of parallel stages {U,3, Una},
{Uyns, Uy, U7}, and {U,sg, Uy, Uy1o}) which will be called expRK5s10:

U2 = up + @1(c2hA)crh F (8, uy),
2
Une = up + @1(cehA)eeh F(ty, uy) + wz(CehA)%thz, =34

C. C
63(044*63) Dn3 + 04(633*64) D”4)
Dn4)s m=25,6,7

Ui = ttn + @1 (Cmh A)ch F(ty, tn) + @2(cnh A)cZh(
+ @3(cmh A) e (s Du3 —

c3(c3—cs4)

2
a(c—ca)
Ung = un + @1(cghA)cgh F (ty, uy) + wz(cth)C§h(asDn5 + gDy + @7 D7)
+ @3(cqh Ay h(Bs Dus — BsDus — B7Du7)
+ @4(cghA)cgh(vsDys + v6Dus + y1Dw7). g =8,9,10
Unt1 =ty + @1 (RA)RF (1, un) + @2(hA)h (g Dpg + @9 Dpg + 10 Di10)
— @3(hA)Yh(Bs Dug + Bo Do + B10Dni10) + ¢a(hA)h(y3 Dug + Y9 Dno + 10 Duio),

where

ckCl 2(ck + 1) 6

T d—mei—a) T G —an U ale — e —a)
(4.26)

withi € {5,6,7} for k,l € {5,6,7},andi € {8,9, 10} for k,[ € {8,9, 10} (note that
i, k, [ are distinct indices and that ¢;, cg, ¢; are distinct (positive) nodes).

For our numerical experiments, we choose ¢ = ¢3 = ¢5 = %, 4 =ce= %, c7 = 4—1“
s = 15, co = 2, and 19 = | (satisfying (4.14)).
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Remark 4.2 (A comparison with expRK5s8). Although the new fifth-order method
expRK5s10 has 10 stages (compared to 8 stages of expRK5s8 displayed in
Section 2), its special structure offers much more efficient for implementation. In par-
ticular, all U,; in this scheme involve only one linear combination of ¢k (¢; 1 A) vy which
can be computed by one evaluation for each; and more importantly, due to the same
format of multiple stages within each of the three groups {U,,3, Upna}, {Uns, Uns, Un7},
and {U,s3, U9, Un10} (same linear combination with different inputs c¢;), they can
be computed simultaneously or implemented in parallel (see Sect. 5). This makes
expRK5s10 to behave like a 5-stage method only, thereby requiring only 5 sequen-
tial evaluations in each step. Moreover, while expRK5s8 requires weakening 9 out
of 16 order conditions of Table 1, expRK5s10 requires only one condition (number
8) held in the weakened form. Note that by following the similar way of deriving
expRK5s10, we can derive a scheme that satisfies all the stiff order conditions in
Table 1 in the strong sense with s = 11. Such a scheme, however, still behaves like a
5-stage method. Therefore, we do not discuss further on this case.

(b) The case s = 9 (which does not work): Clearly, in this case we have less degree
of freedoms than the case s = 10 when solving the order conditions in Table 1.
Nonetheless, one can still proceed in a similar way as done for s = 10. Again, it
strongly suggests by = b3 = by = bs = bg = 0 (which solves for b7, bg, by # 0
from conditions 1, 2, 4) and

V2j=V3,;=%4;=0( =789 (4.27)

in order to satisfy conditions 1, 2, 3,4, 5,7, 9, 13, 15, 16 in the strong form. With this,
conditions 6 and 10 now become

6
> (b7Jaz; + bgJagj +boJagy) Jym,; =0 (m =2,3). (4.28)
j=2

Again, due to the fact that ¥ 2, Y32 7# 0 and either v, 3 or 13 3 must be nonzero,
one needs to enforce a7; = ag; = ag; = 0 (j = 2,3) in (4.28). Using this to
solve (4.27) for j = 7 (Y2,7 = ¥3,7 = Y47 = 0) gives a unique solution (with
¢4, ¢5,c6 > 0 and are distinct) for a4, as, a6 7 0, which then determines U,,7.
Next, one can solve (4.27) for j = 8,9 to obtain U,g, U,9 that are independent of
U,7, as well as are independent of each other, by requiring the three free parameters
ag7 = ag; = agg = 0. As a result, one gets az;,agj,a9; # 0 (j = 5,6). This
immediately suggests ¥ ; = ¥3; = 0 (j = 4,5,6) to completely fulfill (4.28)
with arbitrary square matrix J. With all of these in place, conditions 12 and 14 are
automatically fulfilled, and condition 11 is now reduced to

9 6
Zbif Zaijl(ajzflﬁz,z + aj3J1,b2,3) =0. (4.29)

=7 j=4
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Clearly, since b7, bg, by # 0, a7j,agj,asj # 0 (j =4,5,6), and ¥25 # 0, (4.29)
can be satisfied in the strong sense only if we have one of the following conditions:
ajp =aj3 =0o0raj; = Y23 =0, (j =4,5,6). Unfortunately, either of these
requirements is in contradiction with y2 ; = 3 ; = 0 (j = 4, 5, 6) which is needed
for conditions 6 and 10 mentioned above. For example, solving y24 = ¥34 = 0
results in a4z, as3 # 0.

5 Details implementation of fourth- and fifth-order schemes

In this section, we present details implementation of the old and new fourth- and
fifth-order expRK schemes (expRK4s5, expRK5s8, expRK4s6, expRK5s10)
mentioned above.

As mentioned in Sect. 2.1, we will use the MATLAB routine phipm_simul_iom
(described in details in [19]) to implement expRK methods. In particular, given the
following inputs: an array of scaling factors t = [p1, ..., o] With0 < p; < p2 <

- < pr < 1 (t could be a positive scalar), an n-by-n matrix M, and a set of column
vectors V. = [V, ..., vy] (each v; is an n-by-1 vector), a tolerance tol, an initial
value m for the dimension of the Krylov subspace, and an incomplete orthogonalization
length of iom, a call to this function

phipm_simul_iom(t,M,V, tol,m, iom) 5.1
simultaneously computes the following » linear combinations

Ly, v = ¢o(piM)vo + @1(pi M) pivi + @2(pi M) piva + - -+ + 04 (0: M) pf vy,
1<i<r. 5.2)

Note that, by setting V; = P,-j v; (j=0,---,q),(5.2) becomes (2.2). In other words,
all the linear combinations in (2.2) (if V; are given instead of v;) can be then computed

at the same time with one call (5.1) by using scaled vectors v; = V;/ ,ot:’ for the input
V.
In the following, we set

M =hA, pi=ci, v=hF({,u), di =hDy. (5.3)

to simplify notations in presenting details of implementation of the fourth- and fifth-
order methods mentioned above. When calling (5.1), we use tol = 10712, m=1
(default value), and imo = 2 (as in [19]).

Implementation of expRK4s5 (c; = ¢3 = ¢5 = %, cy = 1): As discussed
in Remark 2.1, expRK4s5 requires a sequential implementation of the follow-
ing 6 different linear combinations of the form (5.2), corresponding to 6 calls to
phipm_simul_iom:

(i) Evaluate L., v with t = ¢,V =1[0,v]to get Uy = u, + Ly v.
(ii) Evaluate L., v with t = ¢3, V= [0, v, dz/cg] to get Uy = uy + Ley v
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(iii) Evaluate L., v with t = ¢4, V=[0,v,dr +d3]to get Ups = up + L¢y v.

(iv) Evaluate L., v, with t = ¢5, V| = [0, v, 2dy +2d3 — dy, (—dr — d3 + d4)/C§]
and

(v) Evaluate L., v, with t = c4,V2 = [0,0, (d2 + d3 — d4) /4, (—dr — d3 + d4)]
to get Uys = uy + Lesvy + Leyv,-

(vi) Evaluate Ly y with t = 1,V = [0, v, —d4 + 5d5,4ds — 8ds] to get uy41 =
up, +L1y.

Since d; = hD,; which depends on U,;, these are the 6 (sequential) evaluations.

Implementation of expRK4s6 (c3 = c3 = %, c4 =cg= %, c5 = g): As discussed in
Remark 4.1, expRK4s6 can be implemented like a 4-stage method by evaluating the
following 4 sequential evaluations, corresponding to 4 calls to phipm simul_iom:

(i) Evaluate L., v with t = ¢2,V=[0,v] to get Upa = up + L¢, v.
(ii) Evaluate L., v and L, v simultaneously using t = [c4, ¢3],V = [0, v, d2/c2]
to get both Uyz =y + Ly, v and Upa = uy + Loy v
(iii) Evaluate L. v and L v simultaneously witht = [cg, ¢5], V = [0, v, (c;ﬁ
c3 1 1 _ ) )
(03724)64 dy, T dy — R d4] to get both U,s = u, + L¢sv and
n6 = Un + LC(),V'
. . C C
(iv) Evaluate L1,y witht = 1,V = [0, v, ;= 1 ( Zlds+2de), == CG( wds—-do)]
togetu,41 =u, + Liy.
Implementation of expRK5s8(c) =c3 =c¢5 = %, c4 = J—P ce = %, c7 = %, cg = 1):
As discussed in Remark 2.1, expRK5s8 requires a sequential implementation of 11
different linear combinations of the form (5.2), corresponding to the following 11 calls
to phipm_simul_iom:

(i) Evaluate L, v with t = ¢, V=1[0,v]toget Uy2 = u, + L, v.
(ii) Evaluate L, y with t = ¢3,V = [0, v, d» /cg] to get Ups =ty + Ly v
(iii) Evaluate L., v with £ = ¢4,V = [0, v, d3/cj] to get U4 = uy + Ly v.
(iv) Evaluate L.y with t = ¢5,V = [0, v, (—d3 + 4ds)/cZ, (2d3 — 4dy)/c3] to
getUys = uy + Leg v
(v) Evaluate Loy with £ = c6, V = [0, v, (8ds — 2ds)/cZ, (—32d4 + 16ds) /c}]
to get Upe = uy + Leg,v-
(vi) Evaluate L¢, v, with t = ¢7,V; = [0, v, (50ds + Wdg)/c2, (a5 —
80d,6)/c3] and
(vii) Evaluate LL6 v, Witht = ¢6, V2 = [0, 0, ( 810d4+ 233 ds+ }égds)/c@ ( d4—
243d5 243 d6)/C6 Jto get Up7 = up + Lc7 V1 + Lc() Vp -
(viii) Evaluate L v, witht = ¢, Vi = [0, v, (50ds +Z2de+ H d7)/c2, (Bds—
B0dg — 27dy) /c3, (—240ds + 220 dg + 81°d7) /cd] and
(ix) Evaluate L, v, with t = c6,V2 [0,0, (Stds + 23de + 32d7)/c2, (Bds —
Wde — 2dy)/c}, (5Rds + $3ds + 152d7)/c¢] and
(x) Evaluate L., v, witht = ¢7, V3 = [0, 0, ( 288d5+360d6+2 d7)/c7, (384d5—
B0 do—12%6d7) /3, (F200ds+ 2P0de+ 334 d7) /A to get Ups = up+Leg v, +
LCGsVZ + LC7,V3
(xi) Evaluate L1y witht =1,V =0, v, ll%fd6 — d7 + dg, 625d6 + 162d7
12—3618, %% - #th + %ds] to getuy 41 = un +Liy.
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Implementation of expRK5s10 (¢ =c¢3 =c¢5 = %, 4 =ce= %, c7 = %, cg = %,
c9g = %, and c19p = 1): As discussed in Remark 4.2, expRK5s10 can be imple-
mented like a 5-stage method by evaluating the following 5 sequential evaluations,
corresponding to 5 calls to phipm_simul_iom:

(i) Evaluate L, v with t = ¢, V=1[0,v]toget Uy = u, + Ly v.

(ii) Evaluate L, v and L., v simultaneously using t = [c4, 3], V = [0, v, d2/c2] tO
getboth U3 = u,; + Leyy and Upg = uy + Ly .

(iii) Evaluate L5y, L¢gv, and L.,y simultaneously using t = [c7,c6,¢5], V =

y . 2 2 _

[0, v, 3 (0216‘3)d3 + 04(02104) da, 3 (C3*c'4)d3 T calcz—cq) daJtogetUns = tn+Les v
Une = uy + LCG,V’ Upt = u, + LC7,V~

(iv) Evaluate L.y, L¢yv, and L., v simultaneously using t = [c9, c10, cg], V =
[0, v, asds +aeds + a7d7, Bsds — Bede — Brd7, ysds + veds + y1d7] to get Upg =
Up + LCS,Va Uno = up + ch,\h Upio =uy + Lcm,v-

(v) Evaluate Ly with t = 1,V = [0, v, agdg + aody + a10d10, Bsds + Body +
Birodio, ysds + yods + yi0dio] to get up 11 = u, + Ly v (coefficients o;, B;, y; are
given in (4.26)).

6 Numerical experiments

In this section, we demonstrate the efficiency of our newly derived fourth- and fifth-
order expRK time integration methods (expRK4s6, expRK5s10). Specifically, we
will compare their performance against the existing methods of the same orders
(expRK4s5, expRK5s8) on several examples of stiff PDEs. All the numerical sim-
ulations are performed in MATLAB on a single workstation, using an iMac 3.6 GHz
Intel Core i7, 32 GB 2400 MHz DDRA4.

Example 6.1 (A one-dimensional semilinear parabolic problem [8]): We first ver-
ify the order of convergence for the new derived fourth- and fifth-order expRK
schemes (expRK4s6, expRK5s10) by considering the following PDE for u(x, 1),
x € [0, 1], € [0, 1], and subject to homogeneous Dirichlet boundary conditions,

Ju(x,1) Pux, 1)

= D(x,1), 6.1
a1 x> T2 T 2% ©.1)

whose exact solution is known to be u(x, t) = x(1 — x)e’ for a suitable choice of the
source function @ (x, t).

Spatial discretization: For this example, we use standard second order finite differences
with 200 grid points. This leads to a very stiff system of the form (1.1) (with ||A] s &
1.6 x 10°).

The resulting system is then integrated on the time interval [0, 1] using constant
step sizes, corresponding to the number of time steps N = 4, 8, 16, 32, 64. The time
integration errors at the final time + = 1 are measured in the maximum norm.

In Fig. 1, we plot orders for all the employed integrators in the left diagram and the
total CPU time versus the global errors in the right diagram. The left diagram clearly
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Fig. 1 Order plots (left) and total CPU times (right) of expRK4s5, expRK4s6 , expRK5s8, and
expRK5s10 when applied to (6.1). The global errors at time t = 1 are plotted as functions of the number
of time steps (left) and the total CPU time in second (right). For comparison, straight lines with slopes 4
and 5 are added

shows a perfect agreement with our convergence result in Theorem 3.1, meaning that
the two new integrators expRK4s6 and expRK5s10 fully achieve orders 4 and 5,
respectively. When compared to the old integrators of the same orders expRK4s5
and expRK5s8, we note that, given the same number of time steps, expRK4s6 is
slightly more accurate but is much faster than expRK4s5 (see the right diagram). In
a similar manner, expRK5s10 gives almost identical global errors but is also much
faster than expRK5s8. Finally, we observe that, for this example, for a global error
that is larger than 10~°, the new fourth-order method expRK4s6 is the fastest one,
and for more stringent errors, expRK5s10 is the fastest integrator.

Example 6.2 (A nonlinear Schrodinger equation [2,5]): We consider the following one-
dimensional nonlinear Schrédinger (NLS) equation with periodic boundary conditions

0w (x, 1) %W (x, 1)
P = S + (V) + A, D)W (x, 1),

U(—m,t) =¥ (r,t), t>0
v, =¥(x), xel[—mm]

6.2)

where the potential function V(x) = , the initial condition ¥y(x) =

| 1 + sin?(x)
eS(2%) "and the constant A = 1 (see [2]).

Spatial discretization: For this example, we use a discrete Fourier transform .# with
N D = 128 modes, leading to a mildly stiff system of the form (1.1) with

‘ > ND ND
A =diag(—ik?), k=——>+1,...,—— = —63,...,64
2 2 6.3)

g(t,u) = —iZ(Vx) + AZ )P F ).
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Fig. 2 Order plots (left) and total CPU times (right) of expRK4s5, expRK4s6 , expRK5s8, and
expRK5s10 when applied to Example 6.2. The errors at time ¢t = 3 are plotted as functions of the
number of time steps (left) and the total CPU time in second (right). For comparison, straight lines with
slopes 4 and 5 are added

Next, we integrate this system on the time interval [0, 3] with constant step sizes,
corresponding to the number of time steps N = 64, 128, 256, 512, 1024. Since the
exact solution ¥ (x, ¢) of (6.2) is unknown, a reliable reference solution is computed by
the stiff solver ode15s with ATOL = RT OL = 104, Again, the time integration
errors are measured in a discrete maximum norm at the final time ¢ = 3.

As seen from the two double-logarithmic diagrams in Fig. 2, we plot the accu-
racy of the four employed integrators (expRK4s5, expRK4s6 , expRK5s8, and
expRK5s10) as functions of the number of time steps (left) and the total CPU time
(right). The left digram clearly indicates that the two new integrators expRK4s6
and expRK5s10 achieve their corresponding expected orders 4 and 5. While
expRK5s10 is a little more accurate than expRK5s8, expRK4s6 is much more
accurate than expRK4s5 for a given same number of time steps, meaning that it can
take much larger time steps while achieving the same accuracy. Moreover, the right
precision digram displays the efficiency plot indicating that both expRK4s6 and
expRK5s10 are much faster than their counterparts expRK4s5 and expRK5s8,
respectively. More specifically, a similar story is observed: for lower accuracy require-
ments, say error ~ 10~7, the new fourth-order method expRK 4 s6 is the most efficient,
whereas for error ~ 1078 or tighter the new fifth-order method expRK5s10 is the
most efficient.

Example 6.3 (A 2D Gray-Scott model [3,7]): Consider the following two-dimensional
reaction-diffusion equation—the Gray—Scott equation model, for u = u(x, y,t), v =
v(x, y, t) on the square 2 = [0, L1?, (here, we choose L = 1.5) subject to periodic
boundary conditions

ad

M dy,Au — uv? + a(l —u),

gf} 6.4)
m =dyAv + uv® — (@ + B)v,
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Fig. 3 Order plots of expRK4s5, expRK4s6 , expRK5s8, and expRK5s10 when applied to Exam-
ple 6.3. The errors at time r = 2 are plotted as functions of the number of time steps. For comparison,
straight lines with slopes 4 and 5 are added

where A is the Laplacian operator, the diffusion coefficients d, = 0.02, d, = 0.01,
and the bifurcation parameters « = 0.065, f = 0.035. The initial conditions are
Gaussian pulses

2 _T)2 _ _ 732 _ 732
u(x,y,0) = 1 — e—lSO((x—L) +(y=L) ) b(x, y.0) = 150((x—L)?+2(y—L) )

Spatial discretization: For this example, we use standard second order finite differences
using 150 grid points in each direction with mesh width Ax = Ay = L/150. This
gives a stiff system of the form (1.1).

The system is then solved on the time interval [0, 2] using constant step sizes. In
the absence of an analytical solution of (6.4), a high-accuracy reference solution is
computed using the expRK4s6 method with a sufficient small time step. Errors are
measured in a discrete maximum norm at the final time t = 2.

In Fig. 3, using the same number of time steps N = 32, 64, 128, 256, 512, 1024,
we again display the order plots of the taken integrators. One can see that expRK4s6
is much more accurate than expRK4s5 and expRK5s10 is slightly more accurate
than expRK5s8.

In Fig. 4, we display the efficiency plot for which the time step sizes were chosen
for each integrator to obtain about same error thresholds 107, i =5,...,11 (The
corresponding number of time steps for each integrator are displayed in Table 2. As
seen, given about the same level of accuracy, the new methods use smaller steps
than the old ones of the same order, meaning that they can take larger step sizes).
Again, expRK4s6 is much faster than expRK4s5 and it is interesting that this new
fourth-order method turns out to be the most efficient (although for error thresholds
tighter than 10~!! the new fifth-order method expRK5s1 0 seems to become the most
efficient).
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Fig. 4 Total CPU times of expRK4s5, expRK4s6 , expRK5s8, and expRK5s10 when applied to
Example 6.3. The time step sizes were chosen in such a way that each integrator achieves about the same
error thresholds lO_i, i =5,...,11. The errors at time r = 2 are plotted as functions of the total CPU
time (in second)

Table 2 The number of time steps taken to achieve about the same error thresholds lO_i, i=5,...,11
Method Error threshold versus number of time steps

1073 1076 1077 108 1079 10710 10~
expRK4s5 18 36 66 121 215 385 685
expRK4s6 10 19 28 46 122 230 420
expRK5s8 7 18 33 57 92 149 238
expRK5s10 8 17 30 51 82 130 208

The numerical results presented on the three examples above clearly confirm the
advantage of constructing parallel stages expRK methods based on Theorem 3.1,
leading to more efficient and accurate methods expRK4s6 and expRK5s10.
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