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Abstract
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1 Introduction

In this work we will develop higher-order explicit numerical schemes that use the Method of char-

acteristics (MoC) to solve systems of hyperbolic partial differential equations of the form:
yi+yi=fTyy). oy -ve=f (yhy). (1a)

Here y* and f* are vectors of respective lengths N* and subscripts denote partial differentiation.
Functions f* are, in general, nonlinear. Moreover, they, in principle, may contain small diffusion-like
terms y,. We will briefly comment on the latter possibility in the concluding section of this work,
but in the main part of it we will assume that system is non-dissipative.

Systems of the form can be obtained by a simple change of variables from a slightly more

general system

yi+ Ay, =f(y), (1b)

where vectors y and f are obtained by stacking, respectively, y™ with y~ and f* with £~, and the

diagonalization of A is
clivi vy + 23, with 3 = diag(Iy+, —Iy-), (1c)

Iy being the N x N identity matrix, and c; 2 being some constants. Equations of the form or
describe physical models where there are two groups of waves that propagate with constant and
different velocities c+ = c¢1 £ ¢, in the notations of . An extensive list of physical applications in
linear and nonlinear optics, plasma physics, atomic physics, and relativistic field theory where such
models arise is found in Section 2 of [I] (Refs. [4,5,20-29,44-64] there); see also Refs. [2]-[13] here
and Ref. [14] about applications to power transmission lines. Let us note that the Klein-Gordon

equation, which serves as a simplified model for many dispersive wave problems:
Upz — ¢ Puge = (U, Uy, up), (2)

where ¢ = const and g is some differentiable function of its arguments, can also be written in form
(Ib) [15] with N* = N~ = 2. Numerical solution of various extensions of this well-studied model
has recently attracted atention [16] [I7), [I8]. The schemes that we propose below are applicable to
all of those extensions.

In the framework of the MoC, each of the two (systems of) equations in (|laf) is transformed, by

the respective change of variables

(xvt) - (givt)a §:|: =xFt, (38,)



to an ordinary differential equation (ODE) in ¢, and then is solved by an ODE numerical solver

along the respective characteristic:
yfc =ft along &% = const. (3b)

Therefore, the accuracy of an MoC-based scheme follows that of the ODE solver. Our goal is
to develop schemes of order higher than two for the quasi-ODE system . We emphasize the
word ‘quasi’: the fact that each of the ODEs in is solved along a different characteristic
introduces several nontrivial modifications to the standard procedure of solving a system of (true)
ODEs numerically.

Before presenting a motivation for this work, it is important to state its limitations. First,
even though the body of physical applications described by Egs. is substantial, many hyperbolic
systems in fluid and gas dynamics, where the propagation speed depends on the wave amplitude,
cannot be described by . Thus, for them, the schemes that we will develop in this work,
cannot be applied without modification. For such systems, a well-studied family of semi-Lagrangian
methods uses interpolation across a given time level to account for the grid “distortion” caused
by the characteristics’ curvature. Many highly accurate interpolation [19, 20] and characteristic-
backtracking [21] schemes have been used primarily in applications of semi-Lagrangian methods to
problems with one characteristic. We think that it should be possible (albeit not straightforward)
to combine these techniques with the higher-order schemes which we develop here for two crossing
characteristics; this is a topic for future work. The second limitation is that our approach requires a
substantial modification for problems in multiple spatial dimensions; see Section 9 for more detail.

In this and the next paragraph we present the motivation for this work. For long-time simulations

of system , it is essential that the numerical scheme distort its asymptotic dispersion relation
w==xk,  |k[>1 (4)

as little as possible; here k and w are the wavenumber and frequency of Fourier modes y* ~
expli(kz — wt)]. The reason is that in schemes distorting (), high-k Fourier modes propagate
with incorrect group velocities and also experience spuriously high reflection from the boundaries
back into the computational domain, thereby contaminating the solution (see, e.g., [22]). Most
finite-difference and collocation-type schemes do not preserve the asymptotic dispersion relation
even approximately; see, e.g., [23| 24], whereas MoC-based schemes for systems with straight-line
characteristics preserve it inherently (see, e.g., [23], [I]). This is their main advantage over finite-
difference and collocation-type methods. (As a result, MoC-based schemes are able to compute

solutions with steep front very accurately; see Section 8.)



The main disadvantage of MoC-based schemes is that until now, only first- and second-order
accurate explicit MoC schemes for systems with crossing characteristics, such as , have been
known [23, 25]. There exist fourth-order MoC schemes based on implicit Runge-Kutta (RK) [26] and
multistep [27] solvers for . They are implemented as multi-stage predictor—corrector methods
and hence are, as far as implementation is concerned, explicit; yet, it is expected that a method
based on an explicit solver of the same order would be faster.

It is the purpose of this work to address the aforementioned disadvantage of MoC schemes and
develop 3rd- and 4th-order methods based on explicit ODE solvers for systems . In addition to
the obvious benefit that a higher-order method is more accurate (or faster for the same accuracy)
than a lower-order one, a higher-order method is also expected to automatically provide the following
benefit. In many physical applications, systems of the form describe waves that propagate
without dissipation. Therefore, a desirable property of a numerical scheme would be to introduce
as little dissipation or energy gain as possible. The only explicit ODE solver that introduces no
dissipation is the leap-frog (or any of its equivalent forms). However, when used with the MoC
framework, it produces a strongly unstable method for energy-preserving systems of the form ([1a))
[1]. Other explicit ODE solvers, such as RK, introduce either small dissipation or gain; the amount
of this dissipation/gain for non-stiff ODEs is known to decrease as the order of the solver increases.
Therefore, one should expect that an MoC-based scheme using a high-order ODE solver will preserve
the energy of the system (concentrated at low wavenumbers) better than a lower-order scheme. This
is the expected additional benefit of 3rd- and 4th-order accurate MoC-based schemes, mentioned
above. As for high wavenumbers, their temporal evolution is analyzed separately in this work.

A convergent numerical scheme must be not only accurate (consistent), but also stable. There-
fore, in this and the next three paragraphs, we will outline our approach to analyzing the stability
of an MoC-based scheme. The standard way is to apply the von Neumann stability analysis to the
linearized version of :

V. + 33, = Py, (50)
where y is a small deviation of the solution from some constant-in-z solution yg, 3 is defined in

(Ld, and P = 9f/0y|y—y, is the Jacobian matrix. For future reference, we mention that it has the

p_ ( P+t Pt ) , (5b)

structure
Pt P
where PT~ = 9f ' /0y~ |y=y, etc. For schemes based on the Method of lines, the outcome of the

von Neumann analysis depends on the scheme itself and on the eigenvalues of P; therefore, in that

case, applying the von Neumann analysis to a scalar equation would suffice. This, however, is not



so for MoC-based schemes, because matrix 3 also enters the equation determining the amplification
factor of the scheme. This was shown for first- and second-order MoC-based schemes in [I] and will
be reported for third-order schemes in Sections 3.2 and 6.2. Thus, it would be incorrect to perform
a stability analysis of an MoC-based scheme based only on the eigenvalues of the Jacobian matrix
P. Therefore, below we present an alternative approach that we followed.

We limited our numerical stability analysis of system only to those P for which that system
is stable physically; i.e., its solutions of the form y o explikz — iwt] with all & = O(1) do not
grow in time exponentially. When N* = N~ =1 (see ), it is straightforward to find all P for
which is physically stable. However, already for NT = N~ = 2, the problem of determining
all possibilities for P where is physically stable becomes nontrivial. We do not address it here
but instead adopt the following simplified approach. We consider a certain family of models from
nonlinear optics whose linearization leads to a system with over 30 different forms of P with
NT = N— = 2. Of those, we identify 4 distinct (i.e., not reducible to one another) P’s that lead to
a physically stable . In addition, the linearization of the Klein—Gordon equation with ¢ = u and
written in the form (see Egs. (2.6)—(2.8) in [I5]), yields one more P. Thus, we have collected a
“bank” of 5 different P’s for which is physically stable, and which are listed in Section 2. We
then apply the von Neumann analysis to system with ¥ = diag(Iy, —I2) for each of these five
P’s. We will declare a given MoC scheme to be numerically stable (or weakly unstable; see Section
3) if the von Neumann analysis reveals no instability (or, respectively, only weak instability) for all
these five P’s, as well as for all cases with N™ = N~ = 1. Admittedly, such an analysis cannot
predict numerical instability of a scheme for all possible cases of ; however, it does so for all
physically stable cases known to us. For any other case, the same analysis as outlined in Section
3 (and originally presented in [I] for lower-order MoC schemes) will determine the von Neumann
stability of the scheme.

In the previous paragraph we mentioned that the von Neumann analysis may reveal weak numer-
ical instability of a scheme. This means that for sufficiently high (but not necessarily the highest)
wavenumbers, the growth rate of the numerical error is O(h), where h is the discretization step in
space and time. As was demonstrated in [28], nonreflecting BC applied to low-order MoC-based
schemes can suppress the weak numerical instability. We found, by numerical simulations, that the
same conclusion also holds for the higher-order MoC schemes that are determined to be weakly un-
stable by the von Neumann analysis. On the other hand, if a scheme is found to be strongly unstable
(with the growth rate O(1)) by the von Neumann analysis, then it remains such for nonreflecting

BC.



Therefore, after presenting each of the new higher-order MoC schemes, we will report for it the
results of von Neumann analysis and accordingly classify the scheme as weakly or strongly unstable
(for periodic BC). Then, in Sections 3 and 7, we demonstrate that nonreflecting BC indeed suppress
weak, but not strong, numerical instability. When weak instability for wavenumbers satisfying
1 < |k| < kmax is suppressed by nonreflecting BC, there still remains a much weaker numerical
instability for |k| < 1 (corresponding to the ODE limit of (5a))) and for |k| &~ kmax. The growth
rate of that instability decreases with the ODE solver’s order: for 2nd- and 3rd-order solvers it is
O(h3); for the 4th-order (and a 5th-order, not considered here), it is O(h®); etc. We will ignore this
very weak instability, as it can only affect results of ultra-long time simulations.

The organization of the main part of this work is as follows. In Section 2, we present the explicit
forms of matrix P for which we will perform the von Neumann analysis of our new MoC schemes
applied to system . In Section 3, we will describe the construction of a MoC scheme with a
third-order RK solver. In what follows we will refer to a MoC scheme that uses an ‘XYZ’ ODE
solver as MoC-XYZ; thus, Section 3 presents details on MoC-RK3. It is shown that while the MoC-
RK3 is only weakly unstable for periodic BC for N* = N~ = 1, it can be strongly unstable for
NT = N— = 2. Similar conclusions are reached about MoC-RK4 in Section 4. Therefore, in Section
5, we turn to a different family of ODE solvers, known as pseudo-RK (pRK) methods, which were
first proposed in [29]. These can be thought of as a hybrid between RK and multistep methods. We
also present modifications of pRK methods that can better preserve conserved quantities. Section
6 presents details on the construction and von Neumann stability analysis of MoC-pRK3 and MoC-
pRK4 methods. Unlike MoC-RK schemes, the MoC-pRK ones are found to be only weakly unstable
for periodic BC, and thus are expected to be stabilized by nonreflecting BC. In order to demonstrate
this, one needs to develop an algorithm of imposing non-periodic BC in the MoC-pRK scheme. We
present such algorithms in Section 7 and then verify that nonreflecting BC indeed suppress weak
instability of the MoC-pRK schemes. In Section 8 we demonstrate that the accuracy of the developed
MoC schemes indeed follows that of their respective ODE solvers. In Section 9, we summarize our
results, discuss their extensions, and briefly compare our main result with that of [26].

Given the considerable length of the paper, we recommend that the reader who is interested
only in the main idea of the MoC-(p)RK schemes limit their reading to: Sections 3.1, Figs. [2[ and
and the paragraph immediately after it, Sections 5.1, 5.4, 6.1, and Figs. [7] and [§] Pseudocodes for

the MoC-pRK schemes are presented in Appendix B and the actual codes, in Ref. [30].



2 Explicit forms of P in

As noted in the Introduction, we will consider only the cases N* =1 and N* = 2, as these are the
ones for which we are familiar with physical applications. We are interested only in those systems
where the solution is physically stable, i.e. has no exponentially growing Fourier harmonics exp[ikz]
for K = O(1). In this section, we present only the forms of the corresponding P matrices, which
for brevity we will refer to as “stable”, along with brief comments. Details on how these matrices

are obtained are in Appendix A. In what follows, we will use the common notation of 2 x 2 Pauli

10 0 1 0 —i 1 0 (6a)
o0 = , o= , Oy = , o3= ; a
0 01 ! 10 2 i 0 3 0 —1

as well as (uncommon) ones for matrices that will appear in 4 x 4 P matrices below:

matrices:

oy = 01 —1(a+i0') o5 = 00 —}(0' —i0g), Og=01+04, O7=1i02+0
1=y o) T2 2 o= | T3l 2), 0O6¢=01+04, O7=102+04.
(6b)

In the N* =1 case, all physically stable P’s can be reduced (see Appendix A) to P =i 0.

As explained in the Introduction, in the N* = 2 case, we had to deduce stable P’s from physical
models. The first one comes from the linear Klein—-Gordon equation (with ¢ = u in (2)). Casting
equations (2.6)—(2.8) of [15] into form ([5a]), one can show that in this case,

1 o5 —O7
p - ( ) | @
2\ —o7r o3
The next model accounts for various forms of linear coupling among components of electromag-
netic field in two waveguides (two optical fibers in close proximity to one another [2 B] or two
gratings with different periods in the same waveguide [4]). The corresponding stable P is:
oy ao
PQ:z'( 2 °>, a € [0,00). (8)
a o g9
The other stable matrices come from various models describing nonlinear coupling of co- and

counter-propagating electromagnetic fields at distinct frequencies in optical fibers that support prop-

agation of two modes (polarizations); see [6]-[13], [31, 32]. The corresponding stable matrices are:

P3:i<02 02>+ia<og O), ac|-3/2,7/4; 9)

oy O3 g2
—q — 0)

m:( 172 ."6)+a<"4 ) ael~1,3/4]; (10)
o6 109 O -o4



g2 09 —20’4 04

P5:z’<a2 02)—1—a< 74 _2‘74>, ac|-1/2,0]; (11)

here and below O denotes the zero matrix of appropriate dimensions.

3 MoC schemes with RK3 solver

Here we will first derive a third-order accurate scheme based on an RK3 ODE solver. Then we
will show that this scheme is strongly numerically unstable for some of the P matrices with N* =
2. Finally, we will mention other versions of the same scheme; however, all of them will still be
numerically unstable for the same P matrices. There are three reasons why we will dwell quite

substantially on this unstable scheme:

e While describing its relatively simple setup, we will emphasize a number of key points that

will repeatedly occur in subsequent schemes, some of which will be essentially stable;

e The MoC-RK3 scheme is the only one suitable to start the stable 4th-order scheme developed

in Section 6;

e Finally, there are physically important systems for which the MoC-RK3 (and MoC-RK4,

considered in Section 4) are stable.

3.1 Derivation of the scheme

The stencil for MoC-RK3 scheme for system is shown in Fig. Discretization sizes in space
and time are Az = At = h. Then at any time level t,, = nh, the characteristics £* = const, defined
in , are guaranteed to cross at the grid nodes, x,, = mh. As will be explained below, the solution
at the nodes denoted by the two filled circles and three filled ellipses at level n will be needed to
determine the solution at node (x,, t,+1), denoted by an open circle. The different roles played by
the solution at filled circular and elliptical nodes will be explained after Eqs. .

An important condition that we will require of any MoC scheme developed below is that it avoids
interpolation of the solution along nodes at any one time level. This is because such an interpolation
is likely to introduce numerical diffusion and dispersion to the scheme, which are precisely the effects
one wants to avoid by using the MoC. An MoC-RK scheme will solve each of the equations in
using a particular RK solver along the respective characteristics. RK solvers of order higher than
second are known to require evaluation of f* at an intermediate time level t = t,,,; with b € (0, 1).
As we will show below, this will require (approximate) evaluation of y~ at ¢ = ¢, when solving the

ODE for y* along £ = const, and vice versa. Such an evaluation of y~ can be done only along the



n+1

n+1/2

m-2 m-1 m1/2 m m+l/2 m+l m+2

Figure 1: Stencil for MoC-RK3 scheme. Vertical axis is time. Actual nodes are at the intersection
of the (solid) grid lines, while virtual nodes (open squares) are at the intersection of thin dotted
lines. Thick dashed and dotted lines show the directions of the characteristics. Nodes connected by

dashed (dotted) characteristics are used to determine (y*)™! (respectively, (y~)%1).

characteristic £~ = const, via the second equation in . It is clear from Fig. that the only value
of b that will not require interpolation along nodes of time level ¢,, is b = 1/2. The corresponding
“virtual node” where y~ and y* will be evaluated are shown by open squares. Therefore, among all
possible RK3 solvers we need to consider only those that involve the intermediate level t,, 1o and

no other intermediate level.

Such a well-known RK3 solver for the ODE

ye=1(y,?) (12)

is:

(k)" =1(y",tn), (r2)"=f <y" + g(nl)", tn+1/2> , (R3)"=f(y"—h(k1)"+2h(K2)", tni1);
(13a)
Y =y ()" + A()" 4 (0)"): (13b)

6

where y” is the solution at time level ¢, and k123 are known as “stage derivatives”. When applied

to ODEs , the first stage derivatives acquire the following form:

(K’:lt)le = fi ((y+)21$1 ) (y—)nm$1) . (14)

Note that the (m,n) index of a stage derivative is, and in what follows will be, that of the node
where the “old” solution at time level t,, is taken to obtain the “new” solution at node (m,n).
The following remark about contains the key idea of how a solver for an ODE ((12)) can
be applied to a system of ODEs defined along different characteristics. To illustrate that idea,
let us focus on k] . Note that the evolution of y* along £ = const is determined by f*(y*,y ™).
Comparing this with (I2), one sees that the role of ¢ in f(y, ) is played by y~(¢). That is, in the
expression for mf, tn in (13a)) must be interpreted as y~ (£T,¢,), where 1 is the constant value

on the characteristic. From Fig. [, one sees that one should take y~(£7,t,) = (y )" in the

m—1

9



expression for (k])” ;. Similarly, when solving the ODE for y—, one interprets y' as the

counterpart of ¢ in ([12), and hence y*(£7,¢,) = (y "), 1.

Following the same idea, one obtains expressions for the other stage derivatives:

n n h n —\7n 2
s = (e + 5 s 0 ) (150)
—\n — n+1/2 —\n h -\n
(3 )er = 0 (P 0+ (6 ) (15)
(K5 s = £ (7 Vms = RSy + 20 (), ) (162)
(53 Vigr = £ () 0 Vs = BOST Vi + 20 (555 Vi ) (16b)
TL+1/2 =+ n+1

Notations (y) and (y(2))m stand for a certain approximation of the respective y, as will

m+1/2

be defined shortly. Given the stage derivatives, one finds the solution at the next time level by a

counterpart of (13b]):

O = 5 s+ (55 g + A8+ (55 ) (17)

We now introduce notations that will be extensively used below:

(yi))zjl = (yi)ﬁm +h (’q’li)?nqzl ; (18a)
n 1 n n n - n
(v = 5 | 0 + 08 +h e () 0G| - (18b)

They provide, respectively, the first- and second-order accurate approximations of the solution at
node (m,n+1). The first one is obtained by the simple Euler (SE) solver, and the second one, by the
modified Euler (ME) solver (a.k.a. explicit trapezoid rule), applied along respective characteristics
¢+ = const. Note that (y?;))?rjrl are used in (16)); this will be explained shortly.

We now describe how the approximations (yi)z_ill/f2 in are computed, using (y_)xr_ll//z2
as the specific example. Note that this variable in (15a]) is meant to denote y~ (1, ¢,,44 /2), as was
explained after . Since its exact value is not available, one needs to use its approximation. A key
observation is that it suffices for this approximation to have error O(h?®). Indeed, such an error will
introduce an error h - O(h?) = O(h?) in the solution (I7), and this is consistent with the fact that

the sought third-order accurate solution (y*)"+! has a local truncation error O(h*). For the same

reason, it suffices to use the approximate solution (I8b)) instead of the exact values y*(£F,¢,41) in

(L6).

10



—\n+1/2

Now, the desired approximation of (y~), "/ /2 is given by the Taylor expansion (see Fig. :

2
G = o L o) + P2 om0

2 2
2
Y e (6 6+ [y ) 0. (19)

We know the first two terms in the last expression, but not the third. We find it from the fact that
the solution defined in (18b]) has the Taylor expansion

h2

Yama =0 m+h (6] + 5 (7] +om?). (20)
Solving for [(y~)™]" and substituting the result into yields:
o 3. ., 1 h o
5 I e = 5 O D 5 )i+ 5 (50 ) (21a)

here we have used and also omitted the O(h®) contribution. By the same token, the similar
term in ([15b)) is computed as

n 2 3 n 1 n h n
( +)m—:—11//2 =2 (v )m + 1 (ya))m—:ll 7 (51 )i - (21b)

By using different filled symbols — circles and ellipses — in Fig. [I] we indicated that the former
contributed to the solution at node (n + 1,m) via the variables that were explicitly listed in the
stage derivatives 7, while the latter contributed via the auxiliary solutions ([21).

To summarize, Eqs. — and define an MoC-RK3 scheme that is a counterpart of the
ODE solver . The reason why this is a, and not the, counterpart scheme is that approximate
solutions yﬁ) and y(j;) could, in principle, be computed by different first- and second-order schemes;

other “degrees of freedom” in obtaining (y*)™+! will be mentioned in Section 3.3. However, using
any of those degrees of freedom will not favorably affect stability of the resulting MoC-RK3 scheme.
We will address this issue in the next subsection.

Let us make two comments on using BC for the MoC-RK3. First, periodic BC require one to
define two nodes outside of each boundary (i.e., m =0, —1 and m = M + 1, M + 2). This is done
simply by:
1= )M and  (y

Second, the treatment of physically more relevant nonreflecting BC

y(0,t) = bieg (1), Yy (L, t) = bright(t) (23a)

11



where [0, L] is the spatial domain where is solved, proceeds slightly differently in that some of
Y(2)’s in and are replaced by the exact BC values

(y )1 = buese(tn), (Y7 )% = bright(tn),  n> 1. (23b)

Specifically, (yé))ﬂl in (16a) with m = M and (yé))?'H in (16b]) with m = 1 are replaced with

the exact values (y_)}fjl and (er)Tf'H7 respectively, from (23b]). Also, when computing (y(_Q))?'H
in (21al) and (yz;))gjl in (21b)), one similarly uses the respective exact boundary values instead of
(ya))?Jrl and (ya))ﬁl in ([18D)).

3.2 Von Neumann analysis of the MoC-RK3 scheme

When carrying out von Neumann analysis of various schemes using the linear model equation ,

it will be convenient to define:

z = hk, y;r’zn = ( > ’ Q=exp [_ZEZ] ) (24)

where k is the wavenumber, so that z € [—m, 7), and tilde here and below denotes variables obtained

by linearization. Then the linearization of can be written as:
it = ) o k)| v = e v (25)
The expression for K; is found from the linearization of :
K, =QP. (26)

Note that the factor Q has appeared because the m-index of y7, is shifted by 1 compared to the
indices of (yi)ﬁﬂFl on the r.h.s. of ([14).

We will now briefly outline the derivation of Ko and then will state the form of K3, whose
derivation follows similar lines. Linearization of (15a)) yields:

i 1T h ~n Cm\n
(3 )y =P*F ((y+)m—1 Ty Kh’m) +P(y )er—ll//22; (27)

where K denotes the top N* x N block of Ky, with N = (N* + N~). The derivation of (k3 )"

m—1

is completed by computing (i_)fj_ll/ /22 from the linearization of (21al) and ; this is quite tedious

but straightforward. Combined with a similar calculation for (EQ_ ); e this yields:
h 1
K2 = Pdiag Q + 5 Kl + g Poffdiag (81 + (41 + hP) hP) ) (28)
where
P O O P
Pdiag = ( o) P ) ’ Poffdiag = ( P_+ o) ) ) (29)

12



and we have omitted the obvious (N x N) dimension of the identity matrix. In obtaining the second

term in (28)), Eq. (29) of [1] was used:

[Q+ I+ /P)QA+hP)] (7)1, (30)

N |

Fe)m ™ =
Similarly,
1
K3 = Pgiag (Q — WK1 + 20 K3) + 5 Poftdiag Q+(I+hrP)Q(I+hP)). (31)

The amplification factor of the numerical error is the maximum absolute value of the eigenvalues,
max ||, of matrix ®(2) in (25). Given a matrix P, the amplification factor is found numerically
(say, by Matlab) from Eqs. (25), (26), (28)-(31) in about one second for z € [—, m) and is shown for
P =P; and P = P, in Fig. (a,c), respectively. The results for P = P3 and io; are qualitatively
similar to that shown in Fig. (c), while that for P = P, and P = Pj is similar to that shown
in Fig. (a). The feature to note is the narrow peak of height ~ 0.35 near z = w. That peak,
as well as a minor difference between those peaks in the cases of P; and P4, are illustrated in
Fig.[2b). The growth rates of the numerical error that follow from Figs. [J[(a) and 2f(c) are O(1) and
O(h), corresponding, respectively, to strong and weak numerical instabilities. For example, Fig. (a)
suggests that

max Al =1+ch, (32a)

where ¢ is some constant (¢ ~ 0.35). Then the error in n = t/h time steps grows by the factor of
(14 ch)/" ~ e, (32b)

whence ¢ is the growth rate. Similarly, the growth rate predicted by Fig. (c) is approximately
0.25h (note that in Fig. (c), the vertical axis label has a higher power of h in the denominator than
that in Figs. [2(a,b)).

Figures (a,b) show Fourier spectra of the numerical solution found by direct numerical simula-
tions of Eqgs. with matrices Py and Py and with periodic boundary conditions (BC). Since
is linear, spectra of the numerical error of any nonlinear system whose linearized matrix coincides
with the respective P will look the same as in Fig. 3| In Section 3.2. of [I] it was explained why
Figs. B(a) and [3[(b) look similar to Figs. [a) and [2|c), respectively. There is, however, a minor
difference between Figs. [3|a) and [2(a) in that the numerical simulations reveal a slight growth of
the error for most z away from 0 and 7 (which appears as a “shelf” in Fig. (a)), which does not
seem to be predicted by the von Neumann analysis. However, we verified that this growth is linear

(as opposed to exponential) in time and occurs because for each z in that range, matrix ®(z) has
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Figure 2: Amplification factor of matrix ®(z) in (for the MoC-RK3) for matrices Py (panels
(a,b)) and Py with @ = 1 (c¢). Note a different power of h in the ratio plotted in (a,b) versus that
in (c¢). The plots for z € [—7,0] are symmetric to those shown above and hence are not presented.
Results for two difference values of h are shown to illustrate the trend; h = 0.05 (solid) and h = 0.1

(dashed). Panel (b) shows a close-up of (a) near z = m for two P matrices.

two pairs of eigenvalues that are almost the same. Such “almost repeated” eigenvalues, leading to

a “shelf” in the Fourier spectrum, appear only for P; but not for P through Ps5.
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Figure 3: Fourier spectra of the numerical solution by the MoC-RK3 of with P (a) and Py
with a =1 (b,c); h = 0.05 — solid; h = 0.1 — dashed. The initial condition is the white Gaussian
noise with standard deviation 10719, The spectrum at ¢ = 0 is shown in (a) only. Note different
vertical scales in all three panels. Panels (a,b) are for periodic BC, while (c) is for nonreflecting
BC (where the solution is multiplied by a spatial window vanishing at the end points before being
Fourier-transformed). Simulation parameters: L = 100 in all panels; t = 50 (a); ¢ = 100 (b); t = 300

(c) for better visibility. The notation || ... || stands for the £2-norm of the four-component vector.

The main conclusion of this subsection is that while the developed MoC-RK3 scheme is essentially
numerically stable for all physically stable systems (la)) with N* = 1 and for some systems with
N* =2 (P = Py, P3), it is unstable for a number of N* = 2 systems (P = Py, P4, P5), including
the Klein—Gordon equation. In the previous sentence we need to clarify the word ‘essentially’, since
Figs. [J[(c) and B|(b) exhibit a weak, but still non-negligible numerical instability near the “middle”
of the displayed spectral window (i.e., for & ~ kpnax/2). In [28] it was shown for the MoC-SE and
MoC-ME schemes (i.e., Egs. and , respectively) that such a weak instability, appearing

for periodic BC, can be suppressed by nonreflecting BC. The latter BC are more physically relevant
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than periodic ones as they occur, e.g., in the problem of a field incident on a boundary of a medium
described by Egs. . Figure (c) illustrates that such instability suppression also takes place for
the MoC-RK3 scheme 7. We did not carry out an analysis of this phenomenon for the
MoC-RK3 scheme because: (i) It will be considerably more technical than such an analysis for
the MoC-ME in [28], given that the MoC-RK3 is more complicated than MoC-ME; (ii) It will
not provide any new insight compared to what was shown in [28]; and (iii) It will distract the
reader’s attention from our main task, which is the development of an MoC scheme that is stable
(for nonreflecting BC) for all P matrices listed in Section 2.

It remains to point out two more aspects of the (in)stability of the schemes developed in this
work. Both of these aspects were pointed out in [28] in relation to second-order MoC schemes.
First, while nonreflecting BC suppress numerical instability “in the bulk” of the spectral window,
they are unable to suppress it near z = 0 and z = 7. The instability near z = 0 is very weak and
is inherited from that of the ODE solver applied to a conservative ODE. For example, its growth
rate is O(h3) for RK2 (such as ME) and RK3 solvers and O(h%) for RK4 and RK5 solvers. Such an
instability is, therefore, inconsequential for most but ultra-long (¢ > 10°) simulations with h ~ 0.01
and hence will be ignored in what follows. Second, the nonreflecting BC are unable to suppress a
strong numerical instability near z = , such as that seen in Fig. [2(a). That is, if simulations that
led to that Figure are repeated with nonreflecting BC, the peak near z = 7 will be essentially the
same as in Fig. (a) (plot not shown to save space). Thus, the MoC-RK3 is numerically strongly
unstable for some of the systems : specifically, for those with P = Py, P4, P5, regardless of the
BC used.

3.3 Other versions of the MoC-RK3 scheme

In the development of the scheme in Section 3.1, one has the following three degrees of freedom.
First, yé) in (18b)) could be computed by a different second-order MoC scheme, e.g., one based
on the midpoint solverE Second, one could use another RK3 solver where one stage derivative is

computed at the time level ¢, /5. The only such solver with three stages is the Strong Stability
Preserving RK3 [33], which for the ODE is given by:

()" = £ ), ()" = £ )" ) ()" = £ (574 ((50)" o+ (2)")s tasa)
(33a)

Y =y () () A" (33b)

!The leapfrog solver could, in principle, be another possibility. However, in [T, 28] it was shown that the corre-

sponding MoC scheme can be strongly numerically unstable for both periodic and nonreflecting BC. Hence we do not

consider an MoC-leapfrog scheme as a viable option.
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Third, (yi)zbill//z2 in could be found not by Taylor expansion but by using the MoC-ME with
half step (see Fig. [I). Several combinations of the above degrees of freedom were tried in [34].
However, all of them yielded results that are qualitatively similar to those shown in Figs. 2] and [3]

Therefore, we conclude that the MoC-RK3 scheme cannot be used to simulate a significant number

of systems with N* =2, and hence we need to look for a different scheme.

4 MoC schemes with RK4 solver

The scheme presented in this section has the same stability problem as the MoC-RK3. That is, it
can be used to stably simulated equations with N* = 1 and with N* = 2 when the linearization
matrices are Py or P3, but not the other three cases. Therefore, we will only state the equations of
this scheme based on the classical RK4 (cRK4) solver. We will then make a hypothesis as to what
causes the instability and hence, in Section 6, will be able to formulate stable MoC schemes of 3rd
and 4th orders.

The first two stage derivatives of the MoC-cRK4 are given by and . The other two are

given by:
h " _\n
s =1 (0 + R R ) (34
—\n — —\n h —\n
(H3 )m—l—l =f <(y+)nm4__|_11//22 ) (y )m—l + 5 (""’2 )m—f—l ) ; (34b)
(K e = £ (s + (s V) ) (352)
(i eir = £ (G 5 Vs + 055 g ) - (35b)
Finally,
n n h n n n n
(yi)erl = (yi)m$l + 6 ((K’it)m$1 + 2(n§)m$1 + 2(H§t)m$l + (K’i:)m$1) . (36)

In (35)), (y ?E))"H need to be computed with local error O(h*); see the paragraph before . Such

a solution is available via the MoC-RK3. Similarly, (y );111//22 and the counterparts of

for (”;)%11 also need to be computed with the local error O(h*). Given (y( )+L this can be done

3)/m
following the derivation of (21). The result is (see Appendix C in [34]):

n 1 n 1 n h —\n h n — \n
(5 = 53 7+ 5 0 i + 5 5 () 0) — 5 £ (07 i, 0 i) - (87)

Von Neumann analysis of the MoC-cRK4 follows the lines presented in Section 3.2 and produces

qualitatively similar results. Namely, this scheme is strongly unstable for P = P, P4, and P5. We
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also tried to use a different RK4 solver (the first one listed in [35]), but obtained the same negative
results.

Thus, to develop an essentially stable alternative to the MoC-RK3 and MoC-RK4 schemes, it
is important to reflect on the question: Why did they fail to be stable? We do not know an answer
to this. However, from our extensive experimentation with various versions of these schemes, we
have surmised that the culprit may be the fact that they all required evaluation of the solution at a
virtual node such as (m +1/2,n + 1/2); see Fig. [Il We have accepted this hypothesis and therefore
sought methods that require solution values only at the actual nodes (like the MoC-ME ([18D])). This

led us to consider the pseudo-RK methods, described next.

5 Review of pseudo-RK solvers for ODE

Here we will present ODE solvers that we will use in the next section to develop MoC schemes free
of the strong instability observed for the MoC-RK3 and MoC-RK4. We will begin by stating the
3rd-order pseudo-RK (pRK) solver originally proposed by Byrne and Lambert [29] and then will
present a new 4th-order solver, derived in [34]. We will then describe modified versions of pRK3
and pRK4 methods, proposed by Nakashima [36]. The usefulness of those modified pRK solvers
will become clear when we consider their stability regions. Finally, we will point out advantages of

using pRK solvers over the multi-step Adams—Bashforth ones.

5.1 pRK solvers based on Byrne-Lambert’s idea

The framework of the methods proposed in [29] is:
S m
Y =y AR Y e (ki) (38a)
j=0 i=1
where ¢j; as well as a; and b; in (38b)) below, are certain constants, and the stage derivatives have

the form:
(k)" =1 (y’” + ) aa (k)" e + hb¢> : (38D)
=1

Parameter s is the number of time levels before the current one which “contribute” their stage
derivatives x; towards the solution at the new time level. Constants c;; and a; are entirely deter-
mined by b;. According to the hypothesis stated at the end of Section 4, b; must be an integer (and
typically 0 or 1). The 3rd-order solver with s =1, by = 0, and by = 1 was found in [29]; we will
refer to it as ‘the pRK3’:

(k)" =£(y",tn),  (k2)" = £ (" +h(K1)", tnt) 5 (39a)
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Y =y s (130 4 Ba)" — ()" () (39b)

The 4th-order solver presented in [29] had s = 1 (as does (39)), by = 0, and could use by and
bs as free parameters. If one sets by = 1, one must set bs to equal another integer. Setting by = 2

would be awkward in view of the future use of the solver in the MoC framework. Indeed, suppose

n+2

one solves for (y*)"*!; then one would need to first estimate (y~)"*2, as it “replaces” t,.2 in the

ODE solver (see text after ) One can alternatively set b3 = —1. However, this produces no
advantage over, and uses more function evaluations per step than, a solver with s = 2 that was

originally derived in [34] and which has the form (‘the pRK4’):

Yy (370" 9(k)" — 1A (ka)" !~ 18(ka)" ! (k1) 4 (k)" ) . (40)

with k12 being defined in (39a)).

5.2 pRK solvers based on Nakashima’s idea

Nakashima proposed [36] computing (k;)™ for i > 2 in using not only (k;)" (I < i), but also
the solution and selected stage derivatives from the previous time level. The general form of the
Nakashima pRK (NpRK) solver can be found in [36]; its special cases were explored in [37] and [38].
Here we present only a 3rd- and a 4th-order solver with b; = 0 and by = 1. For both solvers, k; is

computed as in (and all previous instances) and
(k)" = £ (y" + A(y" —y""") + 1 (azo(k1)" ! +azi(k1)") , tarr) - (41)
Then the NpRK3 solution is computed as:
Yyt =y" + h (c11(k1)" + cr2(k2)" + a1 (k1)) ; (42a)

as1 =2+ az, A=-1-—2a9, ci11= 2/3, Ccl2 = 5/12, Cc21 = *1/12 . (42b)

Note that unlike in the Byrne-Lambert pRK solvers (with fixed b;’s), here one has a free parameter,

asg.

The NpRK4 solution is computed as:
y" i =y"4+h (c11(r1)" + cr2(k2)™ + co1 (k1) 4 coa(k)" ™ + 031('€1)n_2) . (43a)

Here either A or coo can be chosen as free parameters. If A is free, then

1+A 3—A 7 3 5 3
a20 5 a21 5 C11 6’ C12 3’ C21 o1 €22 g’ C31 o4’ ( )
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while if co9 is free, then

19 — 24022

4
2, (43¢)

asn — 2, as1 = 4, A= —5, C11 =

and c12,21,31 have the same values as in (43b]). The role of the free parameters in and is

revealed in the next subsection.

5.3 Stability regions of pRK and NpRK solvers

The hyperbolic PDEs that we consider in this work conserve the “energy” (or the Lo-norm) of the
solution; see [I]. They may also conserve other quantities, such as the Hamiltonian. Eigenvalues of
all P matrices listed in Section 2 lie on the imaginary axis. Therefore, one can expect that ODE
solvers whose stability region boundaries have a high degree of tangency to the imaginary axis are
preferred to be used in the MoC frameworkﬂ This is the feature that we will emphasize in this
subsection.

In Fig. [4] we show stability regions of the RK3 ([13)), cRK4 (see Section 4), the pRK3 (39), and
the pRK4 . The following observations are apparent. First, while the size of the stability region
increases with the solver’s order for the RK solvers, it decreases for the pRK ones. (The latter trend
is the same as that for multi-step solvers.) In particular, the length of the interval along which the
stability is tangent to the imaginary axis appears, in Fig. (zab)7 to be smaller for the pRK4 than for
the RK3. However, Fig. (b) shows that the situation is actually the opposite. (As a quantitative
measure of the degree of tangency of a curve to the imaginary axis, one can use the exponent of
h in the ratio Re(hA) /Im(hA), where (Re(hA), Im(h\)) is a point on the curve. Then the degree
of tangency of any RK3 and pRK3 solver can be shown to be 3, while that of any RK4 or pRK4
solvers is 5.) Based on Fig. (b)7 one can expect that the pRK4 should be able to preserve conserved
quantities of an ODE better than both the pRK3 and RK3 solvers. This was confirmed in [34] for
selected nonlinear, non-stiff ODEs. In Section 8 we will demonstrate a similar trend for a PDE.

Figure [5|illustrates the improvement that NpRK solvers can bring over the pRK ones. Tangency
of the NpRK3 stability regions to the imaginary axis can be improved by a judicious choice of asg;
of the three values shown in Fig. [5| the solver with agg = 1.4 has the best tangency. The tangency
of the NpRK3 solvers can even exceed that of the RK3 one (see panel (b)). Correspondingly, it
was shown in [34] that for the ODEs mentioned in the previus paragraph, the NpRK3 was able

to preserve conserved quantities significantly better than the RK3. Analogous results hold for the

2Such solvers will at least do well in the limit k& — 0, where 9, in can be dropped and the PDE becomes an
ODE. Whether they will do well for arbitrary k£ can only be determined on a case-by-case basis; see the footnote in

Section 3.3 about the leapfrog solver, whose ODE stability region is a segment on the imaginary axis.
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Figure 4: Stability regions of the four ODE solvers for the model equation iy’ = Ay (see any textbook
on Numerical Analysis). As per standard notations, the horizontal and vertical axes denote h ReA
and hImA, respectively. Various line styles denote the solvers as labeled in panel (a). Panel (b)
shows a magnification of panel (a) near the imaginary axis. Line styles pertain to the same solvers

in both panels.

NpRK4 solvers (not shown to save space), except that even the optimal of them (with A = —5 and
co2 = —0.15) does not become quite as good as the cRK4 in preserving conserved quantities. In
Section 8 we will show that optimizing values of the free parameters in the NpRK solvers can also
improve performance of the MoC schemes based on these solvers. However, the optimal values of
parameters are not, in general, those suggested by the stability plots and do vary depending on the

PDE and its simulated solution.
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Figure 5: Stability regions of the pRK3 (thick dashed) and the NpRK3 (solid) with agy = 1.1 (thin),
1.4 (medium), and 1.7 (thick). Panel (b) shows a magnification of panel (a) near the imaginary

axis. The boundary of the stability region of the RK3 is also shown (in (b) only) for comparison.
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5.4 Advantages of the pRK over Adams—Bashforth solvers

The pRK solvers and their Nakashima variety are, essentially, a hybrid between RK and
multi-step Adams—Bashforth solvers. They have two advantages over the latter solvers. First, one
can verify that stability regions of the pRK solvers go closer to the imaginary axis than stability
regions of the Adams—Bashforth solvers of respective orders. Second, and more importantly, the
number of of previous time steps used in Adams—Bashforth solvers is greater than that number
used in pRK solvers. When solving an ODE, this is not a problem (and may only moderately
increase storage requirements). However, the implementation of MoC schemes with non-periodic
BC becomes increasingly complicated as the number of previous time levels involved increases. In
Section 7 we will see that increasing this number from one (in the MoC-pRK3) to two (in the
MoC-pRK4) significantly complicates the implementation of the scheme. In comparison, an MoC-
Adams—Bashforth-4 scheme would need three previous time levels, and coding it for any non-periodic

BC would be very complicated.

6 MoC schemes of 3rd and 4th orders based on (N)pRK solvers
for periodic BC

We will begin by presenting the schemes for the 3rd- and 4th-order MoC-pRK3 and MoC-NpRK3.
We will then present results of the von Neumann analysis for these schemes and thereby arrive at
one of our key conclusions: These schemes exhibit only a weak instability with growth rate O(h),
which is actually weaker than that of the MoC-ME. A demonstration that this instability disappears

for nonreflecting BC, is postponed until Section 7.
6.1 MoC-pRK and MoC-NpRK schemes
In complete analogy with (17)), (14), and for the MoC-RK3, the MoC-pRK3 scheme is:
n n h n n n— n—
(yi)m—H = (yi)qul + E (13("5:{:)qu1 + 5(""5‘:)771:1:1 - (”it)m:FIQ - 5(""5‘:)171:;:12) ) (44&)

where nli are given by and

(K )1 = E5 (i) am ) s (ko = £ (G ) (44b)

(1) @) 2 1

with (yﬁ))ﬁrl and (y(j;))%“ being found with respective local errors O(h?) and O(h3) by (L8).
Once the stage derivatives vaQ are found at time level ¢,_1, they are stored for one time step, to

advance the solution from t,, to t,,11; see the last two terms in (44al). The stencil for the MoC-pRK3
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Figure 6: Stencils for the MoC-(N)pRK3 (a) and MoC-(N)pRK4 (b) schemes. Note that unlike
in Fig. |1} there are no virtual nodes here. Filled (open) circles show nodes where the solution is

available (is to be computed). See text for the explanation of line styles in (a).

is shown in Fig. [6fa). The dashed and dotted lines connect all the nodes required to compute
(yF)2t! and (y =)™, respectively.

The MoC-NpRK3 scheme based on the ODE solver (42a)) has the same stencil, and is given by:

(Y5 )t = (y5 ) mgs + 1 (ern (KT ) + c12(63 )iy + ca1(K7)my ) (45a)

where K,it are given by and

(K3 s = £ () )i ) s s = £ (O i (3 Ve )+ (45D)
() = G5+ A ()0 = F)z) + 1 (a20(s7)5z + an (w77 ) (45c)

with the coefficients a;; and ¢;; computed as in .

To start the third-order schemes and , one can compute the solution at the time level
t1 = h by any second-order scheme, such as the MoC-ME . Also, for periodic BC, a modification
of these schemes near the edges of the computational domain, m = 1 and m = M, is done by .

The MoC-pRK4 scheme is:

n n h n n n— n— n— n—
(yi)erl = (yi)mipl—’—ﬂ (37(Kit)m¥1 + 9(&3:)m$1 - 14(’<’it)m:F12 - 18(K§t)mq:12 + (K’:lt)m:FQS + Q(Két)mq%) )

(46a)
where nli are given by and
(K3 g = £ (00 i ) o k) = £ (0 i G ) - (46b)

The only difference between (46b)) and (44b)) is that for the former, we require a third-order (local
error O(h*)), not second-order, accurate solution, (y(ig))%ﬂ. It can be found by the MoC-pRK3

. Thus, finding a fourth-order accurate solution by the MoC-pRK4 requires first finding its
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less accurate approximation by the MoC-pRK3. Fortunately for the implementation, these two
methods share one stage derivative out of two: mf The stage derivatives, found at a given time
level, are stored to be used at two subsequent time levels. The stencil for the MoC-pRK4 is shown
in Fig. |§|(b) Note that the solution at the node (n — 1, m) is needed to compute (yé))ﬁjl, which is

used by (“ét)?n:m in (46Db)).
The MoC-NpRK4 scheme has the same stencil and is given by:

+ + + + +\n—1 +\n— +yn—2
(Ot =(y Jm=s1 TR (c11 (K7 Jmr1  €12(K2 )1 + c21(K7 ) + C22(K5 )%;12 + cz1(kq )21:;3) )

(47a)
where nli are given by and
(63 oy = £ (O ) ™ ) s s = £ (O 0 (0 e )+ (47D)

with (yT)”m 41 being given by (45c) and the coefficients a;; and ¢;; computed as in (43b)) or (43c).
Similarly to the difference between (46b)) and (44b)), in (47b|) we require (y(jg))ﬁ{HL instead of (y?é))%+l
in (45b]). This solution can be found by either MoC-pRK3 or MoC-NpRK3.

To implement periodic BC for the MoC-pRK4 and MoC-NpRK4, one extends to include

j=3.
6.2 von Neumann stability analysis of the MoC-(N)pRK schemes

We will show details for the MoC-pRK3 and will state only the final results for the MoC-NpRK3
and MoC-pRK4, as the corresponding details are analogous but more technically involved. These
details for the MoC-pRK4 can be found in Section 6.2 of [34]. We did not work out this analysis
for the MoC-NpRK4 since it is even more involved; however, direct numerical simulations with this
scheme indicate that its stability is similar to that of the MoC-pRKA4.

Since (44)) is, essentially, a multi-step scheme, we introduce an “extended” vector:

@ext)z:( Yin ) (48)

Y
and seek to put the linearization of into the form analogous to :
(Fext)m " = ®(2) (Fext)m - (49)
We begin by formally writing the linearization of as
Gt = [[Q, o] + 1% (13K (" + 5K — K™ _5Kg—1>)] (Fost ) = ®1(2) (Fexa) (50)

and will calculate the N x 2N matrices Kg?)’ D one at a time, where N is the length of vector y.

23



Since from :

K‘/+ n K,+ n—1
( ! ) = [P, O] (Yext)p - ( ! ) = [0, P] (Fext)1 , (51a)
K{ - Ky .

then, accounting for the lower indices of the ki-terms in (44al), one has:

kK =-q[p,0], k{"=q?[0,P]. (51b)

To obtain linearization of kg in (44b)), one first notices that linearization of the y(il) -terms in it

is:

Fa)u' = Q([L O] +A[P,0]) Few)), = SU) (3

Foli = QO +4[0,P]) Fext)is = s1;> (Fert) (52)

Note that SE(I); "D are N x 2N matrices. Linearizations of y( previously given by , should

2)’

now be written as:

S 1 s . .

Felw" = 5 |[Q O] +s{)+nr[P, 0}( D) | Gt = 8(3) Gexi)i

I 1 0 .

Gai = 3 |0 esi rniop] (L )| e =567 G 6
(1)

Note that in the last terms in the square brackets, O is the zero matrix of dimension N x 2/N. With

and , the linearization of (44bl) yields the expression for Kggg in :

KO _ g(®) g
Kp) = [Pdiag, O] (()1) + [Poftdiags O] @ . (54a)

Similarly, one obtains:
O O
KEZ)l) =Q [07 Pdiag] (-1) + [07 Poffdiag] (1) . (54b)
S(l) S(2)

Combining (51b)) and (54)) with (52)) and ( . 53) yields matrix ®;(z) in (50). The remaining step of
calculating ®(z) in is straightforward because (y)7, = [I, O] (Yext)r,, Whence

[ ®i(?)
B(z) = ( o] ) . (55)

Representative scaled amplification factors of the matrix are shown in Fig. a). These
factors for the MoC-NpRK3 and MoC-pRK4 are shown in Fig. (b,c). Note that unlike Figs. (a,b),

they predict only a weak instability, with growth rate O(h), for the same P-matrices for which the

24



04 : 0.2
(@) (b) P n with a=0 (c)
P n with a=0

e
3

o
w
o o
(%) [}
S T
=p &
>
Q
I
o

I
»

o
N
o
e

(max|A|-1)/h?
(max|A| -1)/h?
(max|A|-1)/h?
o
w

e

s

[N
o
N

o
-
[N

0

. 0 . 0 .
0 w2 T 0 w2 ™ 0 w2 ™
zZ z z
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P-matrices. (b): Amplification factor for the MoC-NpRK3 with the “optimal” (see Section 5.3)
value agp = 1.4 in (42b)). (c): Amplification factor for the MoC-pRK4. Amplification factors for

other matrices listed in Section 2 are either similar to, or located between, the displayed ones. All

curves are shown for a rather large value of the step size, h = 0.05. For smaller h, the corresponding
curves look almost identical to those shown. For h as large at 0.1, these curves for some of P-
matrices look quantitatively different (but qualitatively the same). This is consistent with the fact
[36, [38] that pRK solvers are less accurate (i.e., have a greater numeric constant in the O(h?) or
O(h*) error terms) than the RK solvers of the same orders. In regards to panel (b), similar curves
obtained for h < 0.01 are insensitive to agy in a large range. For h = 0.05, they are close to the

displayed curves for agy € [0, 3].

MoC-RK3 and MoC-RK4 schemes had the strong instability with growth rate O(1). Note that
while the instability growth rate is greater for the MoC-pRK4 than for the MoC-pRK3 scheme, it
is still some 30% smaller than that for MoC-ME, where the maximum of the curve corresponding
to Py with a = 0 is at 1 (see Fig. 2(a) in [1]).

These results are conﬁrmedﬂ by direct numerical simulations of Egs. with periodic BC, as
shown in Fig. |8, They also show that: (i) the weak instability in the MoC-NpRKn (n = 3,4) can
be made weaker than that of the MoC-pRKn methods of the same order, and (ii) this instability is
stronger for the MoC-(N)pRK4 than for the MoC-(N)pRK3. In the next section, we will demonstrate
that the weak instability for wavenumbers in the “bulk” of the spectrum, i.e. for z away from 0
and 7 in Figs. [7] and [§] is suppressed when one uses nonreflecting BC. The verification that the
numerical errors of all four schemes scale as the appropriate powers of h, is postponed until Section
8.

The results for matrix P4 shown in Figs. [§(a)—(c) quantitatively confirm the corresponding
results in Figs. (a)f(c). For example, from Fig. (a) one finds that A(z = 7/2) ~ 1 + 0.33h2,
whence the growth rate of the corresponding harmonic is 0.33h (see ) This agrees very well
with the growth of this harmonic by 7.3 orders of magnitude, as observed in Fig. (a). We verified

that similar quantitative agreement takes place for all matrices except P1 for the schemes reported

3qualitatively for P; and quantitatively for the other P-matrices; see next paragraph
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Figure 8: (a)—(c): Fourier spectra of numerical solutions of Egs. corresponding to the von
Neumann results shown in Fig. [f{a—c). (d): Same, but for MoC-NpRK4. Simulation parameters:
L = 100, h = 0.05, t = 1000. The initial condition is the white Gaussian noise with standard
deviation 10719, The yé) solutions used by the MoC-NpRK4 are computed by the MoC-NpRKS3.
The free parameter in the MoC-NpRK3 was set to agy = 1.4 (see and Fig. [5)) for panels (b)
and (d); the remaining free parameter in the MoC-NpRK4 was set to caa = —0.2 (see )

in panels (a)—(c) of Figs. [7] and (When the P-matrix depended on parameter a, we verified
the agreement only for two random values of a.) The reason that the amplified noise spectrum in
simulations using matrix P agrees only qualitatively with the results of the von Neumann analysis
is similar to that described in relation to the discrepancy between Figs. [3(a) and Pf(a). Namely: for
each z, the spectrum of the corresponding matrix ®(z) in contains pairs of complex eigenvalues
that differ by an amount much smaller than O(h). This leads to an oscillatory rather than monotonic
growth of the harmonics’ amplitudes, with the “swing” of the oscillations reaching some two orders

of magnitude.

7 MoC-pRK schemes with nonreflecting BC

Implementation of (N)pRK schemes for ODEs is straightforward in the sense that the general
algorithm is to be modified only at the first few time levels. This is common for multi-step solvers
and is accomplished by computing the solution at those levels by a single-step solver. For the
MoC-(N)pRK schemes, applied to PDEs, the situation becomes considerably more complicated:

one also needs to handle nodes adjacent to the boundaries separately from the in-bulk algorithm.
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Let us note, however, that this is a common feature of all finite-difference schemes due to the one-
sided approximation to spatial derivatives being different from symmetric approximations, which
are typically used in the bulk of the grid.

In this section we will present the ideas of how nonreflecting BC can be imposed for the
MoC-pRK3 and MoC-pRK4. The slightly more general partially nonreflecting BC,

¥y (0,t) = Riery  (0,¢) + b (t), ¥y (L, t) = Ruighty T (L, t) + brigne (1), (56)

are imposed similarly. Also, BC (23 (or (56|)) are imposed similarly for the MoC-NpRK3 and
MoC-NpRK4 schemes, respectively. Even though the idea for the MoC-pRK4 case is conceptually
the same as that for the MoC-pRKS3 one, it is technically more complex. Therefore, we will present
them separately and in both cases focus only on the left boundary, since the right one is handled in
an analogous way. The implementation of these ideas in a code is yet another nontrivial task; it is

outlined in Appendix B, where a GitHub link to the actual codes is also given.

7.1 Nonreflecting BC for the MoC-pRK3 ,

The stencil for the MoC-pRK3 in the vicinity of the left boundary is shown in Fig. [9(a). We now
explain how the solution is found at the time levels with n > 2 given the initial condition at the
time level with n = 1 and for m = 1,..., M. First, one computes, for future use, the solution at the

virtual node (n = 1,m = 0), i.e., (yi)(l], by the 3rd-order Lagrange extrapolation:
(y)5 =3y -3y )5+ ()5 n=1, (57)

whose order is consistent with the global error, O(h?), of the scheme. We stress that the extrapo-
lation is used to compute a point outside the boundary only at the time level ¢;. This is because in
general, we do not assume that the solution is smooth (in x), which is the assumption implied in
. Moreover, it is unknown (i.e., requires a separate investigation) how such an extrapolation, if
done for all n, would affect stability of the scheme. Therefore, for all n > 2, finding the solution at
m = 0 will be done by another method, which will be described two paragraphs below.

Second, the solution at n = 2, m = 1,..., M, required to start the MoC-pRK3, is computed
by the MoC-ME scheme, whose error at one step is O(h®). This error will only propagate to all
subsequent levels, but will not accumulate (unlike the local truncation errors), and hence is consistent
with the desired O(h3) global error of the MoC-pRK3. Third, at n = 3, the solution (er)i122 and
(y7)3,>1 is found by the in-bulk algorithm, while (y™)7 is found from the BC (23b]). (Recall that

3

we concentrate on the vicinity of the left boundary only.) Note that determining (y™)3 requires, as

per the mIQ—terms in (44al), the solution (yjt)(l]7 which has been determined at the first step above.
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Figure 9: Schematics illustrating the treatment of the nonreflecting BC at the left boundary for the
MoC-pRK3. See text for details.

A nontrivial extension of the algorithm is required to compute (y*)%, as this requires the yet

undetermined solutions (yi)%. As we have emphasized above, these solutions will be computed
by a method different from the extrapolation . Note that these solutions affect (y*)3 only via
h (niz)g and therefore need to be found only with local error O(h?) in order to guarantee that the
local truncation error of (y¥)3 is h - O(h®) = O(h*). This suggests that (y*)2 can be found by the
MoC-ME. However, it is clear from Fig. @(a) that the standard MoC-ME, whose stencil is given by
the three circles in Fig. [ll cannot be used for this purpose. The key trick that enables the use of the
MoC-ME is to employ the rotated stencil, as shown in Figs. @(b,c). Indeed, the solutions (yi)% and
(y©)3$ have already been found at the previous steps. Then, rotating the stencil shown in Fig. @(b)

by —90°, one obtains the standard MoC-ME stencil in Fig. @(c) The corresponding equations are

(for n = 2):
)E = O F (L )T, (58a)
(vig)h = % )+ 8 FREE () ) | - (58b)

Note that the negative sign in front of h in the expressions for ya) (2) Occurs because the correspond-

ing “steps” are taken in the negative direction along the characteristic £+ = const; see Fig. |§|(b)
At the right boundary, the signs in front of the f*-terms switch compared to those in .

Now that (y*)2 (and the analogous solutions just outside the right boundary), and hence the
solutions (y™)3 (and (y~)3,_;), have been found, the remaining solutions at time level with n = 4
are found by the in-bulk algorithm. The solution for all time levels with n > 4 follows the same
pattern, and the pseudocode is shown in Appendix B.

It is reasonable to ask if in the above algorithm one could avoid using virtual nodes (at the left
boundary, those are nodes with m = 0) altogether by computing only the solutions (y_)?z?’ and

(y+)§23 by the MoC-RK3 (and similarly at the right boundary), while computing the rest of the

solution by the in-bulk MoC-pRK3. The answer to this is ‘no’. The reason is that even with these
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four nodes out of the entire grid being computed by the unstable MoC-RK3 scheme (see Section
3b) renders this “combined MoC-(RK3 & pRK3)” scheme similarly unstable. We verified this by
simulations with P = P4 with a = 0 in [34] (see Sec. 5.9 there).

On the other hand, simulations following the “MoC-pRK3 only” scheme with the boundary
treatment described above show that the mild numerical instability for the intermediate wavenum-
bers is completely suppressed: compare Figs. [§(a) and [10fa). (In this regard, we will comment on
a relatively small growth — by about an order of magnitude over ¢ = 1000 — that is visible as
the “bumps” around the sharp “dips” at the left and right edges of Fig. (a) for P = Py. We
verified that this growth is linear, not exponential, in time, and therefore can affect only ultra-long

simulations, on the order of many millions of time units.)
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Figure 10: (a), (b): Same schemes and parameters as in Figs. [§{(a,c), but with homogeneous nonre-
flecting BC (23). (c): Same as (b), but k = 0.025.

7.2 Nonreflecting BC for the MoC-pRK4 ,

The stencil for the MoC-pRK4 scheme in the vicinity of the left boundary is shown in Fig. (a).
The initial condition is given at the time level with n = 1 for m = 1,..., M. Since the pRK4
is a three-step solver, it requires the solution at three time levels to start the calculations. These
solutions are to be computed with local accuracy O(h*). The only available option to obtain such
a solution is the MoC-RK3. Even though that scheme can be strongly unstable when carrying out
calculations for t = O(1), it is acceptable to use it just for two time levels. Next, similarly to the
situation with the MoC-pRK3, one obtains the solutions at the virtual nodes (n =1,2; m =0, —1)

by the 4th-order Lagrange extrapolation:
) =4 et =6 N2 F AV Vs — (Y Vipss =12 m=0,-1. (59

We emphasize that, as for the MoC-pRKS3, this extrapolation will not be used at subsequent time

levels. The solution at time level ¢4 now has all the ingredients to be computed by the in-bulk

algorithm (46)); see Fig. [11](a).
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Figure 11: Schematics of computing the MoC-pRK4 solution with nonreflecting BC at the left
boundary. (a) Filled squares indicate that a nontrivial computation involving nodes outside the
boundary first occurs at the time level with n = 5. The open circle shows the node where this
nontrivial computation is required. (b) Stencil to compute (y*)3 by the MoC-pRK3. (c) Same
stencil rotated by —90°.

A nontrivial step first occurs in computing the solution at the next time level, t5. It will contain
the trick with the “rotated stencil” as in the MoC-pRKS3 case, as well as an additional twist. To
find (y*)3, one requires (y*)3. In analogy with the MoC-pRK3 case, it needs to be computed with
error O(h*). At first sight, we have two schemes that could accomplish that task: the MoC-RK3
and MoC-pRK3. However, even the stability considerations aside, the MoC-RK3 scheme cannot be
used. Indeed, one is unable to use the regular (i.e., not rotated) stencil for it since, as explained in
the last paragraph of Section 3.1, that would require the knowledge of (y*)? 1, which is not available.
Similarly, if one instead uses the rotated stencil, that would require the knowledge of (yﬂé, which is
not available, either. Therefore, the only available option is to find (y*)3 is by the MoC-pRK3 with
the rotated stencil, as shown in Figs. [1I(b) and (c). In this stencil, we already know the solution
at nodes (n,m) = (1,2), (2,1), (3,2), and (4,1). However, we do not know the solution y at node
(5,2), because this is precisely the solution that we need (y*)3 for!

The way out of this seemingly vicious circle follows from the observation that the (y*)3 which
is required to compute (yi)g by the MoC-pRK3 needs to be computed only with the local error
O(h?). (In contrast, the (y*)3 which will be computed by the MoC-pRK4 must have the local error
O(h®).) Thus, to compute (y*)3 by the “rotated MoC-pRK3”, it will suffice to compute (y*)3 by
the MoC-ME. This can be done readily using the regular (i.e., not rotated) MoC-ME stencil and the
+)3

available solution at time level t4. Thus, to compute (y™)g, one proceeds as follows. First, compute

(yé))g by the MoC-ME using (yi)‘ll’:g. Then, compute (y*)3 by the rotated MoC-pRK3 using

the stencil shown in Figs. [I1]b,c). The corresponding equations are (for n = 3):

n n h n n n n
(yi)o = (Yi)1jEl + 12 (13(“f)1i1 + 5('@&)1i1 - (”?)zﬂ - 5("‘%)2ﬂ) ) (60a)
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with Ii',it being given by and

RO = £ (T8 Gb). k)i = ()b )i, (60b)
(R = (i ), ey = £ (0 i), (60c)

where yi) and yé) are computed by . Note that, as previously in , the “steps” along the

&1 = const characteristics are taken with increment (—h), not h.

Having computed (y*)3, one can then compute (y*)3., -\, and (y )5, -5, by the in-bulk

algorithm , while (y )3 and (y~)3, are supplied by the BC (23b]). For the purpose of generalizing
this step for n > 5, we note that after computing the solution at level n (in Fig. [11|a), n = 4) for
m =1,..., M, one then needs to compute the solution at the nodes (n —1,0) and (n — 1, M + 1),

i)S

as that will be needed to advance to level (n + 1). In particular, having found the solution (y=*);,,

m=1,..., M, we then compute (y*)3 and (yi)‘}wﬂ.
At time level t5, we again need to deviate from the in-bulk algorithm when computing (y™)$

(and similarly at the right boundary), as now (y¥)2; is not available. The latter values are required
with local accuracy O(h*) and can be found by the “rotated MoC-pRK3” using the already available
solutions at nodes (n,m) = (1,1), (2,0), (3,1), (4,0), and (5,2). The trick with using the MoC-ME,
as described two paragraphs above, is not needed here. The remaining steps will follow a similar
*)

pattern. Namely, once the solution is found at level ¢,, for m = 1,..., M, first compute (y 6‘7\41 41 by

the “rotated MoC-pRK3” ; then compute (yi)’f;r}nS as by the MoC-pRK4; and, finally, compute

:I:)n—l

"1 M4o by the “rotated MoC-pRK3”. One is now ready to compute (y*)nt2

(y 1<m<n and so on.
The corresponding pseudocode is presented in Appendix B.

Comparison of Figs. [§a,c) with [10j(a,b) shows that the ability of nonreflecting BC to suppress
the instability for the MoC-pRK4 is less than that for MoC-pRK3. In particular, for h = 0.05,
this suppression is sufficient to eliminate the instability for some P-matrices (namely, P4), but not
all of them: for P;, the harmonics near |k| = kpyax/2 are seen to still grow by some three orders
of magnitude over ¢ = 1000. In [28], we showed analytically that for the MoC-SE and MoC-ME
schemes, the smaller h (or, more precisely, hL), the stronger the unstable modes get suppressed
by the nonreflecting BCs. While we do not carry out a similar analysis for the MoC-pRK schemes
(which would have required a separate study), we can hypothesize that the same phenomenon should
take place for them. This hypothesis is confirmed by numerical simulations: when we used h = 0.025
instead of h = 0.05, the instability near |k| = kmax/2 got suppressed; see Fig. [10{c). The “bumps”

on both sides of the sharp “dips” near the edges of the figure pertain to harmonics that grow linearly,

not exponentially, in time, and hence do not affect any but ultra-long simulations; see a similar note
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for the MoC-pRKS3.

8 Numerical verification

Here we will verify that the MoC-(N)pRK schemes developed in this work indeed have the accuracy
declared. Due to space limitation, we will explicitly do so only for the fourth-order schemes ([34]
contains numerical results pertaining to the third-order schemes). However, note that the MoC-
pRK4 scheme uses the MoC-pRK3 solution at an intermediate step. Therefore, the fact that the
MoC-pRK4 solution is shown to have the error O(h*) implies that the MoC-pRK3 solution must
have the error of at most O(h3). Similarly, since the MoC-pRK4 scheme uses the MoC-RK3 solution
to start the calculations, our results will also imply that the error of the MoC-RK3 solution is at
most O(h3).

Our verification will be restricted to two equations, one nonlinear and one linear. The former is
the Gross-Neveu model [39] of the relativistic field theory, written in the form ([La)):

u +ud =i JumPut 4 (u)?(uh)) — i,

= i( JutPu + ()2 (u™)*) —iut. (61)

Uy — Uy
Numerical schemes for have attracted considerable attention in the last few years; see, e.g.,
[40, [41] and references therein. We will simulate two of its exact soutions. The first one is the

standing soliton [42]:

+ _ —& cosh(Bz) + ip sinh(Bz) . ) .
uz(z,t) = V1I-Q cosh?(32) — 22 sinh? () exp|—i§t + igy], Qe (0,1); (62a)

with ¢g = const and

B=VI-, = 0-Q)/119). (62b)

The second solution is the soliton moving with velocity V. It is obtained from by a transfor-

mation related to the Lorentz transformation:

+1
'+1 -1
ufflov(zn, t) = <\/ * \—/g\/ > ui(:z:mov, tmov ), (63a)
where
r=1/v/1-v2 Tmov =L (x — 29 — Vi), tmov =Tt —V(z—20)) (63b)

and x¢ = const. Equation (63al) can be obtained from that found in, e.g., [43] by a simple dependent
variable transformation. The Gross—Neveu model admits, in particular, two conserved quantities,

charge () and Hamiltonian H:
Q =/ (P + ™ ?) da; (64a)
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H = /Z <—Z((u+)*uj — (u*)*u;) _ % (u+(u7)* + uf(u+)* )2 I (qu(ui)* . uf(uJF)*) ) .

For the soliton , they take on values:

_ 02
VIZ g o (64c)
Q 1-vV1-Q2

This model has, in the notations of Section 2, N* = 1. Therefore, the MoC-RK4 (and MoC-RK3)

Q=2

scheme(s) will be stable or only weakly unstable for it (depending on the boundary conditions used).
However, we will not test their performance relative to those of the MoC-(N)pRK schemes due to,
again, space limitation, as well as in order to maintain our focus on the latter schemes. It should be
noted that the 4th-order method proposed in [40] is (unlike the MoC-(p)RK4) restricted to using
periodic BC; it was demonstrated in [41] that certain solutions exhibit numerical instability for

periodic (but not for nonreflecting) BC.

The second equation is the linear Klein—Gordon equation (2) with ¢ = 1 and g = u. We simulated
it as system with P = Py, given by , with the purpose being to demonstrate an excellent

ability of the MoC-pRK4 to accurately compute very steep spatial fronts.

In all simulations in this section we set the length of the computational domain to L = 100.

8.1 Gross—Neveu with periodic BC

The standing soliton is zero to numerical precision at the boundaries of the computational
domain z € [—-L/2, L/2), and hence it satisfies periodic BC. Two facts that we intend to demonstrate
about the MoC-pRK4 scheme here are: (i) that its error scales as O(h*) and (ii) that it preserves
conserved quantities up to order O(h®) for moderately long timesﬁ For these demonstrations,
we simulate the solitons with = 0.3 and 0.6, shown in Fig. up to t = 200. A technical
aspect about computing the numerical error of a soliton solution over such a moderately long time
is addresses in Appendix C.

The dependence of the errors of the MoC-pRK4 and MoC-NpRK4 schemes on h is shown in
Fig. (a) and is seen to be O(h*). The corresponding dependences of relative errors in @ and H
are shown in Fig. [14|a,b) and are seen to be O(h%). Note that this dependence is the same as the
well-known scaling of the errors of conserved quantities computed by the RK4 solvers for ODEs.
Finally, Fig. c) illustrates that one can significantly improve the ability of the MoC-NpRK4
scheme to preserve conserved quantities by optimizing the free parameter in the NpRK4 solver (see

Section 5.2).

4As we noted in Section 6, for very long times, the numerical solution with periodic BC will be affected by the

weak instability, which will occur primarily for wavenumbers in the interval (kmax/4, 3kmax/4).
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Figure 13: (Color online) (a): Error (see (78b))) of MoC-pRK4 (thick line) and MoC-NpRK4 (thin
lines) for the solitons with {2 = 0.3 (black) and 0.6 (green) of the Gross-Neveu model with periodic
BC versus h. Thin dashed and dashed—dotted lines correspond to coo = —1.5 and 1.0, respectively.
The lines for coo = —1.5 and 1.0 for 2 = 0.3 are indistinguishable in the plot. The thin solid lines
are for the optimal values of cg2 (see Fig. : —0.36 for 2 = 0.3 and —0.40 for 2 = 0.6. The red
dotted line has the slope of 4. Simulations were done for h = L/2'1+0-57 5 =0,...,10. (b): Same,
but for nonreflecting BC and for the MoC-pRK4 only. Simulation parameters (except t¢; see text)
and colors are the same as in (a). Thick and thin lines are for V' = 0.25 and 0.5, respectively, where
V' is the velocity of the incident soliton. Solid and dashed lines are for g = —0.4 and +0.4, where
xq is the position of the soliton center at ¢ = 0 relative to the left boundary of the computational

domain.

Let us note that Figs. [13(a) and [14|(a,b) show that while optimization of the free parameter in
the MoC-NpRK4 leads to a significant reduction of the drifts of conserved quantities, it has only
minor effect on the error of the solution. This is explained by the fact that the error at ¢ = 200 is
computed relative not to the exact soliton but to the soliton whose 2 is adjusted (see Appendix
C) according to the varying @ (or, equivalently, H: see (64c|)). Thus, the error whose norm is

plotted in Fig. (a) does not contribute to the drift of QQ and H.
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Figure 14: (Color online) (a) and (b): Similar to Fig. [L3|a), but for the errors in @ (a) and H
(b). The red dotted line has the slope of 5. In (b), the lines corresponding to the MoC-pRK4 for
2 = 0.3 and MoC-NpRK4 with cgo = —1.5 for 2 = 0.6 can be distinguished only in color. (c):
Thick lines: Errors in @ (solid) and H (dashed) versus cao for MoC-NpRK4 for 2 = 0.3 (black) and
Q = 0.6 (green); h = 0.025. The thin horizontal lines with respective colors and line styles show the
errors for the MoC-pRK4.

8.2 Gross—Neveu with nonreflecting BC

In order to confirm that the algorithm of handling nonreflecting BC presented in Section 7 preserves
the order O(h*) of the MoC-pRK4 scheme, we simulated the entering of a soliton into a medium

governed by Egs. . The corresponding BC, and the initial condition consistent with them, are:

ut(0,t) = ut . (0,1), uw (L, t) =0; (65a)
ut(z,0) = uk (z,0). (65b)

For reasons explained in Appendix C, the simulation time needs to be much shorter than that in
Section 8.1, and we used ¢ = 5. During this simulation time, and for the parameters V and x( of
the incident soliton reported in the caption to Fig. b), the field at the boundary is essentially
nonzero, as follows from Fig. The error for the MoC-pRK4 is shown in Fig. (b) and is seen to
scale as O(h?). We did not show corresponding results for the MoC-NpRK4 scheme because in the
pulse-entering problem, one is not concerned with preservation of the conserved quantities, as they,

naturally, vary as the pulse enters the medium.

8.3 Linear Klein—Gordon

Here we demonstrate convergence of the MoC-pRK4 scheme for Eq. with ¢ = 1 and g = u and

an initial condition with steep fronts (see Fig. [15[a)):
u(z,0) = exp [ — scq], g = 10 or 20; ut(z,0) = 0. (66)

In what follows we limit out simulation time to ¢ = 10, whereby the field does not have the time to

reach the boundaries of the computational window located at © = +L/2; recall that L = 100 in this
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section. Therefore, the corresponding exact solution coincides with that on the infinite line:

o 1 [
u(x,t)—/ e*® ho (k) cos(v/ k2 + 1t) dk, uo (k) / e Fy(z,0) dx . (67)

:g .

The transformation between the linear Klein—-Gordon equation and its form is given by:
+ + _
yi = (Ep—w)/2, vy = (vtw)/2, (68)

where v = uy and w = —uy, and p is an auxiliary variable satisfying compatibility conditions:
Pt = uy +w and p, = u; — v (see [I5]), with p(x,0) = 0. In our simulations, we had vectors y=*

satisfy the nonreflecting BC with biegt right = 0.
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Figure 15: (Color online) (a): Solution (solid black lines) of with (equivalent to with
g = u) for each of the initial conditions (shown in color), obtained with h = 0.0125 at ¢t = 5;
it is symmetric with respect to z = 0. Solution at ¢ = 10 is similar but more spread out. Since in
some applications, it is either u; or wu, that has physical meaning, we also show u, (dashed lines).
Thick (thin) black lines correspond to the solution for the initial condition with ¢ = 10 (¢ = 20).
These two lines are almost indistinguishable in the plot. (b) Error for u and wu, of the solutions
shown in (a); line styles mean the same as in (a). (c) Relative ¢y-error of the solution of (),
at t = 10 for both initial conditions. The red dotted line has slope four. Since the yZi—components
of the solution involve w = —u,, the fo-norm of the y-error is proportional to the Sobolev norm of

the u-error.

Figures (a,b) show that the MoC-PRK4 scheme computes the steep fronts of the solution very
accurately, and Fig. (c) further shows that even for those steep fronts, the scheme preserves the

O(h*) order of the error not only in the maximum norm of u but also in its Sobolev norm.

9 Summary and discussion

We have considered systems of (N, N7) coupled first-order hyperbolic equations of the form
in one spatial dimension. We have constructed, for the first time to our knowledge, 3rd- and 4th-
order MoC schemes based on the explicit ODE solvers. When employing RK solvers, we found (in

Sections 3 and 4) that while the resulting MoC-RK schemes were essentially stableﬁ for N* =1 and

®Here the word ‘essentially’ refers to the fact that instability with the respective growth rates O(h®) and O(h®)

still remains (see the end of Section 1), but can be ignored as inconsequential for most applications.
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for some cases with N* = 2, they were strongly unstable for other N* = 2 cases, including that of
the important Klein—Gordon equation. Based on our extensive experimentation with various ODE
solvers, we hypothesized that the common feature of all such unstable schemes is that they involve
virtual nodes (i.e., nodes off the grid; see Fig. [1)). Consequently, we proposed to use pRK solvers
(Section 5) instead of RK ones, and the resulting MoC-pRK schemes (Section 6) were found to be
only weakly unstable, with the instability growth rate being O(h), for periodic BC. Importantly,
we further demonstrated (in Section 7) that this weak instability disappears for nonreflecting BC
, which are more common in physical applications than periodic ones. It should be noted that
implementation of nonreflecting BC required non-trivial treatment of the near-boundary nodes, as
explained in Section 7. A link to the codes themselves is found at [30]. For partially reflecting
BC , which generalize the nonreflecting BC, our MoC-pRK schemes are implemented similarly.
The MoC-pRK schemes are capable of resolving sharp fronts of the solution without introducing
spurious oscillations (see Section 8.3).

In the remainder of this section we will discuss extensions of our schemes to systems more general
than . First of all, MoC-pRK schemes are easily extended from to the following system with

three characteristics:
vi+yi=ft(y".y .n), vy, -y,=f (y,y.n), n=f(y"y,n). (69

They arise when the waves yT interact with a medium, described by variable n; examples are
electromagnetic propagation in distributed-feedback semiconductor lasers (e.g., [44} [5] and references
therein) and Stimulated Brillouin Scattering (see, e.g., [45]). Below we illustrate the extension of
the schemes developed in Section 6 to systems using the MoC-pRK3 as an example; it is
conceptually similar for the MoC-pRK4.

The extension of the general algorithm (i.e., disregarding boundaries) is straightforward: Egs.

are replaced with
() = E (s Y Do (7)€ {£, med; (70a)

Eqgs. are supplemented with

n n me n n 1 n n me n — n n
(n(l))erl = (n)m+h (K’l d)m; (1’1(2))er1 = 5 |:(n)m + (n(l))m+1 +hf d ((ya))m’ (y(l))ma (n(l))m> :| ;
(70b)
in Eqgs. (44b)), the third argument, (n(g))?nﬂ, is added to f* and one also sets
(=), = £ (v i (i i () (70c)
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finally, Eqs. (44a)) are supplemented with

n n h m n m n my n— mu n—
()it = (), + oo (180T, + 5(s5 ) — (Pt = 5(e5=it ) (T0d)

To illustrate the new (compared to that treated in Section 7.1) issue that arises in the com-
putation of the outside-the-boundary nodes, let us consider the computation of the fields at node
(n,m) = (2,0); see Fig. @ In order to compute (y*)2, one requires the knowledge of (n(l))%. The
following two key realizations should be made here. First, one cannot compute (n(l))% using the
rotated stencil in Fig. |§|(b,c) and the first equation in because it would have required an
equation for n,, which is not available (see (69)). Second, (n(;))§ does not need to be computed
using specifically the stencil in Fig. @(b,c); it just needs to be computed n some way that is con-
sistent with . Such a way is to simply use the first equation in with n = 1 and m = 0,

all ingredients for which have already been found. Finally, one computes (n(z))g using the second

equation in with n =1 and m = 0.

Another generalization of Egs. includes advection-dominated problems where small diffusion
is present in f*. Numerical implementation of such terms is straightforward: one simply computes
yL. within one time level. However, their presence changes the Jacobian matrix P in Eqgs. (f)
so that its eigenvalues now lie in the left half of the complex plane. This will require redoing
stability analysis of the MoC-RK and MoC-pRK schemes with a new P. It is even possible that the
strong instability of the MoC-RK schemes could be suppressed by dissipation. On the other hand,
one should keep in mind that the stability region of MoC-pRK schemes can be smaller than that
MoC-RK schemes: see Fig. [4

Let us now comment on the issue of generalizing higher-order MoC schemes to two spatial
dimensions. A well-known method to apply the MoC of order up to 2 on a rectangular spatial grid
is by using operator splitting (OS), applying a one-dimensional scheme along one dimension at a
time over a substep At;, where Y ;| At; = At and s is the number of stages in OS. However, if
one intends to avoid interpolation, one must use At; that are integer multiples of the spatial steps
Ax = Ay = At. The problem is that no OS scheme with such At; is known to have the order higher
than 2, and using a second-order accurate OS will annihilate the advantage of using a higher-order
MoC scheme per each spatial dimension. Therefore, the extension of higher-order MoC schemes to

several spatial dimensions is a nontrivial open problem.

Finally, let us comment on the issue of comparison of the MoC-pRK4, proposed in this work,

with the MoC scheme using an implicit RK4 solver, proposed in [26]. For brevity, we will refer to it
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as the MoC-iRK4 scheme. Let us note that it implements the implicit step as a predictor-corrector,
with the number of corrector stages advocated in [26] being three. First, and most importantly,
we note that stability of the MoC-iRK4 has not been studied analytically, and, to our knowledge,
applications of that scheme were reported only to equations with N* = 1 or N* = 2 with
P = P; [2]. Thus, the question whether MoC-iRK4 is stable for N* = 2 and the other four
P-matrices listed in Section 2, remains open. We will address it in a future publication.

Therefore, here we will limit our task to comparison of the number of function evaluations (FE)
per variable in the MoC-iRK4 and MoC-pRK4 schemes, which should give one a rough idea about
relative execution times for the two schemes. The predictor stage of the MoC-iRK4, given by Eqgs. (8)
in [26], requires 2 FEs (with f(x,,y,) being saved from the previous step), and each corrector stage,
given by Egs. (7) there, requires 2 more. Thus, for one predictor and three corrector stages (see
above), one needs 8 FEs per variable. In the MoC-pRK4, one computes k1 by and Ko by
at each step, which amounts to 2 FEs. Next, the computation of k2 requires y(3), which in turn
requires its K (same as above) and k2 (Egs. ); this is 1 more FE. Finally, the latter ko requires
¥(2), which takes 1 more FE as per . In total, the MoC-pRK4 requires 4 FEs per variable per
step, and hence its execution time should be approximately half that of the MoC-iRK4.

Let us also note that application of the MoC-iRK4 to systems of the form required interpo-
lation of solution to nodes off the grid (as in Fig. , whereas the MoC-pRK does not require

such an interpolation.
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Appendix A: Derivation of stable P matrices and their physical

context
A1l Case Nt=N"=1

The obvious necessary condition for system to be stable for £ = O(1) is that it be stable
for £ = 0, which amounts to P having only imaginary eigenvalues. This yields the allowed form
of P:

P =iai01 +ias0o, (71a)

where a12 € R. Terms iapo¢ and iagzoz with ag3 € R are absent in @ since they can be
removed by a phase transformation: y* — y& exp[—i(aot £ azx)]. It is straightforward to
verify that for (71a), the plane-wave solution, proportional to expli(kz — wt)], is stable for all
ke R.

Now, can be transformed into a form where only one of o1 and o9 is present. For
example, if originally as # 0, then a similarity transformation with matrix reoy + o3, where
r=1i ( (a1/a2)?*+1— (al/a2)>, sets ag = 0. Note that this transformation does not affect
matrix X = o3 in . Therefore, for NT = N~ = 1, one can take, without loss of generality:

P=io,. (71b)

In the context of coupled modes in a waveguide, the coefficients a; and ay in (71al) describe
coupling via spatial modulation of, respectively, refractive index and gain/loss in both counter-
propagating [5, [6] and co-propagating [2, BI] geometries. Matrix (71b]) also arises in the one-

dimensional relativistic field theory; examples are the Gross—Neveu and Thirring models.

A2 Case Nt =N—=2

Here we will consider two groups of models describing propagation of electromagnetic field in
optical fibers. The field vector in a fiber has two components, referred to as polarizations. Typi-

cally, they propagate with slightly different speeds; this phenomenon is known as birefringence.
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The two polarizations can be coupled linearly by spatial modulation of the fiber’s refractive
index. In addition, there can be linear coupling to the field in another, closely placed fiber.
Finally, there can be nonlinear coupling, via the refractive index’s nonlinear part, to a co- or

counter-propagating field in the same fiber, as well as between two polarizations of the same

field.

The first group contains just one model, where two polarizations in one fiber are coupled
linearly to each other as well as to respective polarizations in a closely placed fiber [2]. The
corresponding matrix has the form:

P:z‘("l MO), a € [0,00), (72)

a o g1

where parameter a accounts for the relative strength of the two types of coupling. In order to
make the form of the diagonal blocks of P matrices of both groups the same, we cast into

an equivalent form . This can be achieved by a similarity transformation with matrix

sz(V+ O_), (73)
o Vv

where V* are some invertible matrices. One can show that (73)) is the only similarity transfor-

mation that does not affect matrix ¥ in (bal).

The second group comprises several models, each describing nonlinear coupling between po-
larizations of counter- and co-propagating fields. For a summary, see [32] and also below. The
same or closely related models had been also considered in [7], although equations derived there

were not put in the form (74]). The general form of these models is:

st s =sF x JesT + 57 x JgsT, (74)

T .
where s* = (sf, séc, sgt) are the Stokes vectors of the two fields, ‘T’ stands for transposition

and J.s are matrices accounting, respectively, for cross- and self-interaction of s*. The real-
valued components of the Stokes vector are defined in terms of the complex-valued field vector
E = (B, E)T as:

s = (E)T o B, j=123 (75)

where FEjo are the polarizations and ‘x’ stands for complex conjugation. In the context

9

of counter-propagating geometry, superscripts ‘+’ and ‘—’ refer to forward- and backward-
propagating fields. In the context of co-propagating geometry, the same identification can be

made formally, as described after Eq. . The form of matrices J¢ s has been derived for five
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different physical models. Below we use the order of entries of these matrices consistent with
definition .

The first model describes two counter-propagating fields in an isotropic fiber, in which case [8]:

Je = diag(—2,—-2,0), Js = diag(—1,-1,0). (76a)

The next two models describe counter- and co-propagating fields in a randomly birefringent

fiber, where, respectively [9]E|
J. = diag(1, -1, -1), Js =0, (76b)

and

Je = diag(1,1,1), Js=0. (76¢)

The last two models describe interaction of counter- and co-propagating fields in a spun, highly

birefringent fiber, where the respective matrices are [10} [I1]:
3
Je = (1 - aﬁber) diag(la -1, _2)7 Js = 5 Qfiber diag(ov 0, 1)a Ofiber € [_1/27 1}; (76(1)
and [12]:

Je = (1—agper) diag(1l, —1, —2)—3 diag(1,1,0), Js= ;aﬁber diag(0,0,1), agper € [—1/2, 1]; .
(76e)
Parameter agper = 1 — (3/2) cos? gper in these equations characterizes the relative strength
of the spinning and birefringence, with @gpe being the degree of ellipticity of the polarization
eigenmodes of the fiber (pgper = 0 and 7/2 correspond to linear and circular eigenmodes,
respectively). Note that agpe, in , is not the same as a in @7, although the
two are related. Model with agper = 0 was earlier derived in [I3] in a different physical

context.

Two remarks about Egs. are in order. First, the numeric values of entries of J¢ s are dictated
by fundamental physical properties of the nonlinear refractive index of the fiber and cannot be
taken arbitrarily, as, say, diag(a1, as,as). Second, these entries cannot be scaled relative to one
another; e.g., J. = diag(1, —1, —1) cannot be transformed to J. = diag(1, —1, —2) by any linear

transformation of the Stokes vectors s*.

SExpressions (76b)), (76c)) correct a typo that resulted in an incorrect order of entries in [9].
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In deriving stable P matrices from models , we follow the approach of [1]. Namely, we

consider six stationary solutions of ([76)):

for one of j = 1,2, or 3, with (77)
the other two components of s* being 0.

For brevity, we will refer to these solutions as (j=+), where j and + correspond to the particular
choice of the component and the sign in . For each model in we obtain P from lineariza-
tion about each of these solutions; this results in 30 matrices. The explicit form of P allows us
to determine which of solutions are physically stable for a given model in ; this is done
by numerically finding the dispersion relation w(k) for the plane wave solution o expliwt —ikx].
For model , the only physically stable solution is (34+), and its P corresponds to P3 with
a = —1/2. For model (76b), the stable solutions are (1+), (2—), (3—), and the corresponding
matrices can be reduced to P3 in @ with ¢ = 0 by a similarity transformation . The sta-
ble solutions (14), (2+), (3+) of model result in the same matrix. The stable solutions
(14), (2—) of model result (either directly or via a similarity transformation) in P4 in
(10)), and the stable solution (3—) results in P3 with a € [—-1/2, 7/4]. The stable solution (1+)
and (24) of model result in Ps in (L1)), while the stable solution (3+) results in P3 with
a € [—3/2, 3/2]. All solutions not mentioned above are physically unstable, and hence their
P matrices are not considered in this work. (This includes matrices P4 and P5 with values of
parameter a that correspond to values of agpe, allowed by and but that are outside
of the intervals for a listed in and )

Appendix B: Pseudocodes and codes for MoC-pRK{3,4}

schemes with nonreflecting BC

To improve visual clarity, in these pseudocodes we will not use boldface font for variables.

Recall that the nodes of the grid are numbered with 1 < m < M. Then the virtual nodes
nearest to the grid on the left and right are numbered as m = 0 and m = M + 1, respectively,
and the next-to-nearest nodes are numbered as m = —1 and m = M + 2. Notations like y[; .. p
will refer to all nodes with 1 < m < M, while those like yj; a7y will refer to only two nodes
m =1 and m = M. At each time level except the first, the algorithms first handle virtual
nodes outside the grid and then those inside the grid; the corresponding groups of steps are
labeled as OG and IG. This order is dictated by the fact that the OG calculations are performed

at earlier time levels.
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Equation numbers for the computation of a specific variable (e.g., for k1) are listed only
once per pseudocode. Also, some of these listed equations pertain only to the left boundary;

their counterparts for the right boundary are obtained straightforwardly.

Schematics of the pseudocodes are illustrated in Fig. Only the left boundary and the flow
of the computation of the components along the positive characteristic are shown; for the right
boundary and the negative characteristic they are analogous. The emphasis of this schematic

is on the OG calculations, and hence only the m = 2,3 nodes for the |G calculation are shown.

We note that these pseudocodes use a different organization of OG calculations than the pseu-

docodes presented in [34].

Finally, the actual Matlab codes for both schemes are found on GitHub [30]. The main groups
of logical steps that these codes have while the pseudocodes below do not are: (i) reassignment
of k’s computed at previous time levels (e.g., as n is increased, one reassigns k"~ ! — k"2,

etc.) and (ii) storage of near-boundary values.

- a _
n=4 ( ) Py P n=5

m=0 m=1 m=2 m=3 m=-1 m=0 m=1 m=2 m=3

Figure 16: Schematics illustrating the pseudocodes. Filled (open) circles represent real (virtual)
nodes. Solid arrows show the flow of an inside-the-grid calculation along the positive characteristic.
Dashed (dotted) arrows indicate an outside-the-grid calculation (retrieval of stored data) to compute
(retrieve) the virtual node to which the arrow is pointing. The numbers in front of ‘OG’ and ‘IG’ and
next to the arrows correspond to the time levels as numbered in the pseudocodes. Panels (a) and
(b) correspond to the MoC-pRK3 and MoC-pRK4 schemes, respectively. In panel (b), two labels are
missing due to lack of space: 4.0G for the arrow from node (n,m) = (3,1) to (2,0) and 5.0G from
(4,1) to (5,2). Note that while the latter arrow (thin dashed) is located inside the grid, it belongs
to the ‘OG’ group.

MoC-pRK3 pseudocode

while n < nmax
if n=1
IG: (yi)ﬁ:: M given by initial condition
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IG:  Compute (x] )i ar—1) and (51 )5, 5 by (14)
else if n=2
OG: Compute (yi)[0 M+1] by (5
IG:  Compute yi) ) by MoC-ME and BC (23b))
)1M1]and( 2M]by-
)

(
IG:  Compute (rg
( ;r [1:: M—1] and( )[2::M]

IG: Compute (k

else (n>3)
OG: if n=3
Retrieve (yi)%ﬁjﬂ] fromn =1
else

Compute (y* )[ by the rotated MoC-ME (/58))

0, M+1]
end
OG: Compute (%1,2)n and (’{172)71647-21
)M any by MoC-ME
2+ﬁ M— 1]and( )[2 M]
M) Py MoC-pRK3 (444))

1) Ad (K1),

IG:  Compute (y 1
IG:  Compute (k3 )
IG: Compute (yi)

IG:  Compute (k7" ).
end

end while

MoC-pRK4 pseudocode

while 7 < nmax
if n=1
IG: (yi)ﬁ:: M given by initial condition
IG:  Compute (f@f)ﬁ vy and (RI)FQ M) Py
IG: Compute (y( ))ﬁ+M 1] and (y(l))gﬂw] by
(% These will be used at the next n to compute ko at this n.)
elseif n=2 or n=3
OG: Compute (yi)?_fllj()’ M1, M+2] DY
OG: if n=3
Compute (/@§+))6‘_2 and (/’ﬁ}g
Compute (ng+))g_2 and (K,éi

end

= ﬁ M) by MoC-RK3 ((17) and BC (23b)

(v™)
IG:  Compute (m;)ﬁ 5\/1_1] and (kg 2 M] by -
IG:  Compute (nf)ﬁ:M_l] and (k )[2 M]
+ yn+1 n+l
IG: Compute (y(}))iy:pr—1) a0d (Y1)
end
else (n >4)
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OG: if n>14
Compute (yé))&M_l] by the MoC-ME

end
OG: if n=4
. +\n—2
Retrieve (y )[07 M+1]
else (n>15)

Compute (y* by the rotated MoC-pRK3

o 41y
end

OG: Compute (k (H)nf2 and (”gi))?/ffl

OG: Compute (k (+))n % and ("’fé—))rj\b/l—fl

OG: if n=4 or n=5

Retrieve (yi)?__lgMJrz}
else (n > 6)

Compute (yi)[ 1 M+2] by the rotated MoC-pRK3
end

1* and (- )5

7% and (Hg_))X/I_EQ

M) by the MoC-pRK3 -

Ws)
IG:  Compute (m;)ﬁ_M 1] and (ks )[2:;M]
IG:  Compute (yi)ﬁ::M} by MoC-pRK4 and BC
IG:  Compute (f@f)ﬁ .v—q) and (’57)?2 M]
IG:  Compute (y(ﬁ))FﬁM jp and (y(l))?zﬂm
end
end while

Appendix C: Technical considerations for computing numerical

error in Section 8

If computed by the naive formula

ef = max |[ut(z,t) — ugf)l(x,t)] , (78a)
x

naive

where usol(x t) is given by . the error €. would grow in time due to the following. The

naive
scheme’s discretization error at every time step causes the soliton parameters €2, V', ¢o, and z¢
to drift. (For the standing soliton , only © and ¢ will drift due to symmetry considerations.)
As the discretization error is approximately constant in time for the constant soliton profile,
this drift can be assumed to have approximately constant rate. A drift of ¢g at a rate bo causes

the error, computed by (78a]), to grow linearly in time, since |expliggt] — 1| o ¢ for |got| < 1.

Similarly, a drift of Q at a constant rate § causes the error to grow quadratically in time, since
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now the soliton’s phase is fot Q(t)dt' = Q(0)t + Qt2/2. Since, in general, both ¢ and Q drift,
the time dependence of the error depends on the relation between (ﬁo and Qf. A typical result
is shown in Fig. (a). Such a growth of the error due to the phase drift would mask an error
occurring due to the changes in the soliton’s profile and which, for practical purposes, could be

deemed more essential than the phase error.

-6 -6
o5 x10 ‘ ‘ ‘ 3 x10
(@) (b)
525F
2 . =
naive < Al 50/ 0
15 I Q/Q(t=0)
= w
w ,_115’
= o
ir 4
o1
adjusted e ~ 5 H/H(t=
05" J L os 0 H/H(t=0)
0 : : : 0« : : :
0 50 100 150 200 0 50 100 150 200
time time

Figure 17: (a): Evolution of the solution error of MoC-NpRK4 with ¢z = 1 and h = 0.025 with

periodic BC.  (b): Evolution of errors of @ and H for the same simulation.

Thus, to avoid this growth, we computed the error as
+ + + 2 —\2
¢ = max u¥(e,0) —udy @) el = () + ()7, (78b)

where in the last term of the first expression, parameters 2 and ¢g of the soliton are being

continuously adjusted. This adjustment proceeds as follows. First, at each time step, one com-
putes the soliton’s charge Qcomp from and the numerical solution u®(z,t). As illustrated
in Fig. (b), Qcomp drifts in time due to the scheme not being exactly conservative. Given the
first relation in , one infers that

Qeomp = 1/ (1 + (Qeomp/2)*) - (79a)
Second, one measures the phase ¢eomp(t) of the computed solution as the phase of (u™(0,t) +

u=(0,t)). (For the exact soliton (62), the phase of (u*(z,t) + u™ (z,t)) would equal (—t)
uniformly in z.) Then in (78b), one sets

h com :l: ) com i h com .
uE (2,1) = /T Qeomp — (Beomp ) & ittcomp Sh(Seomp 7) explideomp(t)],  (79D)

1 -
0 cosh? (Beomp ) — ,ugomp Slnh2(ﬂcomp x

where Beomp and ficomp are related to Qcomp by (62D)).

In order to use (79al) to compute the error of the soliton entering the medium, as in Section

8.2, one would have to adjust not only €2 and ¢q, but also V' and xy. We do not do so for two
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reasons. First, it is considerably more complicated than adjusting just 2 and ¢g of the standing
soliton; this, in particular, is due to the fact that as the soliton is entering the medium, small
changes in 2 and ¢y become coupled to those of V' and xg. Moreover, there is actually no need
to carry out a long-term simulation of a soliton entering the medium to evaluate performance
of a numerical scheme. Indeed, simulating the standing soliton over a long time was needed
not to confirm its accuracy, but rather to verify that it can preserve conserved quantities to
a given degree in long-term simulations. In the pulse-entering problem, one is not concerned
with preservation of the conserved quantities, as they, naturally, vary as the pulse enters the

medium. Therefore, in this case, we computed the error only up to ¢t = 5 using the “naive”

formula (78a)) and did not compute the error in ¢ and H.
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