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ABSTRACT

The Method of Characteristics (MoC) is a well-known procedure used to find the
numerical solution of systems of hyperbolic partial differential equations (PDEs).
The main idea of the MoC is to integrate a system of ordinary differential equations
(ODEs) along the characteristic curves admitted by the PDEs. In principle, this
can be done by any appropriate numerical method for ODEs. In this thesis, we
will examine the MoC applied to systems of hyperbolic PDEs with straight-line and
crossing characteristics. So far, only first- and second-order accurate explicit MoC
schemes for these types of systems have been reported. As such, the purpose of this
thesis is to develop MoC schemes which are of an order greater than two.

The order of the global truncation error of an MoC scheme goes hand-in-hand
with the order of the ODE solver used. The MoC schemes which have already been
developed use the first-order Simple Euler (SE) and second-order Modified Euler
(ME) methods as the ODE solvers. The SE and ME methods belong to a larger
family of numerical methods for ODEs known as the Runge-Kutta (RK) methods.
First, we will attempt to develop third- and fourth-order MoC schemes by using the
classical third- and fourth-order RK methods as the ODE solver. We will show that
the resulting MoC schemes can be strongly unstable, meaning that the error in the
numerical solution becomes unbounded rather quickly.

We then turn our attention to the so-called pseudo-RK (pRK) methods for ODEs.
The pRK methods are at the intersection of RK and multistep methods, and a variety
of third- and fourth-order schemes can be constructed. We show that when certain
pRK schemes are used in the MoC, at most a weak instability, or no instability at all,
is present, and thus the resulting methods are suitable for long-time computations.
Finally, we present some numerical results confirming that the MoC using third- and
fourth-order pRK schemes have the desired accuracy.
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1 INTRODUCTION

The purpose of this thesis is to develop higher-order numerical methods used to
solve hyperbolic partial differential equations. The numerical schemes developed will
follow a framework which applies Runge-Kutta methods to the well-known Method

of Characteristics.

1.1 HYPERBOLIC PARTIAL DIFFERENTIAL EQUATIONS

AND CHARACTERISTICS

First, we introduce the concept of a hyperbolic partial differential equation (PDE).
The general quasilinear second-order nonhomogeneous PDE in two variables is

given by

where A, B,C are coefficients which may depend on t, x,u, us, u,, D, E, F are coef-
ficients which may depend on t,z,u, and G is a nonhomogeneous term which may
depend on ¢, z. In the context of this thesis, ¢ and x are the time and space variables.

The characteristics of a PDE are the curves in the solution space over which
information propagates. For PDEs of the form (1.1), a differential equation for the

characteristics is given by

dr B+ +vB?—-4AC

(1.2)

dt 24




PDEs of the form (1.1) are classified as elliptic, parabolic, or hyperbolic. This nomen-
clature is in analogy with the usual conic sections of Euclidean geometry. The classi-

fication is based on the sign of the discriminant, /B? — 4AC. If the discriminant is
positive, then the PDE is hyperbolic. Therefore, according to (1.2), hyperbolic PDEs
have real and distinct characteristics.

A classic and simple example of a hyperbolic PDE is the wave equation,
Ut — gy = 0, (1.3)

where ¢ is a positive constant usually having the meaning of the wave’s speed. In
(1.3), A=1, B=0, and C = —¢?, and therefore by (1.2), a differential equation for

the characteristics is given by

dzx
— = *ec. 14
7 c (1.4)

Integrating (1.4), one obtains the characteristics of (1.3),

r—ct=¢& and x4 ct=E&, (1.5)

where &; o are some constants. More complicated systems of hyperbolic PDEs arise

frequently in the natural sciences. A form which occurs often is:

Uy + CUiy = fl(ula UQ) (168’)

Uy — CUgy = f2(U1, U2)> (1‘6b)

where f1 2 are some differentiable functions. In this case, it can be shown that the
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characteristics are also given by (1.5). Note that the characteristics (1.5) are cross-
ing; see Fig. 2.1. This fact will play a key role in motivating the research undertaken
in this thesis.

Let us briefly comment upon the physical relevance of systems with straight-line
characteristics. A large body of problems which admit straight-line characteristics
have been reviewed in [1]. In Sec. 1.6, we will introduce two such systems which will

be extensively analyzed in this thesis.

1.2 METHOD OF CHARACTERISTICS

Now equipped with the knowledge of hyperbolic PDEs and characteristics, we intro-
duce the Method of Characteristics (MoC), a widely used method for solving them.
We describe the MoC here with a simple example, with only one characteristic (as

opposed to two, as in (1.4) and (1.5)), which still involves two stages.

1.2.1 HOMOGENEOUS CASE OF THE MoC

At the first stage, consider a homogeneous hyperbolic PDE

wy + cw, =0, (1.7)

where ¢ is a positive constant, with initial and boundary conditions given by



The general solution of (1.7) is
w(x,t) =w(x — ct), (1.8)
and the characteristic is
x—ct=¢, (1.9)
where ¢ is constant. To arrive at (1.8), one makes the change of variables
(x,t) = (£ =z —ct,it). (1.10)

Applying the Chain Rule to (1.7) under change of variables (1.10), one obtains:

NN

This implies
wi(§,1) =0, (1.11)

and thus the solution of (1.7) does not change along the characteristic (1.9).
Let us show how a numerical solution of (1.7) given by (1.8) can be computed on

the grid

Ty = mh, t, =nAt, mn=0,1,2,..., (1.12)



where h = cAt (see Fig. 1.1). Let W denote the numerical solution of (1.7) at the

Figure 1.1: Grid given by (1.12)

point (m,n) on the grid. Thus, the initial and boundary condition are

W? = é(z,,), m >0, (1.13a)
W =g(ta), n =0, (1.13b)

and by (1.8)

Wr?%n - ¢($m_n)7 m Z n,
W = (1.14)

W™ =g(th—m), n>m.

This scheme is the MoC used to solve (1.7).



1.2.2 NON-HOMOGENEOUS CASE OF THE MoC

Now, consider the non-homogeneous case of (1.7),
wy + cw, = f(z,t,w), (1.15)

where ¢ is constant and f(z,t,w) # 0. In this case, following the derivation of (1.11),

one arrives at

wy = f(&,t,w), (1.16)

and so the solution will change along the characteristic. When solving (1.16), one
must treat £ as a constant parameter, because in the variables (&,t), one keeps ¢
constant when evaluating 0,w.

Therefore, one arrives at the numerical scheme

At
Wi =W""1 + fE t,wE, ) dt, n>1, m >0, (1.17)

(n—1)At

where the initial and boundary condition are identical to (1.13).

In scheme (1.17), the expression

| M fetwlen) d

n—1)At

is merely a symbol that denotes the numerical integration of (1.16). This integration
can be performed by any appropriate numerical method for ODEs. The notation

w(&, t) refers to the solution along the characteristic with a constant value of .



1.2.3 THE MoC FOR SYSTEMS WITH CURVED CHARACTERISTICS

Suppose we wish to generalize the approach leading to schemes (1.14) and (1.17) for
a system of two PDEs with intersecting families of curved characteristics (see Fig.

1.2).

2K

Figure 1.2: MoC stencil for system with intersecting and curved characteristics

Suppose we choose the characteristics to intersect at time level ¢ = 0. Then, the
intersection points are ,, 1, Tm, Tmi1, etc. A problem arises because the character-
istics do not intersect at subsequent time levels, as was assumed in schemes (1.14)
and (1.17). This greatly complicates the development of an MoC scheme. We will
not examine the case of curved characteristics in this thesis, but it is an avenue to

explore in future research.

1.3 BENEFITS AND SHORTCOMINGS OF THE MoC

Now understanding the general idea behind the MoC, we discuss its main benefits

and shortcomings.



1.3.1 BENEFITS: NUMERICAL DISPERSION AND THE MoC

One of the benefits of the MoC is that it preserves what is known as the linear
dispersion relation of equations like (1.3) and (1.6). Any process f developing in time

consists of Fourier harmonics that follow the equation

~

fla,t) = emhe, (1.18)

where w is frequency and k is the wavenumber of the harmonic. The relationship
between w and k is called the dispersion relation. In equations of the form (1.6)

(which the MoC is used to solve), such as the so-called hyperbolic convection equation,

up + cuy, = 0, (1.19)

by (1.18) one has

w = ck, (1.20)

which we call the linear dispersion relation. Substituting (1.20) into (1.18), one

sees that

U(x,t) = e kle=eh), (1.21)

In (1.21), if ¢ is the speed at which the wave moves, the equation shows that when
the displaced velocity is linear, each harmonic is simply shifted by the same amount,

ct, regardless of k. This, however, is not guaranteed to be the case if one solves (1.19)



by another method, as we will illustrate now.
As described in [2], a well-known scheme used to solve (1.19) is the Lax—Wendroff

Method:

*(U%H — Uy, + Uy, ), (1.22a)

[\]

where v (= O(1)) is the so-called convection number, given by
= —. 1.22b
v= (1.22b)

We provide the derivation of method (1.22) in Appendix A. Expanding (1.22a) in a

Taylor series and simplifying, one obtains:

Up + Cly = (—éch? + éc?’At2> Upew + O(R?) + O(AF?). (1.23)

Therefore, if one uses the Lax—Wendroff Method to solve (1.19), one is actually solving

the equation
Up + Cly = Blgae, (1.24)

where [ is a constant given in (1.23). Using (1.18), one can show that the dispersion

relation is then given by

w = ck — Bk3, (1.25)



and thus
Az, t) = e Hle—ct+BE), (1.26)

In this case, the shift does depend on wavenumber, when, according to (1.21), it
should not. This results in numerical dispersion.

We will now show how numerical dispersion can be damaging to a solution. Sup-
pose one has a Gaussian pulse centered at x = 0 and propagating with speed ¢ = 1.
We compute the position and shape of the pulse using the Lax—Wendroff Method,
taking h = 0.1 and At = 0.05, and implementing periodic boundary conditions. Nu-
merical results are shown in Fig. 1.3. One can see that the numerical solution quickly
becomes out of phase with the exact solution (as early as t = 25), which is the con-
sequence of numerical dispersion. By ¢t = 200, in addition to being out of phase, the

¢

numerical solution produces a distinctive “wiggle," a common feature of numerical
dispersion. If one were to implement a long-time simulation, the numerical solution
would be completely destroyed due to numerical dispersion.

Fortunately, numerical dispersion is avoided when one uses the MoC to solve a

PDE, since the MoC preserves the linear dispersion relation. This ability of the MoC

will be discussed later on.

1.3.2 SHORTCOMINGS: ACCURACY OF MoC SCHEMES

The main shortcoming of the MoC is that only first- and second order-accurate

explicit methods have been reported thus far for the case of two crossing character-

istics. That is, the global error of the MoC scheme is O(At) or O(At?). Higher-order
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Figure 1.3: Integration of Gaussian pulse by Lax—Wendroff

implicit methods exist (see e.g. [3]), but these are more difficult to implement and

less computationally efficient. Therefore, the objective of this thesis is to develop

explicit MoC schemes for systems of the form (1.6) which are of an order greater than

two.

1.4 RuNGE-KuTTA METHODS

The order of an MoC scheme goes hand-in-hand with the order of the ODE solver
used to integrate along the characteristics. This follows from the derivation of Method
(1.17). Some of the most popular and widely used explicit methods for integrating
ODEs are Runge-Kutta (RK) methods, and therefore we will endeavor to implement

them within the MoC. We now describe the general framework of the explicit RK

11



methods.

To illustrate how one implements an RK method for an ODE, suppose ¢/(t) =

f(y,t) is an ODE that we wish to integrate. Suppose one has Y, the numerical

solution at level n. Then, given a stepsize h, one computes Y, as follows:

kl = f(Ynatn + blh);

k’g = f(Yn + CLthkl, tn + bzh),

k’3 = f(Yn + Clglhk’l + CL32k’2, tn + bgh);

km:f( m—1

Yn+1 = Yn +h Zczkz

=1

i=1

(1.27a)
(1.27b)

(1.27¢)

(1.27d)

(1.27¢)

Each k; is referred to as the i*" stage derivative. Here the constants a;j, by, ¢, and m

define the particular RK method. To ensure at least O(h) accuracy, one must have

by =0 and > ¢; = 1. It is common to present RK methods as a Butcher tableau [4],

named for the New Zealand mathematician John C. Butcher. For example, Method

(1.27) has the following Butcher tableau:

by

by | as

bs | as1  aso

bm Am1  Am2 Am(m—1)
C1 Ca Cm

12
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The only first-order RK method is the Simple Euler (SE) method:

ki = f(Yo 1), (1.29a)

Y1 =Y, + hky. (1.29b)

In tableau form, method (1.29) is:

Second-order RK methods include, among others, the Modified Euler (explicit trape-
zoid, ME) and Midpoint (MP) methods. Written in the form of (1.27), the ME

method is:

ki = f(Yo,tn); (1.30a)
h
Yn+1 = Yn + 5(]{31 + kg), (130C)

where we use the notation ¢,,, to mean ¢,, + ah. In tableau form, the ME method is

therefore:

1|1 (1.31)

N | =
N[

13



Similarly, the MP method is:

(1.32)

e o

N[

MoC schemes have already been developed based on first- and second-order RK meth-
ods (namely, SE and ME). These methods will be given in a later section. We refer
to the resulting methods as MoC-SE and MoC-ME. Thus, the main focus of this the-
sis will be on the development of MoC algorithms based on third- and fourth-order
explicit RK methods. From now on, we will omit the word ‘explicit’ since we will

not consider implicit RK methods.

1.5 STABILITY ANALYSIS OF ODES

When solving a system of PDEs (or ODEs) numerically, it is important to consider
if the method being used is stable. Slightly deviating from the definition commonly
used in the numerical analysis literature, we will refer to a method as stable if, when
solving a system of PDEs (or ODEs) with a bounded solution, the numerical solution
is also bounded. If the numerical solution is unbounded, then the method is called
unstable. The procedure that one undertakes when determining if a method is stable
or unstable is called the stability analysis.

We first show how one performs the stability analysis of methods used to solve
ODEs, as this technique and its results will be useful to us later on. Then, we will
show how one performs the stability analysis of methods used to solve PDEs, as this

can predict and explain the numerical results of the MoC schemes that we develop in

14



this thesis.

We now present a more rigorous discussion of stability. Suppose we solve the IVP

Y = fly, 1), y(to) = yo, (1.33)

with some numerical method, denoting the ideal solution, computed without round-
off error, as Y,,, and the actual solution, computed with round-off error, as U,.
Denote the round-off error which arises in the computation of U,, as ¢,. We say that

the method is stable if

U = Ylloo < C[e]]co, (1.34)

where C'is a constant independent of the stepsize h. When analyzing the stability of

a numerical method, one applies the method to the so-called model equation,

v =Xy, AeC. (1.35)

Let us explain why this is so. According to (1.34), we define stability in terms of the
deviation between numerical solutions Y and U. Y and U are supposed to match
their corresponding analytical solutions y(¢) and u(t). The difference between y and

u satisfies:

(y—w) = fly, t) — flu,t) = f,(y,t)(y —u). (1.36)

Near any given point (y,t), f,(y,t) can be approximated by a constant, and the

equation for (y — u) takes the form of (1.35). Thus, the model problem (1.35) is the

15



linearized form of the original problem (1.33). We perform the stability analysis on
(1.35) because it is usually simpler than (1.33). Depending on the value of A, which
is the range of values f, takes on in (1.36), a method applied to (1.35) may be stable

or unstable.

1.5.1 STABILITY ANALYSIS OF RK METHODS: SIMPLE EULER

To show how one can do this for an RK method, we present the stability analysis of
the SE and ME methods ((1.29) and (1.30), respectively). Applying (1.35) to (1.29),

we have:

kl - A}/'ru (137&)

Y1 = Y, + hky. (1.37b)

Substituting (1.37a) into (1.37b) yields

Y1 =Y, + hAY,, (1.38)

and therefore

Yi1 — (14 hA)Y, = 0. (1.39)

We now present the general procedure that we will use in this thesis to analyze the
stability of a numerical method for ODEs. One needs to solve the simple equation

(1.39). To do this, we follow the procedure used to solve a linear ODE. For example,

16



to solve the ODE

y' + a1y’ + aoy =0, a1 = const.,

one makes the substitution y = e, yielding the polynomial equation

p* 4 aip+ag = 0.

In a similar fashion, we substitute

Y, = p"Y, (1.40)

into (1.39) to obtain:

p—(1+h\) =0. (1.41)

The Lh.s. of (1.41) is called the stability polynomial for the SE method and has the

solution p = 1 4+ hA. Therefore, from (1.40),

Y, = Yo(1 + hA)". (1.42)

For Re()\) < 0, the actual solution of the model problem, yoe, does not increase.
According to (1.42), this will be the case only if |1 + hA| < 1. Thus, the SE method

is stable when

11+ h)| < 1. (1.43)

17



Later in this thesis, we will encounter many cases where the stability polynomial is

not linear. However, the stability analysis will be the same. If one obtains a k'-

degree stability polynomial, one will have the k roots py, ..., px, and the method will

be stable for |pi| < 1,...,|pk| < 1.

1.5.2 STABILITY ANALYSIS OF RK METHODS: MODIFIED EULER

Now let us follow the procedure given in the previous subsection to analyze the

stability of the ME method, (1.30). Applying the model equation (1.35) to (1.30)

gives us:

Making the appropriate substitutions and simplifying yields:

h\)?
Yn+1—<1+h>\—|—( 2) )Yn—o.

We make the substitution (1.40) to obtain the stability polynomial

p— <1+h>\+ (h;)2> = 0.

Therefore, the ME method is stable for

<1

2
‘1+h/\+ <h;\>
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(1.44a)
(1.44D)

(1.44c)

(1.45)

(1.46)

(1.47)



The stability criterion for the MP method (1.32) is the same as for the ME method.
In fact, all second-order explicit RK methods share the stability polynomial (1.46).
The same can be said of the stability polynomial obtained for third- and fourth-order

explicit RK methods [4].

1.5.3 STABILITY ANALYSIS OF RK METHODS: STABILITY RE-

GIONS

Recall that in (1.35), A\ is a complex number. Thus, the stability criterion for a
numerical method corresponds to a region in the Re(hA)-Im(hA) plane. It is easy to
see that the stability criterion for the SE method, (1.43), corresponds to the closed
unit disk centered at Re(hA\) = —1. To see the stability region for the ME method,
one can plot (1.47) to obtain an oval-shaped region with the same center. Both of
these regions are shown in Fig. 1.4.

Examining Fig. 1.4, one can observe that the stability region of the ME method is
“flatter" along the Im(h\) axis than that of the SE method. This observation will be
quite useful to us for the following reason: systems which we apply the MoC to admit
conserved quantities, and the equations governing these quantities have eigenvalues
that are purely imaginary. Therefore, we can expect to better numerically conserve
these quantities when the boundary of the stability region for the method being used
follows the imaginary axis as closely as possible.

We illustrate the preceding discussion with an example. Consider the equations

of a simple harmonic oscillator,

Y =~y y(0)=0, y(0)=1. (1.48)



2 2
1 1
= =
0 =0
£ £
-1 -1
) - - - ) . . .
-3 -2 -1 0 1 -3 -2 -1 0 1
Re(\ h) Re() h)

Figure 1.4: Stability regions of the SE (left) and ME (right) methods. The boundary of each
region corresponds to |p| = 1, and the interior of each region corresponds to |p1| < 1. This
means that for hA on the boundary, the numerical solution will neither grow nor decay, and
for h in the interior, the numerical solution will decay. For hA outside of each region, the
numerical solution grows.

It is a well-known fact that the harmonic oscillator admits a conserved quantity called

the Hamiltonian, given by

1

H(v.y) = 50+ U(y), Uly) =~ [ f() dy,

where v = ¢ and f(y) = 3. Now, let us solve (1.48) numerically using SE and
ME. The stability region of SE is tangent to the imaginary axis with the minimal
degree of tangency; that is, Re(Ah) = O ((Im(\h))?) near the origin. Therefore,
we should expect this method to conserve the Hamiltonian quite poorly. The ME
stability region, however, has a higher degree of tangency to the imaginary axis:
Re(Ah) = O ((Im(\h)*) near the origin; so we should expect this method to conserve

the Hamiltonian much better than the SE method. Numerical results verifying this

20



hypothesis are shown in Fig. 1.5.

Simple Euler +10°4  Modified Euler
3.5 1.2 -
8 1
2.5
0.8
T 2 T s
A5 <
0.4
1
0.5 0.2
0 0
0 20 40 60 80 100 0 20 40 60 80 100
t t

Figure 1.5: Numerical change in the Hamiltonian as a result of integrating (1.48) to t = 100
with SE and ME, using h = 0.02. Notice the disparate vertical scales in the two figures. As
predicted, the ME does a much better job in conserving the Hamiltonian.

Thus, the take-home message of this subsection is the following: When using RK
methods in the MoC, we will seek methods which preserve some of the conserved
quantities, and the ability of a method to do this can be predicted by examining how

closely the boundary of its stability region follows the imaginary axis.

1.6 PRIOR WORK

Now with the knowledge of hyperbolic PDEs, the MoC, and RK methods, we will
discuss prior work related to the application of RK methods to the MoC, and will
introduce the systems of hyperbolic PDEs that will be the focus of the analysis
performed in this thesis.

In a recent work [1], the MoC-SE and MoC-ME were applied to a system of hyper-

bolic PDEs. The system considered is one that arises in the study of the propagation
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of light in birefringent optical fibers with Kerr nonlinearity. In its linearized form,
the system has many physical applications, including acousto-optical interactions, in-
teraction of crossed beams in photorefractive materials, interaction of counter- and
co-propagating light waves in a medium with a periodic refractive index, and in the
relativistic field theory. We present the system now, as much of our analysis later on

is based on the same system. The system considered was

SiF+8F =8* x JST, (1.49)

where S* = [Si, S5, 557, J = diag(1,—1,2), and “ x 7 is the cross-product. In

component form, system (1.49) is:

(0 + 0,)S] = S5 5, —25FS;, (1.50a)
(0 + 0,)Sy =251 S5 + S5 5y, (1.50b)
(O + 0,)S5 = — (5SS, +555)), (1.50c)
(0 — 0,)ST = S5 S5 — 255 57, (1.50d)
(0 — 0,)Sy =257 S5 + 555, (1.50e)
(0y — 0,)S5 = (8, + 8,) S5 . (1.50f)

A system similar to (1.50) which governs the propagation of two intense counter-
propagating beams in an isotropic optical fiber was studied in [5]. In the numerical
experiments conducted in that paper, the nondimensional time ¢ = 1 corresponds to
approximately 10 nanoseconds, in which time the pulsed beams propagate the length

of a fiber whose approximate length is 2 meters. In this thesis, we will present many
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experimental results which integrate system (1.50) up to the nondimensional time
t = 500. Following the preceding discussion, this corresponds to integrating (1.50)
along a 1-kilometer fiber.

Another system that the MoC-ME has been applied to [6] is the massive Gross—

Neveu model in the relativistic field theory. This system can be written as:

uy + up = i(|v|*u + v*u*) — v, (1.51a)

vy — vy = i(JuPv + uPv*) — i, (1.51Db)

where “ x 7 is the complex conjugate. System (1.51) will be featured in our analysis
as well. Evidently, system (1.51) is in the form (1.6), and (1.50) also has that form,
where u, 5, f12 are 3-component vectors. This fact will be useful to us later on.

System (1.51) admits two conserved quantities: the Hamiltonian,
Sk * 1 * * o \2 * *
H= / {—z(u Uy — V' V,) — i(uv +uv)” + (v +u'v)| dx, (1.52)
and charge,

Q= / (]u|2 + |v|2> dx. (1.53)

In later chapters, we will examine the effect that the MoC has on H and Q.
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2  SECOND-ORDER MoOC SCHEMES

The purpose of this section is to describe the formulation of first- and second-order

MoC schemes, and to provide the details of the von Neumann stability analysis.

2.1 EXISTING FIRST- AND SECOND-ORDER MoC

SCHEMES

As mentioned in Sec. 1.4, MoC schemes have already been developed based on first-
and second-order RK methods. The focus of this thesis will be on the development of
MoC schemes for hyperbolic equations with two straight-line and crossing char-

acteristics. We present now how one can do this using the ME method.

Suppose we have a system of two hyperbolic PDEs, such as (1.6),

wie + cwiy = fi(wr, wa), (1.6a)
Way — CWay = fowr, wa), (1.6b)

with characteristics (1.5):
&L =x—ct and & =1x+ct (1.5)

We will work with a rescaled ¢ such that ¢ =1 in what follows. Following the
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derivation of (1.16), one can write (1.6) as

wy; = fi(wy, wy) on & = const, (2.1a)

Wor = fg(wl, U)g) on 52 = const. (21b)

The numerical solution for the schemes that we will present to solve (2.1) is computed

on the stencil shown in Fig. 2.1. Since on this grid, Ax = cAt and ¢ = 1, we denote
Az = At = h.

We first illustrate how to solve system (2.1) with accuracy O(h) (the SE method,

n+1 .‘\

m m+1

n ¢~ -
1 ¢
m-1

Figure 2.1: Stencil for the numerical solution of (2.1)

(1.29)), and then with accuracy O(h?) (the ME method, (1.30)). The purpose of
illustrating these simple cases is to explain how the solution of the PDE system (2.1)

differs from a similar ODE system where wq, wy would have been evolving along the

same characteristic.
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The SE method for the ODE ¢/(t) = f(y,t) is given by:

ki = f(Yo 1), (1.29a)

Y1 =Y, + hky. (1.29b)

When applying scheme (1.29) to the MoC to solve (2.1), we compute the change in
Wi and W5 along each characteristic &, &, separately. When we compute along &;,
we treat W as Y. The key point is that we also treat W, as a function of time,

which we approximate from (2.1b).

To demonstrate this, suppose we want to compute W; at the node (r = m,t =
n+ 1) in Fig. 2.1 (we denote this as (W;)™). As stated in the previous paragraph,
to compute the change in W;, we compute along &;. From Fig. 2.1, we see
that & is propagating from the node (m — 1,n). Thus, when computing ki,
all arguments of f; must be evaluated at this same node, (m — 1,n). Let
k11 denote the k; which will be used in the computation of Wi. In general, in what
follows, the notation k;; will stand for the “stage derivative' k; in the RK method

computed for the variable W;. By (1.29a), we will have an equation of the form

ki = fi ((WI)?@_lytn) . (2.2)

Now, recall the key point that along & we treat W5 as a function of time, and that
all arguments of f; must be evaluated at this same node. Thus, (2.2) should

be computed by:

k= fi (W), (W2)7 ) (2.30)
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In a similar fashion, one computes ko; (the k3 which will be used in the computation

of Ws) by:

k21 = fr.h.s. of (2.1b) ((WQ)ZH-latn) = f2 ((Wl)ZH—l? (Wz)Zw—H) . (23b)

Notice that in kop, all arguments of f; are evaluated at the node from which &

propagates, and that W, is treated as a function of time.
It is then straightforward to compute (W7 2)% by (1.29b); one simply treats the
Y, term as the node from which the characteristic &; o is propagating, and uses the

already computed kg 2y1.

(Wt = (Wh)py + Bk, (2.3¢)
(Wa)m™ = (Wa)p, iy + iy (2.3d)

Equations (2.3) form the MoC-SE. Analogous to the ODE, this method has global

accuracy O(h) and hence local accuracy O(h?).
We now present the MoC-ME. Recall the ME method (1.30) for the ODE y/(t) =
f(ty):

ki = f(Yo,tn), (1.30a)
ko = f(Yo + hk1,tays), (1.30Db)

h
Yn+1 = Yn + 5(]{31 + k?Q) (130C)

The MoC-ME will be computed on the same stencil as the MoC-SE. First, the com-

putation of k931 is performed exactly how it was done in the MoC-SE.
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Next, one must compute kg 212 by (1.30b). We demonstrate how this is done for
kis. Since & propagates from (z = m — 1,t = n), and W is treated as a function
of time along the characteristic & = const, the term ¢, corresponds to Wy at the
next time level. Along the characteristic, this is (W,)™"!. Therefore, we need the

point (W,)™ but we do not yet have it.

The resolution is simple. The MoC-ME needs to have local accuracy O(h?). How-
ever, each of k; 5 in (1.30) only needs to be computed with local accuracy O(h?), since
according to (1.30c), they will each be multiplied by h, yielding local accuracy O(h?).
Therefore, we only need to compute ky with accuracy O(h?), which in turn means
that we need an O(h?)-accurate (W)™, Fortunately, we know how to compute

this O(h?)-accurate solution by MoC-SE (2.3d).

Let W denote the MoC-SE solution. Then, by (1.30b), we have:
k12 = f1 ((Wl)zl_l + hk, (W2)Zjl) : (2.4a)

Similarly, when computing kss, one only needs the SE approximation of Wj. Then,

one can Compute:
koo = fo (W)t (Wa)p + hkar) (2.4b)

Finally, the computation of (1.30c) is straightforward:

h

(W)t = (W), + §(k11 + k12), (2.4c)
h

(Wo)mt = (Wa)py + 5(74721 + ka2). (2.4d)
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Equations (2.4), along with (2.3{a,b}) for k)1 and (2.3{c,d}) for W5, form the
MoC-ME.

Method (2.3) is the MoC-ME, an existing second-order method which has been
the focus of prior research. In this thesis, before considering higher-order methods,

we develop another second-order accurate MoC scheme.

2.2 THE MoC SCHEME USING THE MIDPOINT

METHOD

The ME method is a well-known second-order RK method used for the numerical
integration of ODEs. As mentioned in Sec. 1.4, another such method is the Midpoint

(MP) method, whose Butcher tableau is:

e o

N[

For the ODE ¢/(t) = f(y,t), the MP method can be written as:

ki = f(Yn,tn), (2.5a)

h
k2 - f <Yn + 2k17tn+;> 5 (25b)
Yn+1 = Yn + th (25C)

We proceed in developing an MoC scheme based off method (2.5) for two reasons.

The first reason is to provide another method with local accuracy O(h?) that can be
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used in higher-order MoC schemes. Recall that for the O(h?) local accurate MoC-ME,
we needed an O(h?) solver. As one might expect, for methods that we present later

on that have local accuracy O(h*), we will need a solver of local accuracy O(h?).

The second reason is to present a feature of many MoC schemes which involves
the computation of a point that is not located at a grid point on the stencil. The

importance of this feature will be explained later on.

Before presenting the MoC-MP, let us make the following remark about notations:
For the remainder of this thesis, when describing the general formulation of an MoC
scheme, we will use the following conventions: the solution which propagates along
characteristic & (= 1) will be referred to as Y+, and that which propagates along
&(= €7) will be called Y~. (The superscripts reflect the direction in which the
solution propagates.) The corresponding f; and fy will be f* and f~. Finally, the

corresponding i*® stage derivatives will be denoted k;" and k; .

The MoC-MP will be computed on the stencil shown in Fig. 2.2.

n+ 1= ,‘\ P

Figure 2.2: Stencil for the MoC-MP. Solid lines represent actual grid lines, and dashed lines
represent the characteristics. Dotted lines are not on the actual grid; we include them to
reference a point which we compute that does not lie on the grid.

We now proceed with our formulation of the MoC-MP. We will explain how one
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computes the point (Y )" and the explanation for how one computes (Y ~)mt!

follows the same procedure.

To compute (Y 7)™ we only need to look at the left-most panel of Fig. 2.2. The
first stage derivative, ki, is computed the same way as in the MoC-SE and MoC-ME.

We state the formulation here to exhibit the new notations.

B = 0 (Y (V) ) (2.64)

As we have established, when computing along £*, Y~ is treated as a function of

time. Therefore, when computing k3, we need the point (Y’)Zr_ll/fz (see 2.5b). We

compute this point as follows:
—\n —\n h — n —\n
Ve = O )+ 5 (V) (Y- (2.6D)

This is the SE method with stepsize h/2, and thus has the required local accuracy
O(h?). This is the first instance where we have computed a point that is not a

grid point. This gives us all of the required ingredients to compute k3 :
kT + +\n Rty rmynti/2
=TT+ 51{51 (Y )m_1/2 : (2.6¢)
Finally, by (2.5¢c), we have:
(Y = (Y )y + Bk (2.6d)

n+1
m

When computing (Y 7)) one only needs to examine the right-most panel of Fig.
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2.2. Following similar logic as above, one obtains:

k= (Vs (Y ) (2.6¢)
VL = (4 (0 (V) (2.61
ky = f~ ((Y e (V) + Zkf) , (2.62)
(V) = (V)i + By (2.6h)

Together, equations (2.6) form the MoC-MP.

2.3 STABILITY ANALYSIS

In Sec. 1.5, we performed the stability analysis of numerical methods for ODEs. In
this section, we describe and perform the stability analysis of the MoC for a system
of hyperbolic PDEs. The system for which we will present the details of our analysis

is System (1.50), found in Sec. 1.6.

2.3.1 LINEARIZATION OF SYSTEM (1.50)

Before we begin the stability analysis, it will be useful for us to linearize system
(1.50). Indeed, we explain in the next subsection that linearization is the first step
of the subsequent stability analysis.

Linearization is always performed on the background of some known solution. It

can be shown that the system (1.50) has the constant solution
Si3=0, Sy =+l (2.7)
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To linearize (1.50), we set
SFr=80+s, =123, (2.8)

where S5; are the components of the solution (2.7) and s; are small (< 1) perturba-

tions. Substituting (2.8) into (1.50a) yields:

(O + 0p)sT = s5(s5 —1) —2s5(s5 +1)

= —s3 — 255 +O(s355) + O(s3s3). (2.9)

Since the O(s3sF) terms are much smaller than the other two terms, they can be

ignored. Performing a similar analysis for all of the equations in (1.50) gives us:

(0r + 0,)s] = —s5 — 255, (2.10a)
(0 + 0y)s5 =0, (2.10b)
(0 + 0u)s3 = s{ — s, (2.10c)
(O — Op)s] = 83 + 257, (2.10d)
(0, — 0y)s5 =0, (2.10e)
(9 — Oa)sy = 51 — 57 (2.10f)

Written in matrix form, system (2.10) is:

s; + s, = Ps, (2.11a)

(53 )1 % (s3)x =0, (2.11b)
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where in (2.11a), s = (s],s3,57,55 )7 and

ptt  pt-
Y =diag(l,-1), P= : (2.12)
P+ p-
and in (2.12)
I 10 P _ 0 -1 J—_— 0 2
01 1 0 10
p— =_ptt pt—_p. (2.13)

2.3.2 GENERAL IDEA BEHIND THE VON NEUMANN STABILITY

ANALYSIS

The procedure we will follow to analyze the stability of the MoC schemes in this
thesis is the von Neumann stability analysis. The von Neumann analysis is applied

to systems of the form

y + Ay, =f(y), (2.14)

where y’ = y; and f is a nonlinear vector function. As in the stability analysis of
ODEs, our goal is to determine how the error behaves as one integrates in time. Thus,
the first step is to linearize f, as we did for the model problem ¢’ = Ay. The result of

this linearization is:

¥ + Ay. = By, (2.15)
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where B is the Jacobian matrix corresponding to f, and § =y — yo, where yj is the
known solution whose small perturbations, y, we are analyzing. In what follows we
omit the tilde, as the “full" y of Eq. (2.14) will not appear again.

To enable the von Neumann analysis, which is essentially based on the spatial

discrete Fourier transform, we assume

Y(Tm, ) = eFmptu = e*mh oy, (2.16)

with & € [—Fmax, kmax) and kpax = 7/h and u an eigenvector of a matrix which
will appear later on. Additionally, we must impose periodic boundary conditions,

meaning

)% =i )i = ()0

where M + 1 is the number of spatial grid points and m = 0,1,..., M. Substituting

(2.16) into (2.15), one obtains an equation for p™ of the form

Pt = ®(2)p",  z=kh, (2.17)

where z € [—m,7), as follows from the range for k stated after (2.16). Examples of
®(z) will be given in the next subsection and also in later chapters. Following the
analysis in Sec. 1.5, one solves (2.17) for p, obtaining a solution which depends on z
that tells us how the error behaves in the method. For the method to be stable, we

will require, similarly to (1.43) and (1.47), that |p| < 1 for all z € [—7, 7). Through
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(2.16), we can write (2.17) equivalently as:

(V)i = @(2)(y)m. (2.18)

Equations of the form (2.18) are those which we seek in the von Neumann analysis.

2.3.3 SIMPLE EXAMPLE OF THE VON NEUMANN ANALYSIS (MoOC-

SE)

We will first illustrate how one applies the von Neumann analysis to the MoC-SE,
(2.3), when used to solve (1.50). In what follows, we will use these notations: bold-
faced letters with no underline refer to the 4 x 1 vector of all components (e.g.
ki = (kf1, ks, k1q, ki3)T). Boldfaced letters with an underline and superscript “ + 7
or “ — 7 refer to the 2 x 1 vector of components corresponding to the superscript
(e.g. ki = (K}, k5)T). We also introduce the convention that stage derivatives will
be indexed at the node from which they propagate. Note that when analyzing the
stability of (1.50), we ignore the so components, since the r.h.s. of (2.10b) and (2.10e)

is zero and will therefore have no effect on the stability of any method.

Applying (2.3a) and (2.3b) to the linearized system (2.11) yields:

(k)" pt+ pt- o 0
n_ = 8)m-1 S m+1 :
mel (8)m—1 + (S)n (2.19)
), o o
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where O is the 2 x 2 zero matrix. We now substitute (2.16) into (2.19) to obtain:

+\" ++  pt-
(kl )m—l — P P diag(eikz(m—l)hl)pn + o o diag(eik(m—i-l)hl)pn
(k) o 0 p—+ p—
m—+1
. ptt pt- , O @ .
— ezkmhpn diag(eflkhl) + diag(ezkhl)
@ @ pP~t P~
pPtt pt- . @ @ .
- ding(e~=1) + ding(*1)| (s):,
@) @) pP~t P
=QP (s);, =Ky (s)n, (2.20)
where
Q = exp[—izX]. (2.21)

We follow a similar process when applying (2.3c) and (2.3d) to (2.11) to obtain:

()™ = Q(s)y, + 1K (s)y, = [QIT+ AP)] (s)y,, (2.22)

where in (2.20) I is the 4 x 4 identity matrix. Equation (2.22) is in the desired

form (2.18), telling us that after a large enough number of iterations N, the size of

N
m

the perturbations (s)Y will be proportional to [Apax|”™, Where Apay is the largest in

magnitude eigenvalue of

&(z) = Q(I + hP). (2.23)
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(See Appendix B for a more in-depth discussion of this.) We plot Ayax of this matrix
for z € [0, 7] in Fig. 2.3; the plot for z € [—m, 0] is symmetric relative to z = 0 and
therefore is not plotted, here and everywhere below.

Equations (2.18), (2.21), and (2.23) illustrate the statement, made in Sec. 1.3,
that MoC schemes preserve the linear dispersion relation (1.20) for system (2.11).
Indeed, (2.18) implies that the frequency w of the numerical solution is an eigenvalue

of —In(®)/(ih). Then, (2.21) and (2.23) imply that for k> 1,

w=—(InQ+ O(h)) /(ih) = +k (1 + O(1/|k]))

which agrees with (1.20).
In the von Neumann analysis of the MoC-ME (2.4), one obtains the stability

matrix

®(z) = = [Q+ (I+ hP)Q(I+ hP)] . (2.24)

N —

Some details of the derivation of (2.24) are found in [1]. Conceptually similar steps
of a derivation are presented for the MoC-MP scheme in the next subsection. The
largest eigenvalues for matrix (2.24) are plotted in Fig. 2.3. As explained in Appendix
B, the largest eigenvalues imply that the instability growth rate is O(h).

In Fig. 2.4, the results of this analysis are verified numerically. Appendix B
discusses the numerical simulation, and how it agrees with the von Neumann analysis,

in greater detail.
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MoC-SE MoC-ME

(IA-1)/h°
N
(1A -1)/h°

------

Figure 2.3: Maximum eigenvalue of (2.23) (left) and (2.24) (right) for z € [0,7] and
h = 0.01. For the MoC-SE, the value on the y-axis is larger than 1 for all z, meaning
that this method is unstable, with the largest instability occurring at z = 0 and z = .
For the MoC-ME, the “worst-case” eigenvalue occurs at z = w/2, with the value on the
y-axis equal to 1. This means that a milder instability occurs for this method at modes
in the middle of the Fourier spectrum. Both methods have a growth rate of O(h?) in the
instability. Appendix B contains more quantitative details.

Z Z

Figure 2.4: Logarithm of the Fourier spectrum of the error when solving (1.50) with the
MoC-SE (left) and MoC-ME (right) at t = 500. In both cases, the stepsize used was
h = 0.01. Both plots qualitatively agree with the results predicted by the von Neumann
analysis, shown and described in Fig. 2.3; also see Appendiz B. In Fig. 2.3, the worst-case
etgenvalue for the MoC-SE is shown to be approximately 3 times larger than that for the
MoC-ME. This agrees with the ratio of the error in the plots shown above; see Appendix B.
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2.3.4 VON NEUMANN STABILITY ANALYSIS OF THE MoC-MP

We now perform the von Neumann stability analysis of the MoC-MP. Applying (2.6a)
and (2.6e) to (2.11) and following the general procedure of the analysis yields, as it
did in the MoC-SE,

_ (k1+) -1 n
K= ) " = QP (s). (2.25)
(*1 )m-l—l
Next, we apply (2.6b) and (2.6f) to (2.11) to obtain:

T h b
SO () 4 CP(s) = (1 + P) (s)" = Sy(s)™. (2.26)
(S_>n+1/2 2 2
= /m—1/2

Because (2.26) is automatically written in terms of (s)?, there is no need to make
the substitution (2.16). To simplify the analysis when applying (2.6¢) and (2.6g) to
(2.11), we define

(F4), = O o+ ok (2.27a)
(V) =0 )i+ ;(k?f Jmt1- (2.27b)

Then, (2.6¢) and (2.6g) can be written as:

ks = (), VR ) (2.28)

(kg s = £ (YOS (V7)) ). (2.28b)
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Linearization of (2.27) yields, similarly to (2.22):

S, = (14 5P) [ = s (229)

Now applying (2.28a) and (2.28b) to (2.11) and linearizing gives us:

n — n+1/2
o) _[(pe o) [0 P [en
(ko™ )it o pP Pt 0 (§7>ZF—11//22
= [PdiagSQ + Poﬁ‘diagsl] (S):Ln = ICQ(S),?:n (230)
Finally, according to (2.6d) and (2.6h) we have:
s)n ko)
() ' = o) e i) (2.31)
(8)mr1 (Ko™ )it
Upon making the substitutions (2.16) and (2.30) and simplifying, we obtain:
(s)mFt = [Q + hKCo] (s)r,. (2.32)

Making the appropriate substitutions, one finds the explicit form of the stability

matrix:

Q(Z) = Q + h (PdiagQ + Poffdiag) (I + ZP>‘| . (233)

The largest eigenvalues of (2.33), along with the results of a numerical simulation,

are shown in Fig. 2.5. From the plot and the analysis in Appendix B, one can see
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that the growth rate of the instability in the MoC-MP is O(h), the same as in the

MoC-SE and MoC-ME.
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Figure 2.5: The left pane shows the largest eigenvalue of (2.33) over the Fourier spectrum
with h = 0.01. The strongly unstable are the highest Fourier harmonics with z < w. The
right pane shows the logarithm of the Fourier spectrum of error at t = 350 that results from
integrating (2.10) with the MoC-MP. If one were to integrate to t = 500 as we did with the
MoC-SE and MoC-ME, the solution would be completely destroyed.

2.4 CONCLUDING REMARKS

We now comment on similarities and differences between the MoC-ME and MoC-MP
that motivate the rest of the work presented in this thesis. The ME and MP are both
second-order RK methods, and therefore have the same stability characteristics when
it comes to solving ODEs. This might lead one to suspect that they share similar
stability characteristics when used in the MoC. However, as shown in Sec. 2.3, this
is not the case, as the MoC-ME has a mild instability for modes in the center of
the Fourier spectrum, while the MoC-MP has a stronger instability at the end of the

spectrum.
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In Chapter 3, we will present MoC schemes based on third- and fourth-order RK
methods, both of which will have a growth rate in their instability that is O(1), rather
than O(h). In further chapters, we will shift our focus from explicit RK methods to
the so-called pseudo Runge-Kutta methods, whose stability characteristics when used

in the MoC will be more akin to those of the MoC-ME.
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3 THE MoC SCHEME USING CLASSICAL RK

METHODS

In Sec. 1.3.2, we explained that only first- and second order-accurate explicit MoC
schemes have been reported thus far for systems with two crossing characteristics.
In Chapter 2, we described these methods: the MoC-SE, MoC-ME, and MoC-MP.
The main focus of this chapter will be to introduce an MoC scheme which uses the
classical third-order RK method (cRK3) as the ODE solver. In principle, this is
a third-order accurate MoC scheme, but as will be shown, this scheme possesses
undesirable qualities in terms of numerical stability. We will also present variations
of the cRK3 that can be used in the MoC, and will briefly discuss the construction

and results of a fourth-order scheme.

3.1 THE CLASSICAL THIRD-ORDER RK METHOD

The cRK3 method has the Butcher tableau:

N | =
N[ —=

[N
wn
(=1
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For clarity, we will write out each stage of the method:

k= f(Y, ta), (3.1a)
ky = f <Yn + ;Lkrl,th /2> : (3.1b)
ks = f (Y, — hley + 2hk, tosr) (3.1¢c)
Yo =Y, + g (ky + ks + k3) . (3.1d)

Following the analysis in Sec. 1.5, the cRK3 is stable for

2 3
1+h)\+<hg‘)+(h2> <1. (3.2)

The corresponding stability region is plotted in Fig. 3.1, along with the region for

the ME.
3 - .
) —CcRK3
' --ME
2t \
1 L
=
=0
£
_1 -
2l :'
-3 : : : 4 L :
-3 -2 -1 0 1 -0.5 0 0.5
Re() h) Re() h)

Figure 3.1: Stability regions of the cRK3 and ME. The right pane shows that the cRK3
maintains a higher degree of tangency to the imaginary axis than the ME.
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The motivation to develop an MoC scheme using the cRK3 is twofold: first, since
the cRK3 is third-order accurate, one will obtain a more accurate numerical solution
than one will obtain using a second-order scheme; and second, the cRK3 should be
expected to do a better job of preserving some of the conserved quantities admitted
by a system of hyperbolic equations. This follows from Fig. 3.1 and the discussion in

Sec. 1.5.3.

3.2 THE MoC USING THE CRK3

We now present how one can formulate the MoC using the cRK3. The stencil for this
method will be the same stencil used for the MoC-MP. We insert the figure below for

the reader’s convenience.

n+1 .‘\ p

Figure 3.2: Stencil for the MoC-cRK3

Following the analysis in Sec. 2, (3.1a) leads to the following equations in the

MoC setup:

(B )1 = f7 ((YJF)Z%U (Y_)ZL71> ; (3.3a)

(b s = £~ (V) (Y )i ) (3.3)
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Eventually, to compute the cRK3 solution at time level n + 1, we will need auxiliary
solutions at that time level with local accuracy O(h?) and O(h?). We compute these
by the MoC-SE and MoC-ME;, respectively. As this will be a common feature of many
methods which we develop, we will denote solutions computed by MoC-SE with an

overline and solutions computed by MoC-ME with a double-dot.

(Y") " = () + b s (3.3¢)
(F)" = (VY + AR Y, (3:3d)
A L LA (U M G
(Y_):jl _ ; {(Y_):%H N (Y_) s ((Y+);+1 | (Y_)::rl) (3.3f)

Equations (3.3e) and (3.3f) are different than Eqgs. (2.4), which was our formu-
lation of the MoC-ME in Chapter 2. However, it is not difficult to show that the

formulations are equivalent. It may be useful to point out that while the (m, n)-index

of kF is the index of the node from which &; is constructed, the index of ¥ or V* is
that of the node at which this auxiliary solution is obtained.

New issues with the MoC-cRK3 begin to arise with the calculation of the second
stage derivative, ko. Let us explain this for k3. According to (3.1b), treating Y~ as
a function of time along £, we need:

h n+1/2
(6 s = 1 ((Y%_l £ 2 <Y->mt{/2) - (339)

Recall that in the MoC-MP, we encountered the same term (Y*)Zr_ll//é, and had to

compute it with local accuracy O(h?). For similar reasons, in the MoC-cRK3 we
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must compute this term with local accuracy O(h?®), which thus is new compared to
the MoC-MP. One way to compute this point is to first find the point (Y )%, by
the MoC-ME, which is a second-order scheme and thus has the local error O(h?), as
desired. Then, using this point and the available solution (Y ~)”  one can interpolate

the desired term using a Taylor series. We demonstrate this process below.

Expanding the desired term in a third-order Taylor series gives us:

vl = 0 o) P ) o)

m

= (Y4 S (V) (V) + = [ n] 0. (340)

Thus, to approximate (Y‘)fntll/é with the desired accuracy O(h?), we need to know

each of the three terms on the r.h.s. of (3.4a). We know the first two terms but not

the third. To obtain the yet unknown [(Y)"]", we expand the term that we have

m

already computed with local accuracy O(h?), (Y )%

o, in a Taylor series:

(F) = (V) 4+ b (), (Y )n) + (o] +om®.  (3.4b)

m—1 2

Solving (3.4b) for [(Y )], substituting the result into (3.4a), and simplifying yields:

m

Y = S R O ) (33

m—1/2 = 4 m 4 m

Therefore, one can compute (3.3g) with the desired accuracy using (3.3h). By the

same token, the second stage derivative for the negative component,

n “\n h, . . .
03 i = £ (Ve O i+ 50 ). (3.3

48



can be computed using:

n 3 n | n h n —\n :
VO = SO ST+ T ). (33)
According to (3.1c), to compute (k3),,, we need the solution at time level n+1 with

local accuracy O(h?). Conveniently, this has already been computed by the MoC-ME
in (3.3{e,f}), so we have:

(e s = £ (V) = B )y = 20k ) ), (V)R (3.3K)

(ki Vhr = £ (PO O Yy = B((R ey — 2085 o)) (3.31)

Finally, by (3.1d),

(V0 = OV s+ (s + Ay + (B ) (3.3m)
N = O s+ g (s 40 s + (K ) (3.3n)

Equations (3.3) form the MoC-cRK3. Notice that, when designing this method, we

n+1/2

mrl)2) choosing which

had three degrees of freedom: choosing how to compute (YV*)
second-order method to use in this computation, and choosing which second-order
method to use in the computation of k3. We will exploit these degrees of freedom

later on in this chapter.
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3.3 VON NEUMANN ANALYSIS OF THE MoC-cRK3

By looking at Fig. 3.1, one might make the correct assumption that the cRK3 would

be a better method to use when solving ODEs than the ME if one hoped to preserve

stability. One, however, cannot apply this logic when using the cRK3 in the MoC, as

we will show in this subsection.

Let us analyze the stability of the cRK3 when applied to the system (1.50). Fol-

lowing the procedure of the von Neumann analysis presented in Chapter 2, we find

the stability matrix
h
(I)(Z) = Q+8[K1+4K2+K3},
where Q is defined in (2.21), Ky 2,3y are given by

Ky = QP7
h
’CQ = Pdiag (Q + 2’C1> + Poffdiagsla

IC3 = Pdiag82 + Poﬂidags?n
P is defined in (2.12),

1
S = 3 81 + (41 + hP)RP],
Se=Q—h(Ky—2K,),

Sy = ; Q+ (I+ArP)Q(I+ AP)],

(3.4)

(3.5a)

(3.5D)

(3.5¢)

(3.5d)

(3.5e)

(3.5¢)

and I is the 4 x 4 identity matrix. The von Neumann stability plot is shown in Fig.
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3.3.
Following the analysis of Appendix B, one finds that the growth rate of the insta-

bility in the MoC-cRK3 is O(1). Let us explain why this is so. In the equation
Al =1+ ch®, (3.6)

we seek the exponent a. Fig. 3.3 tells us

A[—1 A[—1
P2 =16 and 2

=8, (3.7)

where h; = 0.01 and hy = 0.02. Using (3.6), one finds from (3.7) that ch$/h? = 16
and chy/h3 =8, or hi ®/h3~® = 16/8, whence a = 1. Therefore,

A" = AP = (1 4+ ch)!/" ~ e, (3.8)

meaning that the growth rate in the error of the solution is ¢ = O(1). Indeed,
following the analysis of Appendix B, for A~ = 0.01 one has ¢ ~ 0.17. Due to this
large (i.e., O(1))) growth rate, any numerical solution will turn into complete garbage

rather quickly. This is shown in Fig. 3.4.

3.4 ALTERNATIVE FORMULATIONS OF THE MoC-cRK3

At the end of Sec. 3.2, we mentioned that one has many degrees of freedom when
designing the MoC-cRK3. In this subsection, we take advantage of these freedoms
and present alternative formulations of the MoC-cRK3, and then comment on the

stability of the resulting methods.
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Figure 3.3: von Neumann stability plot for the cRK3 using h = 0.01 and h = 0.02. In both
cases, we see a large instability at the harmonics with z < 7. This is similar to the behavior
we observed in the MoC-MP, except here the instability is significantly larger.

3.4.1 SECOND-ORDER SOLVER USED IN THE MoC-cRK3

Recall that in the computation of ks at time level n (see (3.1b),(3.3g),(3.31)), we
needed a solution at time level n + 1/2 with local accuracy O(h?®). The computation
of this point required the solution at time level n + 1 with local accuracy O(h?),
which was used again in k3. In our previous formulation of the MoC-cRK3, we
computed the O(h?)-local accurate solution at level n + 1 by the MoC-ME. Any
second-order method would have been appropriate for this computation, though,

such as the MoC-MP. When the MoC-MP is used, we refer to the method as MoC-
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Figure 3.4: Fourier spectrum of the error produced by the MoC-cRKS3 when solving (1.50)
using h = 0.01. The left pane shows the results at t = 100, and the right pane shows the
results at t = 200. In the left pane, notice the instability at z < w, which agrees with the
von Neumann analysis (Fig. 3.3). Byt = 200, this instability has grown quite large, and
has bequn to infect the spectrum at nearby harmonics. The mazximum error in the solution
here is much greater than the exact solution itself, so the solution is essentially destroyed.
By t = 250, this error will explode and become too large for the machine to handle.

MPA-cRK3, where “MPA" stands for “Midpoint-Assisted." (Following this notation,
the scheme we presented in Sec. 3.2 would be called the MoC-MEA-cRK3. After this
chapter, this will be the only MoC-RK3 scheme we use again, and thus will omit the
-MEA when referring to this scheme.)

The equations for the MoC-MPA-cRK3 are the same as Eqs. (3.3), except we
replace (3.3{c,d,e,f}) with the MoC-MP. This looks like:

(7o = 0t 57 (05 00), e
(7 )n+11//22 o)+ Zf (< : (3.6b)

n+1

)
)
n+1/2 (
(

(P = o 1+hf+<< >m PRICO MM IS
<Y7):1+1 =" )m+1+hf (( )”111//227 v )::f;) (3.6d)
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(Egs. (3.6) are equivalent to the MoC-MP derived in Chapter 2.) The MoC-MP
solution is given by (Y#)"+1 and one uses this exactly how is written in the remainder
of Egs. (3.3). The results of the von Neumann stability analysis of the MoC-MPA-

cRK3 will be shown later on.

3.4.2 OTHER RK3 SCHEMES

Thus far, we have only presented third-order MoC schemes based on the classical
RK3, (3.1). One can, however, use any RK3 scheme. Any explicit RK3 scheme has

the form

by | ag

bs | asi ase

C1 Co C3

If one takes by and b3 as free parameters, it can be shown [7] that the remaining

coefficients can be found by solving the six equations

a1 = bo, (3.8a)

as1 + azs = bs, (3.8b)
byco + bscg = ;, (3.8¢)
bscy + bics = ; (3.8d)
azzbacs = (13, (3.8¢)
c1+cy+ez=1. (3.8f)

o4



When designing MoC schemes, it is convenient to have by and b3 equal 1/2 or 1
(otherwise, the numerical grid becomes very complicated). Taking by = 1/2 and
by = 1 yields the cRK3. Taking by = 1 and b3 = 1/2 yields the following scheme,
known as the Strong Stability Preserving RK3 (SSPRKS3).

0
11
(3.9)
171 1
2 4 4
11 2
6 6 3

Deriving the MoC-SSPRK3 follows the same process as the MoC-cRK3: one must
first compute solutions with local accuracy O(h?®) at time levels n + 1 and n + 1/2,

then appropriately evaluate the functions and combine terms. Later, we will show
the results of the von Neumann analysis of the MoC-MEA-SSPRK3 and MoC-MPA-
SSPRKS3.

3.4.3 COMPUTATION OF THE SOLUTION AT TIME LEVEL n + 1/2

In all of the MoC-RK3 schemes presented thus far, when computing the solution at
time level n + 1, we have needed an O(h?)-local accurate solution at the time level
n + 1/2. As described in Sec. 3.2, we interpolated this point through the use of a
Taylor series. This is, however, only one of the many ways this can be done.

Recall that in the MoC-MP (a second-order method), we faced a similar problem
where we needed the solution at time level n + 1/2 with local accuracy O(h?). This
was accomplished by using the MoC-SE (a first-order method) with stepsize h/2. In

complete analogy, in MoC-RK3 schemes, we can use any second-order method with
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stepsize h/2 to compute the desired point.

For example, using the MoC-ME with stepsize h/2, one has:

( +)::1//22 N ; [(Yﬂ% - }Zler <(Y+)::1//22 ’ (Y)::l/;)] 7 (10
(N [(Y)’,; N (G (Y_)nmtlf/i)] ’ (3.100)

where the (Vi)nﬂ/z are identical to those computed in (3.6a) and (3.6b). One could
also, of course, use the MoC-MP with stepsize h/2. We will present results using the
MoC-ME in the MoC-cRK3, and will refer to the resulting method as MoC-cRK3-
ME/2

3.4.4 VvON NEUMANN STABILITY ANALYSIS OF OTHER MoC-RK3

SCHEMES

In this subsection, we present the results of the von Neumann stability analysis of
four of the aforementioned methods: MoC-MPA-cRK3, MoC-MEA-SSPRK3, MoC-
MPA-SSPRK3, and MoC-cRK3-ME/2. We omit the details of the stability analysis,
as they are similar to those given in Sec. 3.3. The von Neumann stability plots are
shown in Fig. 3.5.

Based on the results shown in Fig. 3.5, we see that there is no obvious advantage
in using one type of MoC-RK3 scheme over another. Due to the growth rate of
the instability being O(1), the numerical solution of (1.50) will be destroyed after a

relatively short computation time if these methods are used.
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Figure 3.5: von Neumann stability plots of the other MoC-RK3 schemes, using h = 0.01.
They are all qualitatively similar to the stability plot for the MoC-cRKS3 (Fig. 3.4), with a
large instability at z < w. These instabilities all have the growth rate O(1).

3.5 THE MoC USING THE CLASSICAL RKA4

In this section, we will briefly describe an MoC scheme using the classical fourth-order
RK (cRK4) method as the ODE solver. The brevity of our discussion here is due to
the fact that the MoC-cRK4 exhibits the same strong instability as the MoC-cRK3
and thus possesses no advantage over the latter scheme for long-time computation.

The cRK4 is perhaps the most well-known explicit RK method. Its Butcher
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tableau is given by:

0
1)1
2 2
1 1
1o 3 (3.11)
1170 0 1
11 1 1
6 3 3 6

Examining the left-most column of the tableau, one can deduce that in the MoC-
cRK4, one will need the solutions (Y*)"+1/2 and (Y*)"*! with local accuracy O(h?).
Methods to find the (Y*)"+1/2 solution include interpolation using a fourth-order
Taylor series, or calculation using an MoC-RK3 scheme with stepsize h/2. The latter
method requires the solution (Y*)"+1/4 so in practice the former method is easier to
implement. To compute (Y*)"*1 one simply uses their favorite MoC-RK3 scheme
and then interpolates similarly to (3.3h) and (3.3j). Appendix C shows this interpo-
lation.

Figure 3.6 shows the results of the von Neumann stability analysis applied to
the MoC-cRK4 using Taylor series interpolation and MoC-cRK3. These plots are
similar to those produced in the analysis of the MoC-cRK3, so we conclude that the

MoC-cRK4 is similarly strongly unstable.

3.6 CONCLUDING REMARKS

One of the take home-messages of Chapters 2 and 3 is this: MoC schemes using
explicit RK methods as the ODE solver tend to be unstable. Therefore, we abandon

all hope of developing a stable MoC scheme based on any higher-order explicit RK
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Figure 3.6: von Neumann stability plots of the MoC-cRK/ with different values of h. We
see the same type of instability that arises in the MoC-RKS3 schemes, as well as a growth
in the instability that is O(1).

schemes. Fortunately, this does not mean that the main objective of this thesis
has been compromised. In Chapter 4, we will discuss pseudo-RK methods, which
are explicit methods based on RK and multistep methods, in the ODE context. In
Chapters 5 and 6, we will show that stable third- and fourth-order MoC schemes can
be developed using pseudo-RK methods as the ODE solver.

For the developments in the subsequent chapters, it is important to reflect on
the question: Why did the MoC-RK3 and MoC-cRK4 schemes essentially fail (to be
stable)? We do not know an answer to this. However, from our extensive experimen-
tation 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). We have accepted this hypothesis and therefore seek methods that
require solution values only at the actual nodes (like the MoC-ME). This leads us to

consider the pseudo-RK methods, described next.
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4 PSEUDO-RUNGE-KUTTA METHODS FOR

ODEs

In this chapter, we will present the idea behind pseudo-Runge-Kutta (pRK) schemes
for the numerical integration of ODEs. As we will show in Chapter 5, the MoC-pRK
schemes for hyperbolic PDEs (1.6) are free of the strong instability that we discovered
and described in Chapter 3.

To begin, we will present third- and fourth-order pRK schemes first proposed in [8].
Then, we will explain a modified version of these methods described in [9]. After
this, we will derive our own fourth-order pRK scheme. Finally, we will investigate

the stability of these methods and present some numerical results.

4.1 FRAMEWORK OF PRK SCHEMES

The main idea behind pRK schemes is simple. Recall that in explicit RK schemes, one
computes the numerical solution at the next step, Y, 11, by strategically combining
certain function evaluations involving the available solution, Y,,. In pRK schemes, one
advances to Y, 1 by using the information available at Y,, and that which is available

at previous nodes (e.g. Y,_1). The Butcher tableau of a pRK scheme takes the form
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below.

0
by | ag
bs | as1  aso
bm Am1  Am2 Am(m—1)
C11 C12 Cim
C21 C22 Cim
Cs1 Cgs2 Csm

The upper part of this tableau has the same meaning as usual (see Sec. 1.4) and

governs how one computes the stage derivatives k;, ¢ = 1,...,m. The lower portion

involving the terms ¢;;, 1 =1,...,m, j=1,...

, S, has the following meaning;:

Yoi1 =Y, +h Z Z ji(ki)n—st1 (4.1)

j=11i=1

where (k;),_sy1 refers to stage derivative ¢ computed with the solution Y, ;. In

this thesis, s will never be greater than 3.

4.2 PRK METHODS OF BYRNE AND LAMBERT

The first people to propose the framework discussed in Sec. 4.1 were G. Byrne and R.

Lambert in [8]. In this section, we will present their third- and fourth-order methods.
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4.2.1

THE THIRD-ORDER PRK SCHEME OF BYRNE AND LAMBERT

Byrne and Lambert’s third-order scheme involves the computation of two stage deriva-

tives at the current step and the use of these derivatives found in the previous step.

Thus, the tableau has the following form:

0
by | a
2 | Q21 (4.2)
€11 C12
Co1  C22
The coefficients in method (4.2) are entirely determined by b, and are given by:
Q91 = bQ, (43&)
—5 4 18b2
- 7 4.3b
C11 120, ( 3 )
5)
= — 4.
C12 126y (4.3¢)
5 — 6by
= —— 4.3d
Co1 12b, ( 3 )
> (4.3¢)
Cg = ————. :
27 120

When developing an MoC scheme, it is beneficial for the user to have a method with

by = 1. Indeed, according to (1.27b), the stage derivative ky is evaluated at t,, + bah.

Thus, using by = 1 obviates the need to evaluate the solution outside of the actual

nodes. As noted in Sec. 3.6, this is precisely the property that we seek.
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According to Egs. (4.3), method (4.2) with by =1 is:

0
111
] (4.4)
13 5
12 12
-1 =5
12 12

We will refer to method (4.4) as the pRK3. For clarity, the equations of the pRK3

for the ODE ¢/ = f(Y,t) are:

<k1>n = f(Ym tn)? (4.5&)
(k2)n = f(Yo + h(ki)n, tn + D), (4.5b)
Yo=Y, + 1h2 (13(k1)n + 5(k2)n — (k1)n—1 — 5(k2)n_1) - (4.5¢)

Notice that to obtain a third-order pRK scheme, one only needs two stage derivatives,
as opposed to an RK scheme where one needed three stages (see Secs. 3.1 and 3.4.2).
In the numerical methods examined in this thesis, it will always be the case that the
order of a pRK method will be given by m 4+ s — 1, where m and s are defined in
(4.1). (This also applies to the RK methods studied earlier, since in their case s was
equal to 1.)

Let us also comment upon how one may start a pRK method. In the pRK3, for
example, one needs the solution at the current and previous stage in order to advance
to the next stage. Thus, one cannot advance to Y; from the initial condition Y by
the pRK. Since this one step needs to be computed with local accuracy O(h?), one

can use any third-order local accurate method, such as ME, to take this step.
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4.2.2 THE FOURTH-ORDER PRK SCHEME OF BYRNE AND LAM-

BERT

Byrne and Lambert’s fourth-order scheme involves three stages, and therefore will

require the use of stage values found at the previous step. The tableau has the form

0
by | ag
by | asi  as (4.6)

€11 Ci2 (13

C21  Co2 (23

The coefficients are entirely determined by b, and b3 and are given by:

o1 — bQ, (47&)
2b3(bs — by)
== -———— 4.7b
a32 b2(4 _ 5b2) ) ( )
az; = by — asg, (4.7¢)
4 — 5by — bbs + 18bybs
pu— 4.
C11 12b2b3 ) ( 7d)
4 — 5bs
= -——— 4.7
2 90y (by — by)’ (4.7¢)
5by — 4
- -———— 4-7f
137 12by(by — by)’ (4.7
co1 =1 — ¢y, (4.7g)
Coo = —C(C12, (47h)
Co3 — —(C13. (471)
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As mentioned in the previous subsection, for the sake of the MoC it would be ideal to
have by = by = 1. However, this is impossible according to Egs. (4.7). Later in this
chapter, we will develop a fourth-order pRK scheme that only involves two stages and
by = 1, as opposed to the three-stage method (4.6). This method is more favorable
in the MoC, and thus we will not mention the fourth-order methods of Byrne and

Lambert again.

4.3 PRK METHODS OF NAKASHIMA

A modification of Byrne and Lambert’s pRK framework is given by M. Nakashima
in [9]. Many examples of the Nakashima methods are given in [10], [11]. Nakashima
methods follow the same idea as pRK methods, but they use the values of Y,,_; and
(k1)n—1 in the computation of (kz),. In this section, we present third- and fourth-order

Nakashima methods.

4.3.1 THE THIRD-ORDER PRK SCHEME OF NAKASHIMA

The third-order Nakashmia pRK method (NpRK3) has the form:

(kl)n = f(Y7htn)a (48&)
(k2)n = f(Yn + A(Y, = Yoo1) + h(ago(k1)n—1 + a2 (k1)n), tn + bgh), (4.8b)
Yo=Y, + h<C11(k’1)n + cra(ko)n + CQl(kl)n—l)- (4.8c)
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The meaning of the Y,, — Y,,_; term (4.8b) is the following: according to (4.8c), one

has:

Y, =Y, 1+ h(ci1(k1)n—1 + c12(k2)n—1 + c21(k1)n—2).

Thus, the term Y,, — Y,,_; is adding stage derivatives from the previous two steps in
the computation of (kz),,. This allows one to avoid the use of (k3),,_1 when computing
Y, 11, as opposed to the pRK methods discussed in Sec. 4.2.

In what follows, we will enforce the condition that by = 1 so that the method can
be readily used in the MoC: see Sec. 3.6. Imposing this condition, one obtains the

free parameter asg and the coefficients

az = 2+ ago, (4.9a)

A=—-1-— 2&20, (49b)
2

C11 = g, (49C)
)

- — 4.9d

C12 12’ ( )

1
Co1 = —E (496)

Unlike the Byrne and Lambert pRK methods, the Nakashima methods give the user
a free parameter. This free parameter can affect stability properties of the method,

so it must be chosen wisely. This will be discussed later on in this chapter.
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4.3.2 THE FOURTH-ORDER PRK SCHEME OF NAKASHIMA

The fourth-order Nakashima pRK method (NpRK4) is similar to the NpRK3, except

one uses the value (k;),_» when computing Y;, ;. The method has the form:

(kl)n - f(Yna tn)? (410&)
(k2)n = f(Yn + A(Yn - Yn—l) + h(GQO(kl>n—1 + a21(]€1)n), t, + th), (4.10b)

Yop =Y, + h<011(7€1)n + c12(k2)n + co1(Kk1)n—1 + coa(ka)n—1 + 031(k1)n—2)- (4.10¢)

When one imposes by, = 1, either one obtains the free parameter A and the equations

—1-A
agop = 9 s (411&)
3—A
g = T, (411b)
7
C11 = 6, (4]_1(3)
3
Ci2 = —, (411d)
8
D
Co1 = ﬂ’ (4116)
3
C22 —g, (411f)
1
= — 4.11
Ca1 = 5 (4.11g)
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or one obtains the free parameter coo and the equations

azo = 2, (4.12a)

21 — 4, (412b)

A= -5, (4.12¢)
19 — 24622

= — 4.12d

C11 24 ) ( )

and the same constants ¢1291 31 given by (4.11{d,e,g}). We will discuss later how the

free parameters can be chosen wisely.

4.4 A FOURTH-ORDER PRK SCHEME FOLLOWING THE

FRAMEWORK OF (4.1)

In this section, we seek a fourth-order pRK scheme that follows more closely the
framework presented in Sec. 4.1 and the idea of Byrne and Lambert than that of
Nakashima. In Sec. 4.2.1, we stated that the order of pRK methods in this thesis
are given by m + s — 1. This means that we should be able to discover a fourth-order

method by taking m = 2 and s = 3. We would also like to impose the condition
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by = 1. Therefore, we seek a method of the form:

0
1] an
C11  Ci2 (4.13)
Ca1 Co
€31 C32
The equations of this method will look like:
(ki )n = f(Yn, tn), (4.14a)
(ka)n = f (Yo + azih(k1)a. tn + 1), (4.14b)
Y1 = Yo+ h(cnn(k)n + cra(ka)n + e21(kr)no1 + caz(ko)na+
cs1(k1)n—2 + ng(kz)n_g). (4.14c)

Our goal is to find the coefficients in (4.13) and (4.14) which yield an O(h®) local-

accurate scheme. In other words, we require

Yn+1 — Yni1 = O(h5)7 (4'15>

where y,, is the true solution of the ODE ¢/ = f(y,t). To do this, we will expand each
term on the Lh.s. of (4.15) in a Taylor series and find conditions on the unknown

coefficients so that (4.15) is satisfied.
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Expanding the first term on the Lh.s. of (4.15) in a Taylor series yields:

_ / h? 1" h? (3) ht (4) 5

Using the fact that ' = f(y,t) and the chain rule for functions of two variables, one

finds

y' = fof + fir (4.17a)
Y = fu 2+ oy + 2+ 2fn) + fu (4.17b)
YD = Fy f2 4 2+ 3Fifuy + F2AFy Fyy + Bfuy)+

Firky + £ (F3+ 5Ly by +3(fofyy + Fiy)) - (4.17¢)

Equations (4.17) can be substituted into (4.16) to find an expression for the first term
on the Lh.s. of (4.15).

To find an expression for the second term on the L.h.s. of (4.15), one assumes that
Y =y, form <n. (4.18)
Then, using Mathematica, one has (omitting the subscript n on the r.h.s.):

(k1)n = 1, (4.19a)
(ks = Sh(h(ar® FR oy + 3021 (0o F(h o+ F)

hfye + 2fy) + Bfur + 3fu) +6ag1 ff, +6£) + f+O(hY),  (4.19b)
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(k)as = =W By + 3y + I By + ol + )+
Bfyfye + 13) + Je(fy + 3Fye) + fufy + fo)+
W (fofy et T (F24 26 Fh)) =BG+ £H) + 1+ 00,
(4.19¢)
(ks s = éh( Ly (h(=2(3(as — 2)ass +2)f2hfyy + (3as — Dh(fu+2f f0)+
(3~ 6a21) i) + 6(azt — 1)f) + (a2 — 1) fhl(azs — 17 Fhfy t
3fyy (1 = 2ag1)hfy + (az1 — 1) f)) + (3az1 — 1) fR*f) + hfi+
((3ag1 — V)hf; — 6aar f + 3f)) + f + O(h%), (4.19d)
(k)no = 212 (f*fyy + fify + fuo+ £ (f} +2fn)) —
T+ P Bl + Auf) + B+ fi) + 5Fufur + S
S5+ 35) + fufy + Jur) = 2h(fi + FF,) + f + O(hY), (4.19¢)
(ks = 5% ((an = D2 fyy = Alan = Dfy(Fo+ FF,) — 2am = 2)ffy + fu)+
S0 ((an = 2y — Bz — 2t
A(Baz — 2) fy (fufy + fu + F(fy +2fye + [ foy))+
12(ag1 — 1) fyelfi + ££,) — 12(an — 2)(az — D (fi + 1)+

3(az1 — 2)f fury — fur) + h((ar —2)f f, — fi) + f + O(hY).  (4.19f)

One substitutes Egs. (4.19) into (4.14c) and requires that the entire expression on

the Lh.s. of (4.15) be O(h%). One obtains a linear system for the coefficients whose
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solution corresponds to the tableau

37

37 (4.20)

=7
12

|
wlws %‘w )

24

We refer to method (4.20) as the pRK4.

4.5 NUMERICAL STABILITY OF PRK METHODS

In this section, we discuss the numerical stability of the pRK3, pRK4, NpRK3, and

NpRK4. The stability analysis follows that of Sec. 1.5.

4.5.1 STABILITY OF THE PRK3

To analyze the stability of the pRK3, we first apply the model problem ¢y = Ay to
Egs. (4.5). After doing this, one obtains:

3 5 1 5
Yoo — (14202 + 2> 2)Yn ( 5 2)1@ 0. 121
" ( £ R+ () Yo+ (GRA+ () Ve =0 (4.21)

One then makes the substitution Y,, = p"Y} to obtain the polynomial equation

3 5 1 5
2 (14 % 2 2) <h)\ 2 (hA 2)_. 4,99
o = (L Sha+ S N?) o+ (GhA+ 5 (N)?) =0 (4.22)
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Eq. (4.22) has the solution

1
2= (5(@)2 + 18N + 12 £ /25(hA)* + 180(hA)* + 204(hN)® + 144h) + 144) .

(4.23)

Therefore, the pRK3 is stable when |p;| < 1 and |ps| < 1. The corresponding stability

region is shown in Fig. 4.1, along with the stability region of the cRK3.

TSR R S SN T N S H TS T T A S S S S S A B S S A
-30 -25 -20 -1.5 -1.0 -0.5 0.0 0.5

Figure 4.1: Stability region of the pRK3 (solid) and cRK3 (dashed) in the Re(h\) — Im(h\)
plane. Although both are third-order methods, the cRKS3 has a significantly larger stability
region, as well as a higher degree of tangency to the imaginary axis. Therefore, if one
were integrating ODEs, the cRK3 would be the preferred method, as one could use a larger
stepsize and would have better preservation of conserved quantities.

Although the cRK3 may be a better choice for solving ODEs than the pRK3, as
we have seen in Chapter 3, the MoC becomes unstable when the cRK3 is used. We

will see in Chapter 5 that this is not the case for the pRKS3.
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4.5.2 STABILITY OF THE PRK4

To perform the stability analysis of the pRK4 (4.20), we follow the procedure outlined

above to obtain the stability polynomial

S(h\) = g — (1 4 i;’m + 2(11/\)2) P (gh/\ + i(h/\)2> p— (152(h>\) + :(h)\)2> .

(4.24)

®(hA) has three roots, p; 23, which we will not write but which can be found easily

with, e.g., Mathematica. The corresponding stability region is shown in Fig. 4.2.

1.5 04 / ,,,7
4
—————— I’
- ~
1.0 - \ J
7 0.2 1
4
0.5 Re
/
/
/
0.0 ( 0.0
\
AY
\
-05 AN
S -02 g
\\\\ /‘ . \
_10 SN __- - \\\
\
\\
-15 -0.4 S
25 20 -15 -10 -05 00 05 -0.010 -0.005 0.000  0.005  0.010

Figure 4.2: Stability region of the pRK/ (solid) and pRK3 (dashed). In the left pane, one
can see that the area of the region for the pRK/4 is significantly smaller than that of the
pRKS3. This is a common feature of multistep methods, including the well-known Adams
methods. The right pane shows, however, that the pRK/ has a higher degree of tangency to
the imaginary axis than the pRK3. Therefore, for non-stiff ODEs, the pRK) is expected to
preserve conserved quantities better than the pRKS.
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4.5.3 StTABILITY OF THE NPRK3

Recall that in the NpRK3, one has the free parameter asg (see Egs. (4.8) and (4.9)).
In principle, one has carte blanche over the choice of asy without running the risk
of compromising the order of the method. In practice, however, one must select
ago wisely in order to optimize the stability properties of the method, which for our
purposes is the degree of tangency the stability region has to the imaginary axis.

The stability polynomial for the NpRK3 is given by:

d(hA) = p* — (1 + —(4 — bagg) + }11;\)2(2 + a20)> p—
<}?(2 + bagg) + 5EO(M)?) : (4.25)

In Fig. 4.3, we plot the stability region corresponding to the NpRK3 with ayy = 1.4
along with the pRK3. This choice of asy will be explained soon in the text.

Let us now elaborate on the statement made at the beginning of this subsection,
as well as the reasoning behind our choice of asg = 1.4 in the analysis above. The
stability region of the NpRK3 changes with the choice of free parameter asy. This is
shown to be the case in Fig. 4.4, where we plot the stability region of the NpRK3
with three different values of asy. The main point of doing this is to emphasize the
fact that asy will affect the preservation of conserved quantities in the NpRK3. This

will be explored more in Appendix D.
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Figure 4.3: Stability regions of the NpRK3 (solid), pRK3 (dashed), and cRK3 (dotted, right
pane only). The NpRKS3 has a much smaller region than the pRKS, as shown in the left
pane. In the right pane, we see that the NpRK3 has a higher degree of tangency to the
imaginary azis than both the pRK3 and cRK3. Therefore, the NpRKS3 is a good choice for a
third-order method if one can afford a small stepsize and one is hoping to preserve conserved
quantities.

4.5.4 STABILITY OF THE NPRK4

In the NpRK4, one has the free parameter A or cgs. Our analysis here will focus on
the latter case; the details of the former case are similar.

In the case where ¢y is free, one obtains the stability polynomial:

17hA 3(hA)?
S(h\) = o — (1—24—@2m+ <2) >p2+
IA 3(h\)? I
<4c22h)\ _ 53 _ 3(4) _ 4c22(h)\)2> o (24 + Beah + 2022(}1)\)2) .

(4.26)

The choice of coy has a similar effect on stability that the choice of asg had in the

NpRKS3. This will be explored in Appendix D. In Fig. 4.5, we plot the corresponding
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Figure 4.4: Stability regions of the NpRKS3 with asy = 1.3 (dashed), azyp = 1.4 (solid),
and agy = 1.5 (dotted). The right pane shows the plots very close to the imaginary axis
(notice the horizontal and vertical scales). The meaning of these plots is the following: for
larger values of h\, one may want to choose azy = 1.3, due to the slightly larger region
of stability shown in the left pane. On the other hand, for small values of hX, one should
choose asg = 1.4 in order to receive a higher degree of tangency to the imaginary axis.

stability region for cos = —0.15.

4.5.5 COMPARISON OF PRK METHODS WITH ADAMS METHODS

In this subsection, we compare the stability regions of the pRK methods with a
well-known family of multistep methods, the Adams-Bashforth (AB) methods. The
reason for doing this is to explain why, in certain situations, pRK methods may be a
better choice than the well-known AB methods.

The third-order AB method (AB3) is given by:

Yo =Y, + 1};(23 F(Yo tn) = 16f (Yaor,tao1) + 5F (Yo, tnos)). (4.27)
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Figure 4.5: The left pane shows the stability regions of the NpRK/ with caa = —0.15 (solid)
and the pRK) (dashed). This plot follows the behavior shown in Fig. 4.3: stability regions
of NpRK methods can be smaller than those of pRK methods. The right pane shows the
NpRK/ (solid) and pRK/ (dashed) close to the imaginary axis. This plot tells us that for
small values of hA, the NpRK/ should preserve conserved quantities to a degree better than
the pRK4.

In Fig. 4.6, we compare the stability regions of the pRK3 and AB3.
The fourth-order AB method (AB4) is given by:

n (55f (Yo, tn) —

Yy
+1 24

:Yn+ 59f( 17n1)+37f( 27n2)_9f( TLQ))

(4.28)

In Fig. 4.7, we compare the stability regions of the pRK4 and ABA4.

Since we use the MoC to solve hyperbolic equations which admit conserved quan-
tities, we are interested in methods which will do the best job of preserving these
quantities. According to Figs. 4.6 and 4.7, the pRK methods can accomplish this
task better than the AB methods, and thus we will choose to employ pRK methods

in our upcoming MoC schemes.
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Figure 4.6: Stability regions of the pRKS3 (solid) and ABS3 (dashed). The left pane shows
that the region for the pRKS3 is much larger, and the right pane shows that the pRKS also
has a slightly higher degree of tangency to the imaginary axis than the AB3. Thus, the
pRKS3 (and therefore, NpRK3) should preserve conserved quantities better than the ABS.
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Figure 4.7: Stability regions of the pRKJ (solid) and ABj4 (dashed). We draw similar
conclusions from these plots as we did for the plots in Fig. 4.6.

Another reason we prefer pRK methods over AB methods is because the number

of previous solutions needed in AB methods is greater than the number needed in
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pRK methods. For example, the pRK3 requires Y,, and Y,,_1, while the AB3 requires
these solutions in addition to Y,,_s. When solving an ODE, this is not a huge problem.
However, the implementation of MoC schemes becomes increasingly complicated as
the number previous solutions needed increases. This will be seen in Chapters 5 and

6 when we discuss the implementation of MoC-pRK schemes.

4.6 NUMERICAL RESULTS

In this section, we present numerical results obtained from using the aforementioned
methods to solve ODEs. These results confirm what we have seen in the stability plots
of Sec. 4.5 and predict behavior that we will see later when using these methods in
the MoC.

The two subsections focus on two slightly different aspects of the preservation of
conserved quantities by a numerical method. In Sec. 4.6.1 we will mainly focus on
how well the methods preserve the conserved quantities for a given h, while in Sec.

4.6.2 we will focus on how this preservation property scales with h.

4.6.1 KEPLER TWO-BODY PROBLEM

The first problem we consider is the Kepler two-body problem:

no__ q "o r
R e R 2

where ¢ and r are the Cartesian coordinates of a particular radius vector relative to
the center of mass of two particles in each other’s gravitational field. This problem

has constants of motion which include the Hamiltonian, H, and angular momentum,
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A. The equations for these constants are given by:

1
VT
A=qR—rQ, (4.31)

H = ;(qﬁ + R?) — (4.30)

where () and R are the velocities corresponding to ¢ and r, respectively. The results
of integrating (4.29) with the initial condition corresponding to an elliptical orbit
with eccentricity € = 0.6 using the cRK3, pRK3, NpRK3 (ag = 1.4), cRK4, pRK4,
and NpRK4 (cy2 = —0.15) are shown in Figs. 4.8 and 4.9. It should be noted that
while the values of the numerical error shown in Figs. 4.8 and 4.9 are specific to the
particular value of the orbits eccentricity, they illustrate the general trend observed
among the methods used.

A discussion about the dependence of the error on the free parameters of the

NpRK methods is found in Appendix D.

4.6.2 ANHARMONIC OSCILLATOR

The second problem we consider are the equations of an anharmonic oscillator:

Y1 = Y, (4.32a)

Yo = —yi(y — Dy +2). (4.32b)

To make (4.30) into an IVP, we impose the initial condition

y1(0) =0, 42(0) = 1. (4.32¢)
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Figure 4.8: Error in the Hamiltonian vs. time produced from integrating the Kepler problem
up to t = 500 with stepsize h = 0.01. In Sec. 4.5, we found that among the methods
mentioned there, the method with the worst degree of tangency to the imaginary axis for
small Ah was the pRKS3, and the best was the NpRK/, with the NpRKS8 and pRK/ in the
middle. This is exactly what we see in this plot: the pRKS does the worst job of conserving
the Hamiltonian and the NpRK) does the best job (comparable to the cRK4).

We will solve IVP (4.32) with the cRK3, pRK3, cRK4, and pRK4 with different

values of h and record the change in the Hamiltonian,

1 1. 1
H= §y§ —yi+ gyi” + Zyi‘- (4.33)

The results are shown in Table 1. Note that we omit the results obtained by the NpRK

methods, as our goal here is to show the degree in which the conserved quantities are
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Figure 4.9: Error in angular momentum vs. time produced from integrating the Kepler
problem, as for Fig. 4.8. Similarly to what was written in the caption of Fig. 4.6, these
results verify what we observed in the stability plots in Sec. 4.5.

preserved by third- and fourth-order methods.

These results allow us to estimate the order in which the Hamiltonian is preserved.
Namely, they tell us that the cRK3 and pRK3 preserve the Hamiltonian with an order
of 3, and the cRK4 and pRK4 do so with an order of 5. This is because when we halve
the stepsize, we obtain ratios in the change in the Hamiltonian of approximately 23

and 2°. We will see this type of behavior later on when we use pRK schemes in the

MoC.
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| | ¢cRK3 | pRK3 | cRK4 | pRK4 |
AH for h=001 [[59x102[27x102[1.2x10°[42x%x107°
AH for h=0.005 || 74 x107* [ 34 x 1072 [ 3.8 x 108 [ 1.3x10°F
Ratio 8.0 7.9 31.6 32.3

Table 4.1: Results of solving IVP (4.32) up to t = 1000 with four methods. Recorded is the
change in the Hamiltonian, AH, for a given method and stepsize. The fourth row gives the
ratio of the numbers in the second and third rows.

4.7 (CONCLUDING REMARKS

In this Chapter, we have presented four ODE solvers based on the pRK framework
for use in the MoC: the third-order pRK3 and NpRK3, and the fourth-order pRK4
and NpRK4. These methods all share the property that by = 1 in the second stage
derivative, and can therefore be implemented with ease on our MoC grid without
employing any virtual nodes. We have also investigated the stability of these methods
for ODEs and seen to which order we can expect them to preserve the conserved
quantities that will be of interest to us later on.

The remaining chapters of this thesis will focus on the use of pRK schemes as the
ODE solver in the MoC. We will apply the von Neumann stability analysis to MoC
schemes which use third- and fourth-order pRK methods, then verify the analysis
numerically. We will see that the resulting third- and fourth-order MoC schemes do

not have a large instability, as they did when they were based on explicit RK methods.
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5 THE MoC USING THIRD-ORDER PRK

SCHEMES

In Chapter 4, we presented pRK schemes for ODEs, including the third-order pRK3
and NpRK3. In this chapter, we will develop a third-order MoC scheme which uses the
pRK3 as the ODE solver. We will show that the resulting method, the MoC-pRK3,
has stability properties similar to the MoC-ME. We will also discuss for the first
time in this thesis the implications of using nonreflecting boundary conditions in an
MoC scheme, rather than the periodic boundary conditions which the von Neumann
analysis and our numerical simulations have assumed thus far. This will be done in
the context of the MoC-pRK3. Chapter 6 will follow a similar structure as Chapter

5 but with a focus on fourth-order pRK schemes.

5.1 FORMULATION OF THE MoOC-PRK3

Recall the pRK3 scheme for ODEs from Chapter 4:

0
111
—r (4.4)
13 5
12 12
-1 =5
12 12

85



For the ODE v/ = f(Y,,, t,), tableau (4.4) has the following meaning:

(k1>n = f(YTH tn)? (45&)
(k2)n = f(Ya + h(ki)n, tn + h), (4.5b)
Yn+1 = Yn + 1h2 (13(k1)n + 5(k2)n — (kl)n—l — 5(l€2>n_1) . (45C)

We now give the equations for the MoC-pRK3 which advance the solution from time

level n to n + 1. The stencil for the method is shown in Fig. 5.1.

n+1

i N
v . -
& £
/” \\\

m-2 m-1 m m+1 m+2

Figure 5.1: Stencil for the MoC-pRKS3 for systems admitting two straight-line and crossing
characteristics, €T and €. The solution YV is integrated along £, which propagates from
left to right, and the solution Y~ is integrated along £~ , which propagates from right to left.
Recall that we enforce a square grid (At = Ax = h), and thus in order to obtain either of
(YE)mtt, one needs information of both (Y*)—, and of both (Yi);‘l;g.

In the MoC-pRK3, the equations for k; are no different than they have been in

previous methods:
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When computing (k2)},+;, one needs the points (Y*)n with local accuracy O(h?),

just as in the MoC-cRK3. We accomplish this task with the MoC-ME:

(Y) " = () + b ) (5.1c)
(T = (V) + B ), (5.1)
(o) = S o+ (7)) e ()L )] e
(V)" = ; [(Y—)g+1 + (V)" ns ((Y*);“ , (Y);“)] L (BID

ko is then computed by:

(= £ () ()0, (5.1g)
(Y =4~ (F)2 . (7)07). (5.1h)

The solution at the next level is then:

n n h n n n— n— .
OOt = (s 5 (130K o+ 506y — (R ) = 50 )3h) s (5.10)
—\n —\n h —\n —\n —\n— —\n— :
Ot = O s + 1 (10 s 506 Vs — (K ity = 50k i) - (5.1))

Note that (kfg)%;lz were computed in the previous step by the same procedure.
Equations (5.1) form the MoC-pRK3. This scheme is more straightforward than
our other third-order scheme, the MoC-cRK3, since we do not need to compute any

points that are not on the stencil.
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5.2 VON NEUMANN STABILITY ANALYSIS OF THE MoC-

PRK3

With the MoC-pRK3 formulated, we would like to know if the method is stable. We
will answer this question by performing the von Neumann stability analysis on the
background of system (1.50), which we have seen in Chapters 2 and 3. Recall the
goal of the von Neumann analysis is to write the numerical method in the form

(s)H = ®(2)(s)", 2= kh, (5.2)

m m)

where s is a vector of small perturbations from the true solution and ® is a matrix.
Previously, s had the form (s)?, = ((s™)",(s7)")T. Now, in the context of the
MoC-pRK3, the solution at level n + 1 depends on the solutions at level n and at

level n — 1. To reflect this in the von Neumann analysis, we seek an equation of the

form:

(st o)) = @) () s (5.3)

Let us commence with the analysis. Conceptually, the analysis is identical to that
which we performed in the previous chapters. However, the vector on the lLh.s. of
(5.3) is now of length 8, rather than 4. Thus, most of the matrices we encounter in

this analysis will be of size 4 x 8.
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Equations (5.1{a,b}) applied to (2.11), the linearized version of (1.50), yield:

n

k{ . .
. =[P,0]8 =Ky 8, (5.4a)
LS|
w1
ki
ki -

where P is defined in (2.12), O is the 4 x 4 zero matrix, and § is the 8 x 1 vector

- n+1 ] -
j = Q([I, O] + h’Cn) §=3Su s, (5.4c)
Si o i
st t -
j = Q([(’), I+ h’C12) S=Si2 8, (5.4d)
s L i

where Q is defined in (2.21) and I is the 4 x 4 identity matrix. (5.4{c,d}) share a

similar structure with (2.22), the matrix we obtained for the MoC-SE.
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Applying (5.1{e,f}) to (2.11) gives us an analogue of the MoC-ME stability matrix:

n+1
st 1 |
= 2( [Q7 O] + 811 + hKii My ) §= 858, (54e)
8" 1 ]
= 2( [0, Q] + Si2 + h1a M ) S§=38558, (5.4f)
& L ]
where
S Ouxs
My = , M= : (5.5)
O4><8 812
After applying (5.1{g,h}) to (2.11), we obtain:
< -
(k_)” = <[Pdiaga O]Mll + [Poffdiaga O]M21>S = ,Czl S, (54g)
22 /m+1
(5 )7t o
LT <[(’), Piag] M2 + [0, Poffdiag]M22>S =Ky 8, (5.4h)
(k3 )i
where
Sa Ouxs
le = , M22 = . (56)
O4><8 822
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Equations (5.1{i,j}) applied to (2.11) yield:

n+1
S+

= ([Q, O] + 1}; (13QK11 + 5K — Q*K1z — 5QK) >s =N 8 (5.4

§_
m

Note that i1 and KCqp are defined with the index m, as are the quantities in 8.
According to (5.1{i,j}) we need k; at the nodes (m—1,n) and (m—2,n—1). This ex-
plains why K;; and ;5 are multiplied on the left by Q and Q?. A similar explanation
applies to the presence of Q on the left of Cos.

Equation (5.4i) gives us an expression for (s)% in the L.h.s. of (5.3) in terms of

m

§. The expression for (s)” in terms of § is simple:

Therefore, the stability matrix ® in (5.3) is given by:

M
P(z) = . (5.5)

N>

In Fig. 5.2, we show the von Neumann stability plot corresponding to ®(z).

5.3 NUMERICAL VERIFICATION OF THE VON NEUMANN

ANALYSIS

Following the analysis of Appendix B, at time ¢, the maximum of the logarithm of

the error in the Fourier spectrum for the MoC-pRK3 when solving system (1.50) will
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MoC-pRKS3: h = 0.01 04 MoC-pRK3: h = 0.02
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Figure 5.2: Largest eigenvalue of the stability matriz for the MoC-pRKS3 for h = 0.01 and
h =0.02. The plots are very similar for these values of h, so by an analysis similar to that
of Appendir B, we have |Amax| = 1+O(h?), which means that the growth rate in the error is
O(h). Similar to the MoC-ME, the largest instability occurs for harmonics near the middle
of the spectrum. However, the maximum growth rate of harmonics with |k| ~ kmax/2 is
about three times smaller than that for the MoC-ME.

be:

cht
eI‘I'pRK3 = m + 10g10 Wo, (56)

where W is the initial error in the Fourier spectrum and c satisfies
| Amax| = 1+ ch?. (5.7)

From Fig. 5.2, one can find that ¢ ~ 1/3. Therefore, in our simulation with log,, Wy ~
—7.8, we should expect the logarithm of the maximum error to be approximately —7.
This is shown to be the case in Fig. 5.3.

In the numerical simulation, at ¢ = 500, the base-10 logarithm of the error has

grown by approximately 0.8. Recall that in the MoC-ME, the growth constant ¢ was
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MoC-pRK3: t = 500, h = 0.01

Figure 5.3: Logarithm Fourier spectrum of the error in the solution obtained by solving
(1.50) with the MoC-pRKS3 up to t = 500 with h = 0.01. The logarithm of the maximum
error is close to —7, as predicted.

1. In the MoC-pRK3, ¢ = 1/3. This means that the error in the MoC-ME should
increase by around 3 times as much, in the logarithmic scale, the error in the MoC-
pRK3. This is what we have observed: the growth in the logarithm of the error in the
MoC-ME was 2.2, roughly 3 times larger than 0.8. From this, we see that although
the instability in the MoC-ME and MoC-pRK3 occurs for similar harmonics and with
a similar shape, it will destroy the solution in the MoC-ME sooner than it will in the

MoC-pRK3.
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5.4 IMPLEMENTATION OF THE MOC-PRK3 SCHEME

WITH PERIODIC BOUNDARY CONDITIONS

In the von Neumann analysis and simulation performed to verify it, we assume peri-

odic boundary conditions (b.c.), meaning:

Y52 =), )i = )5, (5.8)

where M + 1 is the number of spatial grid points and m = 0,1,..., M. The same
convention applies to all of the stage derivatives ki which we compute. In the MoC
schemes discussed so far in this thesis, it is straightforward to implement periodic
b.c. using (5.8). Implementing them in a multistep scheme, such as the MoC-pRK3,
must be done with care. To see why this is so, let us examine the stencil for the

MoC-pRK3 near the left boundary (Fig. 5.4).

n+1 ‘
n-1 ,
m=-2 m=-1 m=0

Figure 5.4: Stencil for the MoC-pRKS3 near the left boundary (the thick line, m = 0).
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By (5.1i), the solution (Y )§™! is given by:
n n h n n n— n—
Y™ =)+ 45 (18O 45k = (k)2 = 5(k)5) . (5.9)

The values with the index (m = —1,n) can be found as prescribed in (5.8). To

maintain periodic b.c., the values with index (m = —2,n — 1) can be found by:
(rargt = (YR, (5.100)

Similarly, one needs values at the node (m = M +2,n— 1) when computing (Y =)}

These values can be found by:
YY)l = (Y5 (5.10Db)

Code implementing the MoC-pRK3 with periodic b.c. will be given in Appendix F.

5.5 THE MOC-NPRK3 SCHEME AND STABILITY

The NpRK3 scheme (4.8) with by = 1 for the ODE ¢’ = f(Y,t) is given by:

(kl)n - f(Ym tn)7 (511&)
(k2)n = f (Yo + A(Yn — Yoo1) + h(axo(ki)n—1 + a21(k1)n), tn + h), (5.11b)
Yn+1 == Yn + h (Cll(k1>n + 612(k2>n + CQl(kl)n—l) s (511C)

where all of the coefficients are completely determined by the free parameter ay via

(4.9). The MoC-NpRKS3 has the same stencil as the MoC-pRK3 (Fig. 5.1), and the
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equations for the scheme are given by:

(V5 = (V5 + A (V) = (V)2h) + b (aso (R + am (R)) - (5.12a)

(kg ey = S (VO V)0 (5.12b)
(ks s = £~ (V) (V) (5.12¢)
(Y = (V) + b (e () + ok s + e (K g ) (5.12d)

where kf and Y+ are computed the same way as they are in (5.1{a,b,e,f}).

We will omit the technical details of the von Neumann analysis of the MoC-
NpRKS3, since they are very similar to those given in Sec. 5.2. We will, however,
present the results of it and the numerical verification (see Fig. 5.5). In the following
analysis, we use agy = 7/5 = 1.4, the value which optimizes the stability region for the
ODE. Although we saw in Appendix D that the optimal choice of as in the PDE case
is problem dependent, the von Neumann stability plots for different asy are virtually
indistinguishable.

For the remainder of this thesis, our examination of third-order MoC schemes will
focus on the MoC-pRK3. Although the growth rate of the instability in the MoC-
NpRKS3 is smaller than that in the MoC-pRK3, both growth rates are small enough

that either method could be used for a realistic integration time.
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Figure 5.5: von Neumann stability plot of the NpRK3 (left) and numerical verification
(right), both with h = 0.01. Like the MoC-ME and MoC-pRKS3, the growth rate of the
instability is O(h) in this method, with the growth constant ¢ ~ 0.17, i.e. twice as small
as for the MoC-pRKS3. Unlike the MoC-ME and MoC-pRKS3, the largest instability for the
MoC-NpRK3 occurs for harmonics near z = /4 and z = 3w /4, rather than z = /2.

The figure on the right was created by integrating system (1.50) up to t = 500 with the
MoC-NpRK3. We see that the two “peaks" predicted by the stability plot have begun to

form.
5.6 MoC SCHEMES USING NONREFLECTING BOUNDARY

CONDITIONS

So far in this thesis, when analyzing the stability of an MoC scheme and verifying
the analysis numerically, we have assumed periodic b.c. in our systems of PDEs
Another type of b.c. that can be used are nonreflecting b.c. When nonreflecting b.c

are used, the boundary values are computed at every time step by a known function

This means:

(5.13)
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where F* are given. The numerical stability of the MoC-SE and MoC-ME using
nonreflecting boundary conditions has been studied in [12]. In that paper, it was
shown that the MoC-ME becomes stable when nonreflecting b.c. are used. In this

chapter, we present results which the constant nonreflecting b.c. given by:
Fiy =0, Fy =41, (5.14)

where subscripts 1,2, 3 refer to the components Y1375273 = szg of the solution (2.7) of
our model problem (1.50). The logarithm of the Fourier spectrum of the error in the

MoC-ME case is shown in Fig. 5.6.

5 -5
-5.5
- -10
'E 6.5 'E
= =5
g -T 50
= =
75 -20
-8
-8.5 -25
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 25 3

Figure 5.6: Numerical solution of system (1.50) using the MoC-ME with periodic b.c. (left)
and nonreflecting b.c. (right) up to t = 500 with h = 0.01. As we saw in Chapter 2, there
is a mild instability near z = /2 when periodic b.c. are used whose growth rate is O(h).
When nonrefiecting b.c. are used, this instability vanishes, and the error in the middle of
the spectrum decays.

The question we would now like to answer is: will nonreflecting b.c. eliminate the
instability in MoC-pRK schemes? In this chapter, we will answer this question for

the MoC-pRK3.
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5.7 IMPLEMENTING NONREFLECTING B.C. IN THE

MoC-PRK3

In Sec. 5.4, we explained how some care must be taken when implementing the MoC-
pRK3 with periodic b.c. Even more care is needed when implementing this scheme
with nonreflecting b.c. We will explain this process for Y™ by advancing through the
stencil.

We obtain the solution (Y)"=! from the initial condition. As described in Chapter
4, the first step of the pRK3 can be taken by the ME. Thus, the first step of the
MoC-pRK3 is taken by the MoC-ME, giving us (Y*)2. The first time we use the
MoC-pRK3 scheme is when we are computing the solution at time level n = 3. The
corresponding stencil is shown in Fig. 5.7.

Computation of the solution at the boundary is straightforward, as these values
are prescribed by (5.13). As such, the value (Y1)3 comes for free.

The next value we compute is (Y 7). In the MoC-pRK3, this requires the solution
and stage derivatives at (Y*)3 and (Y")!,. The former value is available to us from
the MoC-ME; the latter value, however, is not. Note that we need this value with
at least local accuracy O(h?). This is because (Y 1)? must be computed with local
accuracy O(h*), and thus all values on the r.h.s. of (5.1i) must be O(h*). The terms
required at level n = 2 are multiplied by & in (5.1i), so they must be at least O(h?).

1

The resolution is to extrapolate the value (Y ), with the desired accuracy. This

process is explained in Appendix E. In this case, one can compute:

(V)L =31 ) =3 ")y + (Y1), + O(h?). (5.15)
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net &F & ¢ *
m=0 m=1 m=2

Figure 5.7: Stencil showing the advancement of the solution along ¢+ to (Y1)3, using

the MoC-pRKS3. Filled-in circles represent nodes where the solution and stage derivatives
are available. Currently, n = 1 and n = 2 are available for oll 0 < m < M from the
initial condition and first step with MoC-ME. Filled-in squares represent the nodes we are
advancing to; thus, all nodes at level n = 3 with 0 < m < M have a filled-in square. Empty
circles represent nodes which are not available, but are needed to compute a node with a
filled-in square. Currently, the only node like this is (m = —1,n = 1), as the solution and
stage derivatives are needed here in order to compute the solution at (m = 1,n = 3).

With this point in hand, we can now compute (Y )?. The remaining points at level
n=23,(Y")3 ,m=2 ..., M arestraightforward to compute because all of the values
needed at previous time levels are available. A similar routine is, of course, used at
the right boundary to compute Y~ at level n = 3.

Let us make a very important remark: the extrapolation (5.15) will only be used
to compute a point outside of the boundary at level n = 1. This is because the extrap-
olation involved the Lagrange polynomial, which assumes a smooth solution. Thus,
if the numerical solution happens to be non-smooth, the extrapolation (5.15) could
give a poor approximation. Moving forward, extrapolation outside of the boundary

will be computed by another method, which will be described soon.
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We now describe how to advance the solution from n = 3 to n = 4. The corre-

sponding stencil is shown in Fig. 5.8.

n=4 i | l »
n=3 ¢ ’ ®
n=20Q ﬁ @ ®
iy ? ’ ¢
m=-1 m=0 m=1 m=2

Figure 5.8: Stencil showing the advancement of the solution along £ to (Y )% wusing the

MoC-pRKS. The solution (Y )} is supplied by the boundary condition, and (Y )3 is found
by the MoC-pRKS3 algorithm using the available solutions at nodes with (m,n) = (1,3) and
(0,2). To compute (Y1)}, we need the solution at node (—1,2), which is not yet available.

Our goal now is to explain how one computes the point (m = —1,n = 2) with the
desired local accuracy O(h?). As mentioned above, we will not do this by extrapola-
tion. We can, however, do this with the MoC-ME. We will demonstrate the idea in
Fig. 5.9 and then explain it in the text.

According to the rotated stencil in Fig. 5.9, the desired point can be computed
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Figure 5.9: Left pane: bottom-left rectangle of the stencil in Fig. 5.8; right pane: the
same rectangle rotated by —90 degrees. We include the characteristics £ (dashed) and &~
(dotted), as well as the direction in which they propagate. The point which we are interested
in computing is represented by the open circle. When the usual stencil is rotated, we obtain
an MoC-ME-like stencil, with the locations of €T and £ reversed. From the left pane,
notice also that in the rotated stencil, & propagates in the opposite direction compared to
that in the bulk of the grid.

by the MoC-ME as follows:

(T = —hrt (V3 00)3). (5.16a)
(7)) = 0h+nf (V950 (5.16b)
T = o () e ()0 s
T A WRUYEY (Lo e | ™

This closely resembles the MoC-ME seen many times in this thesis, with two main
differences. First, the node to which £ propagates in (5.16) is the node that &~
propagates from in the usual MoC-ME. Likewise, the node from which £~ propagates

in (5.16) is the node that £ propagates from in the usual MoC-ME. Second, in
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(5.16a) and (5.16¢), the function evaluations are multiplied by negative h. This
reflects the fact, shown in the stencil, that {1 in this scheme propagates away from
the desired node, rather than towards it. Thus, we can “reverse" the direction by
stepping backwards, i.e. by using the stepsize —h.

Equations (5.16) give us the desired values at node (—1,2), which can then be
used to compute the stage derivatives needed to find (Y*){. On the right boundary,
we encounter a similar situation: to find the Y~ values at (M — 1,4), we need values
at (M + 1,2). The analogue of (5.16) at the right boundary to accomplish this task

is:

(V7)o = OO+ R (VD)3 (V) (5.17a)
(YYV[H:( i~ (V93 (V7)) (5.17b)
)= 3 [<Y+> - (7 >Mﬂ i () ()] 6170
o= 5[0+ o =0 () (T N3] 270

The solution at all levels n > 4 will follow a similar pattern. The pseudocode for the
MoC-pRK3 with nonreflecting b.c. is shown in Algorithm 1. In Appendix F, we will
include our commented MATLAB code.

5.8 NUMERICAL RESULTS OF MoC-PRK3 WITH NON-

REFLECTING B.C.

The results of simulating system (1.50) with the MoC-pRK3 using nonreflecting b.c.

(5.14) are shown in Fig. 5.10. We see that nonreflecting b.c. in the MoC-pRK3 have
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Algorithm 1: MoC-pRK3 algorithm with nonreflecting boundary conditions

1
2
3
4
5
6
7
8

10

11
12

13
14
15
16
17
18
19
20

21
22
23
24

while n < nmaz do

end

if n =1 then

(Yi)[l()’ A given by initial condition;
Extrapolate (Y*)', ,,,, by (5.15);

else if n = 2 then
| Compute (YF)F, ,; by MoC-ME;
else

Compute (Yi)ﬁ)’M} by MoC-ME.

As a byproduct, we obtain the MoC-SE solution (Yi)ﬁ)’ M)
if n = 3 then

‘ Compute (k; 2)[ 1,0 -2) and (1, 2)[2 M+1) DY (5.1{a,b,g,h});
else
Compute (Yi)’iﬁ\/prl by rotated MoC-ME ;

Set (k)i "n o = [FHOYVH)™2, (Y7)172), <k+>f5;4 Mk

Set (k7)1 ) = = D)y £ (YO, (YR |
Compute (Y Jo=2 and (Y )32 by MoC-SE using (Y* )”12M+1,
Set. (k3 ) ary =[SV )5 <Y->3—2> (koo

Set (k3 )y i1y = [( V£ -<< L O]

end Set (k") %1\14 1] = (( [OM 1]7( )OM 1])

Set (ki )iy = £~ (V) (VR )

Set (ks )[OM g =rf* ((?+)[1,M]7(Y_)F1,M]);

Set (k3 )i = 1~ (Va1 ¥ Voarn);
Compute (Yi) 0.0 Py MoC-pRK3;

end
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a similar effect on the error that they do in the MoC-ME. Thus, a stable, third-order

MoC scheme has been established.

logyg [F[S]]

-20

-22

Figure 5.10: Logarithm of the Fourier spectrum of the error obtained by solving (1.50) with
the MoC-pRKS3 using nonreflecting b.c. (5.14) up to t = 500 with h = 0.01. One sees that
the error decays most drastically near the middle of the spectrum, contrary to what occurs
when periodic b.c. are used. However, one may also notice that the middle of the spectrum
for the MoC-pRK3 does not “sag" as strongly as it does for the MoC-ME; compare with
Fig. 5.6.

In Chapter 6, we will establish a stable, fourth-order MoC scheme using the pRK4
as the ODE solver along with nonreflecting b.c. In Chapter 7, we will present nu-
merical results for both methods verifying their accuracy as well as their ability to

preserve conserved quantities.

5.9 AN ALTERNATIVE IMPLEMENTATION OF

NONREFLECTING B.C. IN THE MoC-PRK3

The implementation of the MoC-pRK3 with nonreflecting b.c. becomes rather com-

plicated due to the need to compute points that lie outside the boundary. However,
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this only needs to be done so that one can compute (Y1), and similarly (Y 7)%,_; by
the MoC-pRK3 algorithm (see Fig. 5.8). The natural question that one might as is:
why not just compute these two values at each level by another third-order method,
say MoC-cRK3, to avoid exiting the boundary?

The answer to this question is stability. Recall from Chapter 3 that the MoC-
cRK3 can be strongly unstable for harmonics close to 7. Although we would only use
the MoC-cRK3 to compute the values at two nodes per level, the instability of the

MoC-cRK3 eventually pervades the solution. This is shown in Fig. 5.11.

logy, |F[S]|

0 0.5 1 1.5 2 25 3

Figure 5.11: Logarithm of the Fourier spectrum of the error obtained by solving (1.50) with
the MoC-pRKS3 using the cRK3-style implementation of nonreflecting b.c. While the error
does decay throughout most of the spectrum, one can see that it is growing for high Fourier
harmonics, an emblematic feature of the MoC-cRKS. Soon, this error will be order 1, which
will completely destroy the solution.

Based on these considerations, we advocate for the use of the implementation

described in Sec. 5.8 to avoid any risk of instability.
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6 THE MoC USING FOURTH-ORDER PRK

SCHEMES

In Chapter 5, we formulated an MoC scheme which used the third-order pRK method
developed in Chapter 4. We analyzed the stability of the resulting MoC-pRK3 and
discussed how to implement the method using both periodic and nonreflecting bound-
ary conditions. In this Chapter, we will perform the same tasks but now with the
fourth-order pRK method. In Chapter 7, we will provide the numerical verification
that the MoC-pRK3 and MoC-pRK4 are third- and fourth-order methods, respec-
tively, and that they preserve conserved quantities to the degree predicted in Chapter

4.

6.1 FORMULATION OF THE MoC-PRK4

Recall the pRK4 scheme for ODEs from Chapter 4:

37

37 (4.20)

-7
12

24

|
o0l *“‘w )
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For the ODE ¢' = f(Y,,t,), method (4.20) has the following meaning:

(lﬁ)n = f(antn)7 (61&)
(k2)n = f(Yn + h(ki)n, tn + ), (6.1b)
Yoo = Y, + h(Z(kl)n F 2o — g5 ()at — 2 (o rt

1 3

ﬂ<k1)n72 + 8<k2)n2) . (610)

The stencil for the MoC-pRK4 is shown in Fig. 6.1.

n+1 -
g |
n . ®
n-1 . 2 @
n-2@ @
m-=3 m-2 m-=1 m m+1 m+2 m+3

Figure 6.1: Stencil for the MoC-pRK}. To obtain either of (Y )"+, one needs information

of both (Y £)5, 41, of both (Yi)%;lg, and of both (Yi)%ﬁg.

The equations for ki in the MoC-pRK4 are:

s = £ (VD OV )mn) (6.2a)

(b s = £~ (V) (V)i ). (6.2b)

Recall our convention, stated after Eqs. (3.3), that the indices of the stage derivatives

k’s are those from which the respective k’s are computed, while the indices of the
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auxiliary solutions Y, V#, and V¥ in (6.2) are those at which these solutions are
found.

According to Egs. (6.1b) and (6.1c), to compute k3 in the MoC-pRK4 at level
n, one needs Y at level n + 1 with local accuracy O(h*) to achieve a local accuracy
of O(h®) (and hence a global accuracy of O(h')) in the solution (6.1c). Thus, we
need a third-order accurate method to estimate those Y. The third-order accurate
MoC schemes which we can use are the MoC-cRK3 and MoC-pRK3. In Chapters 3
and 5, we showed that the former of these methods can be strongly unstable, while
the latter is not. Thus, we opt to compute the O(h*)-local accurate solution by the
MoC-pRK3. As seen in Chapter 5, this requires the MoC-SE and MoC-ME solutions,

given by:

as well as the stage derivatives

i =1 (T ()0, (6.2¢)
(03 ) mir = 1~ ((W)fnﬂ , (Y_):fl) . (6.2h)

The values (3 were referred to as k3 in Chapter 5. We use a different notation here as

we reserve the k notation for the stage derivatives in the MoC-pRK4. The MoC-pRK3
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solution, Y, is then found by:

(P = ) (180 + 506 — (DS — 5(6)S) . (6:2)

m 12
o\l —\n h —\n —\n —\n— —\n— :
(V) = O a5 (BB e 45065 ) — (ki iy = 5(6)555) - (6:29)

We can now compute ki for the MoC-pRK4:

(ks = I ((W);+1 : (?‘);H) , (6.2K)
(kY =4~ (P2 (7)1, (6.21)

By Eq. (6.1c), the MoC-pRK4 solution is then given by:

n n 37 n 3 n 7
(Y+>m+1 - <Y+>m71 + h(24<kii_>ml + g(k;)mfl - ﬁ

n— 3 n—
(kf—)mJQ - Z(k;)mJQ—i_

1

n— 3 n—
24(1{;1’_)1%723 + 8<k;)m23> )

(6.2m)

—\n —\n 37 —\n 3771 7 —\n— 37n7
(Y )erl = (Y )erl + h(M(kl >m+1 + g(kQ )erl - E(kl )m+12 - Z(kQ )m+12+

1, 3 e
ﬁ(kl )m+23 + §<k2 )m+23> . (6.2n)

As in the MoC-pRK3, the values ka at levels n — 1 and n — 2 are computed in the

previous steps by an identical procedure. Equations (6.2) form the MoC-pRK4.
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6.2 VON NEUMANN STABILITY ANALYSIS OF THE MoC-

PRK4

We will investigate the stability properties of the MoC-cRK4 by performing the von
Neumann stability analysis on the background of system (1.50). In the stability

analysis of the MoC-pRK3, we sought an equation of the form:

(s s)n) = @) (). ()7 (5.3)

n—1

The need to evolve (s)™

arose from the dependence of the MoC-pRK3 solution on
stage derivatives at level n—1. In the analysis of the MoC-pRK3, we seek an equation

of the form:

(s)m (8)m
S | _ ®(z) &) =®(2) 8 (6.3)
(s)m (s)m
(s)m? (s)m

Each of the perturbation vectors s are of length 4, and thus ® must be a 16 x 16
matrix. The need to include the values of s at 4 levels will become evident in the
forthcoming analysis, but stems from the fact that the MoC-pRK4 requires stage

derivatives from two previous steps, as well as the MoC-pRK3 solution at every step

(see Eqgs. (6.2{i,j}).
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Equations (6.2{a,b}) applied to (2.11), the linearized version of (1.50), yield:

(k) =[P,0,0,0]8=Ku5, (6.4a)
(k) = [0.P.0, 08 =K, (6.4D)
(k) =[0.0.P,0)s = K5, (6.4¢)
(k) =10.0.0.P|s = Kus, (6.4d)

where P is defined in (2.12), O is the 4 x 4 zero matrix, and § is the 16 x 1 vector
defined in (6.3). Recall that each k* has length 4, so the dimensions on each side of
Egs. (6.4) agree.

According to (6.2{a,b}), we require the MoC-SE solution. The analogue of the

MoC-SE stability matrix in the context of the MoC-pRK4 is:

st = ( Q,0,0,0) +hQIC11)§ = Su §, (6.4e)
_ ( 0,Q,0,0] + hQIC12>§ =S4, (6.4f)
- ( (0,0,Q,0] + thCp,)é =S58, (6.4g)
_ ( 0,0,0,Q] + hQICM)s = Su 8, (6.4h)

where Q is defined in (2.21). Next, we find the analogue of the MoC-ME stability

112



matrix:

Q,0,0,0] + 811 + hICnMH

>
I
NE
§
w

>
I
NG
(V]
R

[O Q,0, O] + 12 + h/C12M12

(0,0,Q,0] + S5 + hIC13M13

\_/ v \_/ \_/
wn>
I
2
w
l.’l))

(0,0,0,Q] + S + hIC14M14

—~
)]
N—
33
I
r r 1T ., |
w\»—w\r—lmw—lw\»—
w>
Il
L
NG
w

7N 7N N N

where, in a similar fashion to the MoC-pRK3,

s Osx16 Ogx16 o
11 12x16
My = s M= Sy |  Mis=1] S35 |, Mu=
O12x16 Sia
Osx16 Ouxi6

(6):1;1 ([Pdlagvo O, O] M1 + [Posidiag, O, O, O] M21)§ =Ly 8,
()", = ([0 Paing: O, O] M + [0, Pogging: O, O] M22> — L8,
(£2i):1j1 - <[O7O>Pdlag>O]M13 + [0, O, P ogdiag, O M23>§ = Lo3 8,
(Egc);jl ([O O, 0, Pyiag] Mi4 + [0, 0, O, Posidiag] M24)§ = Lo §,
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where

Ouxi6 Osx16
Sa1 Oi2x16
My = y, Mag = | Spy | s Moz =1 Sy |, Mau= . (6.6)
Oi2x16 Sos
Osxi6 Ouxi6

Applying (6.2{i,j}) to (2.11) gives us an analogue of the MoC-pRK3 matrix (5.4i):

\ h A A
(3)H = ([Q7 0,0,0] + T2 (13Q/C11 + 5L — Q* Ko — 5Q£22) )S =831 8

~\T h A A
Sy = ([Oa Q,0,0] + 1 (13Q7C12 +5L9 — Q°Ky3 — 5Q£23) )S = S3 8,
(6.4r)

\T— h A A
(3! = ([o, 0,Q.0] + — (13QK13 + 5L2 — QKrg — 5QLas) )s = Sis 6.

LD
(6.4s)

Equation (6.4s) is the reason we must include (s)72 and (s)%3 in this stability
analysis on, respectively, the left- and right-hand sides of (6.3). Indeed, the calculation
of (8)%71 is required in the MoC-pRK4, which in turn requires the aforementioned
values by way of K4 and Loy having a nonzero last 4 x 4 block. Note also that we
do not need to compute (8)" 2 (see Eqs. (6.2{k,l,mn}), and hence do not need to

m

include the solution at levels lower than (n — 3) in (6.3).
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Continuing with the analysis, (6.2{k,1}) gives us:

(k3)" :([Pdiag,o,o,owm[Poﬂdiag,o,o,owgl)s K8, (6.4t)

n—1
(k). = (10 Patay: 0.0) Mz + 0. Pota, 0.0 Msz )8 = Ko 8, (6.10)

n—2
(kg:) = < [O, O; Pdiagy O] M13 + [O, O, Poﬂ‘djag, O] M33>§ IC23 §, (64v)

where

Ouxi6 Osx16
831
M3y = y, Mao=| Sy | Mas =1 S35 |- (6.7)
O12x16
08><16 O4><16

Equations (6.2{m,n}) applied to (2.11) yield:

n 37 3 7 3
(S>m+1 = ([Q7 0,0, O] +h (MQKH + glCZl — EQ2IC12 - ZQK22+
1 3 R
2*4Q3K13 + 8Q2’C23) ) S
=N 8§, (6.4w)

where the powers on Q are as such for reasons analogous to those explained in Chapter
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5 after Eq. (5.4i). We can also write:

(s)! =[1,0,0,0]8 =N, 8, (6.4x)
()" =[0,1,0,0]8 = N3 §, (6.4y)
()" =[0,0,1,0]8 = N, §, (6.42)

where I is the 4 x 4 identity matrix. Thus, the stability matrix ® in (6.3) is given by:

M
N
N
Ny

In Fig. 6.2, we show the von Neumann stability plot corresponding to ®(z).

MoC-pRK4: h = 0.01 MoC-pRK4: h = 0.02
0.8 0.8
’ \‘ /" \‘
~ 06 K \ ~ 06 S \
i ' v = ’ A}
= : ~ = , \
~ 0.4 ) N ~ 0.4 K '
[ 1 [ ’ \
= ‘ v = i *
= ' ' = ! \
0.2 /! \ 0.2 ) \
¢ L ‘ *
0Lan? ’ N 0Lt ’ N
0 /2 T 0 /2 T
z z

Figure 6.2: Largest eigenvalue of the stability matrixz for the MoC-pRK/ for h = 0.01 and
h = 0.02. Like the MoC-ME and MoC-pRKS3, the largest instability occurs for harmonics
near the middle of the spectrum. The growth rate of this instability is O(h) because the
mazximum value of each plot is the same for both values of h (see Appendiz B). This growth
rate is roughly double than that for the MoC-pRKS3. However, it is still small enough that
the method is suitable for reasonably long calculations.
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6.3 NUMERICAL VERIFICATION OF THE VON NEUMANN

ANALYSIS

Following the analysis of Appendix B, the growth constant in the MoC-pRK4 is
¢ =~ 0.67. Therefore, if we solve system (1.50) with the MoC-pRK4 up to ¢t = 500
with A = 0.01 using periodic b.c., we should expect the maximum error in the log-10

scale to be approximately —6.3. This is shown to be the case in Fig. 6.3.

55 MoC-pRK4: t = 500, h = 0.01

-6

logyg |F[S]|
' .9
~ o

o
]

]
(=]

-8.5

Figure 6.3: Logarithm of the Fourier spectrum of the error in the solution obtained by solving
(1.50) with the MoC-pRK4 up to t = 500 with h = 0.01 using periodic b.c. The logarithm
of the maximum error is close to —6.3, as predicted.

6.4 IMPLEMENTATION OF THE MoOC-PRK4 SCHEME
WITH PERIODIC BOUNDARY CONDITIONS
Recall the meaning of periodic b.c. discussed in Chapter 5:
Y5, =05y, Y =)L, (5.8)
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where M + 1 is the number of spatial grid points and m = 0,1,..., M. In an MoC-
(p)RK scheme, the same convention applies to the values of the stage derivatives
immediately outside of the boundary.

In the MoC-pRK4, we need values at three nodes outside of the left and right

boundaries. This is illustrated in Fig. 6.4 for the case of computing (Y*)ZQ;IOJ. From

n+1  J
; )
i e
p S
II ’f

f’ /’
f’ I}
P e
2 ., ‘

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

Figure 6.4: Stencil for computing (Y )3 and (Y )7 along €+,

the stencil, we see that the computation of (Y )5 *! requires the values at 3 nodes to

the left of the boundary. Indeed, according to (6.2m),

n n 37 n 3 n 7 n— 3 —
(Y+)0+1 = (Y+)71 +h (24(]‘7?)1 + g(k;)q - E(’“f)le - 1(7‘7;)722+
1 . 3 e
S (kD)5 + 8<k;>32). (6.9

Values at the nodes (m,n) = (—1,n) can be found as prescribed by (5.8). As we
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described in Chapter 5, values at nodes (—2,n — 1) can be found by:

(YE)5h = (v (5.10a)

By the same logic, periodic b.c. are maintained at the nodes (—3,n — 2) by setting:

(Y552 = (Y5, (6.10a)

Similarly, for values at nodes outside the right boundary, one can set:

(YY) = (YOI, (5.10b)

(YY)l = (Y552 (6.10b)

When computing (Y )7+, the procedure for the outside-boundary values is the same,
but with the upper index of the nodes shifted. This has no effect on how the periodic
b.c. are applied. Our code which implements the MoC-pRK4 with periodic b.c. will

be given in Appendix F.

6.5 IMPLEMENTING NONREFLECTING B.C. IN THE

MoC-pRK4

Recall that when nonreflecting b.c. are used, the boundary values are computed at

every time step by a known function, meaning

(Y5 =F(n), (Y7)y=F (n) (5.13)
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In Chapter 5, we saw that when nonreflecting b.c. are used in the MoC-ME and MoC-
pRK3 schemes, the instability that arises when periodic b.c. are used is eliminated.
In this Chapter, we will show that this is a trait shared by the MoC-pRK4 as well.
Before presenting the numerical results which show this, we will explain how one
implements nonreflecting b.c. in the MoC-pRK4 scheme.

To compute any level of the solution by the MoC-pRK4, one needs the solution
at the current level and the solution at the two previous levels. Thus, we cannot
begin using the MoC-pRK4 until 3 levels of the solution are available. The solution
at n = 1 is supplied by the initial condition. The next two levels must be computed
with local accuracy O(h*). Our options for this include MoC-cRK3 and MoC-pRKS3.
The latter method, however, must be started by the MoC-ME. In theory, one could
take the first step by MoC-cRK3 and the second step by MoC-pRK3. For simplicity,
we choose to take both steps my MoC-cRK3. Although this method is unstable for
certain systems (see Sec. 3.3), it will not hurt us to use it for these two steps only.

Once the first three levels are available, we can begin using the MoC-pRK4. Figure
6.5 shows the advancement of the solution from level n = 3 to n = 4 using the MoC-
pRKA4.

The value (Y)§ is supplied by the boundary condition. The computation of
(Y1) requires the yet unknown values of the stage derivatives, and hence of Y+, at
the nodes (m,n) = (—=2,1) and (—1,2). Similarly, (Y)3 requires the yet unknown
values at (—1,1). Since the function evaluations of the values at these nodes will
be multiplied by A in the MoC-pRK4 algorithm, we must compute them with local
accuracy O(h*). We do not have the solution available at the appropriate points

to compute these points with a third-order method such as the MoC-cRK3 or MoC-
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n=4 l l n
n=3 9 9 ®
n=2 C¥ . L ] @
n=1 o 1 o o o

m=-2 m= m= m= m= m=

Figure 6.5: Stencil showing the advancement of the Y+ solution along £ from n = 3 to
n = 4 using the MoC-pRK/. Black squares represent the nodes we are advancing to, filled-
in circles represent the nodes where the solution is available, and empty circles represent
nodes which we need the values at in order to advance to n = 4 but do not have. In the
current stencil, the solution inside the integration domain at n = 1,2,3 was obtained from
the initial condition and the MoC-cRKS.

pRK3. Therefore, at these levels and these levels only, we extrapolate the points

with the fourth-order formula derived in Appendix E:

(YE), =4(YF) = 6(YF)1 +4(Y5)) — (Y53, (6.11a)

(YE), =4(YH), —6(YE), +4(YH) — (V). (6.11b)

The extrapolation of (Y1)2, is similar. Since we will need the value (Y*)2, when ad-
vancing to n = 5, we extrapolate it now as well. Again, we perform this extrapolation
only at these two initial time levels because it may not be reliable for non-smooth
solutions. Moreover, it is unknown how such an extrapolation, if done for all n, can
affect the stability of the scheme.

With these values in hand we can now compute the MoC-pRK4 solutions (Y*){ .
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The information required to find the solutions (Y*) m = 3,..., M — 3 is fully
available in the integration domain. Once we come to m = M — 2, we perform an
analogous extrapolation near the right boundary.

Now let us explain how to advance the MoC-pRK4 solution from n = 4 to n = 5.

This includes the trickiest part of the treatment of non-periodic b.c.

n=5 . . .
n=4 ¢ n ®
n=3 O . ° L
n=2@ .’ 4 ® @
Y A v ® ® °
m=-2 m=-1 m=0 m=1 m=2 m=3

Figure 6.6: Stencil showing the advancement of the Y solution from n =4 to n =5 using
the MoC-pRK/. The only node (near the left boundary) where we need values but do not
have them is (—1,3).

All values (Y ™) near the left boundary and (Y'*)? ., are computed by the in-bulk
algorithm (6.1). (Y7)J is given by the b.c. The difficulty arises with the computation
of (YT)?. To find (Y )} with local accuracy O(h®), we need to compute the stage
derivatives, and hence Y*, at nodes (—2,2) and (—1,3) with local accuracy O(h?).
(Y£)2, have already been computed above, and so the aforementioned difficulty oc-

curs in the computation of (Y*)3,. This node is shown by the open circle in Fig.

6.6.
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Since, as we have noted, we intend to avoid using interpolation at levels n > 3,
we must then compute the values (Y*)?, by a third-order scheme. Between the two
available such schemes, MoC-cRK3 and MoC-pRK3, we choose the latter because of
the instability that can potentially be introduced by the former scheme (see Sec. 5.9).
We cannot find (Y )3, using the regular MoC-pRK3 stencil, because it would require
nodes with m = —2, —3. However, we can use the trick of “rotating" the stencil, as
we did earlier to compute virtual nodes in the MoC-pRK3 with nonreflecting b.c. in
Sec. 5.7. Then, by “rotating" the stencil in Fig. 6.6, we will obtain a “new" stencil,
shown in Fig. 6.7.

Thus, our current goal is to compute (Y*)?, by a “rotated" version of the MoC-
pRK3, shown in the right-pane of Fig. 6.7. According to Fig. 5.1, for this computation
we need the solution at nodes (1, 1), (0,2), (0,4) (the filled-in circles in Fig. 6.7) and
at node (1,5) (the filled-in square). We have the solution at the first three nodes
from previous time levels and the b.c. However, (Y1)? is precisely the solution we
are trying to compute! Thus, to summarize the conundrum: to compute (Y 1) with
MoC-pRK4, we need to first compute (Y*)?, by MoC-pRK3, which in turn requires
the solution (Y*)3. We seem to have run into a viscous circle.

The resolution to this conundrum comes from the observation that the computa-
tion of (Y*)?, by the MoC-pRK3 requires (Y*)? at a lower accuracy — only O(h?)
— than the O(h®) accuracy which we need to achieve in the MoC-pRK4 computation

of (Y*)3. Thus, to compute (Y*)3 by the rotated MoC-pRK3, it will suffice to com-

!'Note parenthetically that if, regardless of the stability considerations, we had chosen to compute
(Y*)3, by the MoC-cRK3, we would still have had to use this rotated stencil, because the MoC-
cRK3 requires a solution to be available on the left of node (—1,3). No such solution is available
in the regular stencil (see Fig. 6.6), but it would become given by (Y*)2, in the rotated stencil in
Fig. 6.7. This, as well as an analogous consideration for (Y*)2,, shows that using the MoC-cRK3

to compute the solution at virtual nodes has no advantages over computing it with the MoC-pRK3.
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n=5 A
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Figure 6.7: Left pane: second and third “columns” of the stencil in Fig. 6.6; right pane: the
same substencil, rotated by —90 degrees. The characteristics £ (dashed) and £~ (dotted),
along with the direction in which they propagate, are indicated in the stencil. The rotated
stencil seems appropriate to compute the desired values at the node (m = —1,n = 3) with the
desired accuracy by the MoC-pRKS3, with one caveat: the value at the node (m = 1,n = 5)
has yet to be computed by the MoC-pRK). The resolution to this will be explained in
the text.

pute (Y5)? by the MoC-ME, which we can do readily using the information already
available.

Thus, the computation of (Y*)3 | proceeds as follows. The second stage derivatives

in the rotated MoC-pRK3 are given by (5.1{g,h}):

() =1" ((Y+)31 , (Y‘)31> , (6.12a)
()= f~ ((Y”): , (Y_):) , (6.12b)
() =r" ((Y+)§ (Y)§> , (6.12¢)
() =1 ((W)z , (Y)z) : (6.12d)

where the Y values are computed by the rotated MoC-SE (5.16{a,b}) and the Y*
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values have been computed with at least third-order local accuracy. Namely, (V)3
are computed by the rotated MoC-ME (5.16{c,d}), while (Y )3 has already been
found by the MoC-pRK4 at n = 4, and (V)2 is given by the b.c. The rotated
MoC-pRK3 solution is then:

(V9 = (V)= o (1303 +5(6)5 — (k)T — 5(6)7) (6.12¢)

s+ 50— G -5, (620)

where the ki values are computed as usual by (6.2{a,b}). Note that we have multi-
plied h by negative 1 in the Y™ solution to reflect the fact that the £t characteristic
propagates in the rotated MoC-pRK3 stencil (Fig. 6.7) in the direction opposite to
that in the bulk. This is similar to the situation in the rotated MoC-ME stencil in
Fig. 5.9.

Similarly, near the right boundary, we need the value (Y*)3,, | with local accuracy

O(h?). In this case, the rotated MoC-pRK3 equations are:

= (o o) (6.3
()3 =1~ (<Y+>i4+1 , <Y_>i4+1) : (6.13h)
()hra = I ((Y+)L (Y_)fw> , (6.13¢)
() =1 ((Y+)L (Y_)j» , (6.13d)
Y ) = (Y1) + 1h2 (183 + 506303 = (WD)hroy = 5(E)hrr) » (6.13¢)

(VN = (VR = g5 (1D +5(6)3 = 6D}y = 5(6)% ) . (6.130)

where the Y values are computed by the rotated MoC-SE (5.17{a,b}), the Y+ are
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computed with local accuracy of at least O(h®), the ki are computed as usual by
(6.2{a,b}), and the function evaluations on the r.h.s. of (6.13) are multiplied by
—h to reflect the fact that £~ propagates in the rotated MoC-pRK3 stencil in the
direction opposite to that in the bulk.

With the points outside of the boundary computed with the desired accuracy,
we can obtain the entire solution within the integration domain at n = 5. Observe
that to compute (Y*)*, /. the highest level at which we needed the MoC-pRK4
solution was n = 4. Therefore, once the solution at level n is obtained, the next step
is to compute the solution at (Yi)r_‘I}M 41, as this will be needed to advance to level
n+ 1.

We now explain how to find the solution at n = 6. The calculation at the remaining
steps will mirror the one presented here. The stencil for this calculation is shown in
Fig. 6.8.

We see that the only node where we need a solution which we do not yet have is
(m,n) = (=2,3). We only need these values with local accuracy O(h?), so we can
use the rotated MoC-pRK3, as we have the appropriate points to use this method.
The remaining steps will follow a similar pattern. Once the solution is found at
level n, first compute the values at (Yi)ﬁ]}M 41, by the rotated MoC-pRK3, then
compute the values (Y*)5t, ,, by the MoC-pRK4. Next, compute (Y*)", /.,
and finally compute the values at (Yi)S’QM 4o by the same procedure as used to
compute (Y*)"7},1.

The pseudocode for the MoC-pRK4 with nonreflecting b.c. is presented in Algo-
rithm 2. In Appendix F, we will include our commented Matlab implementation of

the method.
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Algorithm 2: MoC-pRK4 algorithm with nonreflecting boundary conditions

1
2
3
4
5
6
7
8
9

10
11
12
13

14
15

16
17
18
19
20
21

22
23

24
25
26
27
28
29

30

31

32

33

34
35

while n < nmaz do

end

if n

else

end

< 4 then
if n =1 then
(Yi)[lo, A given by initial condition;
Extrapolate (Y*)L, ;| 1/ 1 440 by (6.11);
else if n =2 then
Compute (Yi)[QQM} by MoC-cRK3;
Extrapolate (Y*)2, ) /14 y40 by (6.11);
else
‘ Compute (Y*)?
end

f0,M] by MoC-cRK3;

Compute (Yi)ﬁ)’M} by MoC-pRKS3.
As a byproduct, we obtain: (ki)ﬁ) 1\14] and the MoC-SE solution (Yi)ﬁ)’M} ;
if n > 4 then
Compute (Y¥)"] M+1 by rotated MoC-pRK3;
if n > 5 then
‘ Compute (Yﬂt)T_Lg?MJr2 by rotated MoC-pRK3;
end

end

if n =4 then

Compute (kiz)[lszfg] and (k1_,2)[13,M+2] by (6.2{a,b,k,1});

Compute (ki2)[2—1,M—2] and (kiQ)%27M+1] by (6.2{a,b,k,1});

else

Set (k+)fL o 3] [f+(<y+)ﬁ_3 (Y7)r3%), (’f+)F 13M 3]}

Set (ki )EJ,,J\34+2] = [(k )[3 M+1]’f ((Y+)7JIVIJ§27 (Y~ )nM-EQ)}

Compute (YJF)”*2 and (Y )M+1 by MoC-SE using (Y *)"3 2 M+2,
n *JF n— n n

Set (k:+) 23M 3] [f+(( )ET2 (Y ), (k+)[ 13M 3}}

Set (ky )Ei J\:}+2] = [(k )[3 M+1],f ((Y+)Xf+21a Y )Tfufl)}

Compute (ki )[ 12M o and (k1 2)

2 M+1] as in Lines 24-28 using (Yi)ﬁfMﬂ;

end

. tn 5 \m .
Set, (k+)[0]\14 1] — .f+ ((Y )[1,M]7(Y )[LM]),

Set (ky )ﬁz\lﬂ =f" ((Y+)%,M—1]’ (?_)%,M—l]);
Compute (Yi)ﬁ)’M} by MoC-pRK4.
Note: (ki)"~! were found when computing (Y*)” by MoC-pRK3 ;
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Figure 6.8: Stencil to advance the Y solution from n =5 to n = 6 using the MoC-pRK}.
The only node where we need values but do not have them is (m,n) = (—2,3). All of
the other available values were computed in previous steps, and the value at (—1,4) was
computed by the rotated MoC-pRKS3 after the solution at n =5 was found.

6.6 NUMERICAL RESULTS OF THE MoOC-PRK4 wiITH

NONREFLECTING B.C.

In Fig. 6.9, we show the results of solving system (1.50) with the MoC-pRK4 using
nonreflecting b.c. We see that nonreflecing b.c. iron out the instability present in
the scheme with periodic b.c., similar to the behavior witnessed in the MoC-ME and
MoC-pRK3. Thus, we have a stable, fourth-order method of characteristics.

In Chapter 7, we present the numerical results verifying that the MoC-pRK3
and MoC-pRK4 are third- and fourth-order methods, respectively. We also verify
that they preserve conserved quantities with order 3 and order 5, respectively, as

predicted in Chapter 4.
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-20

Figure 6.9: Logarithm of the Fourier spectrum of the error obtained by solving (1.50) with
the MoC-pRK4 using nonreflecting b.c. up to t = 500 with h = 0.01. One can see that the
error decays here, whereas in the case of periodic b.c. the error grows. Unlike the MoC-
ME and MoC-pRK3 with nonreflecting b.c., there is not a noticeable “beak"” forming in the
middle of the spectrum.
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7 NUMERICAL RESULTS USING THE

MoC-PRK3 AND MoC-PRK4

In this chapter, we present some numerical results which verify that the MoC-pRK3
and MoC-pRK4 are third- and fourth-order accurate schemes, respectively. We also
verify that these schemes preserve conserved quantities to the degree that their ODE
counterparts do. That is, the preservation of conserved quantities should be third-
order in the MoC-pRK3 and fifth-order in the MoC-pRKA4.

The model problem that we use to obtain our results in this chapter is the massive

Gross—Neveu model, first mentioned in Sec. 1.6:

S48 =4d(|ST]PST + (S7)*(ST)*) —iST, (1.51a)

S; — S, =i(|STAS™ + (ST)*(S7)*) —iST. (1.51b)

The conserved quantities admitted by system (1.51) are Hamiltonian, H, and charge,

Q, given by:
= / [_ i((ST)"S = (57)"8,) — ;(SJF(S_)* + (ST ST+
(SHST) +(5T)S7) | do, (152)
QZ/(ISHQHSWz) dz. .

We will present results which solve system (1.51) using periodic boundary conditions,

then nonreflecting boundary conditions. We will examine the error obtained in each

130



computation as well as the change in H and Q.

7.1 RESULTS USING PERIODIC B.C.

When solving system (1.51) with periodic b.c., we impose the initial condition in the

form of a standing (i.e., non-moving) soliton:

_Uo+Uo

St 7 ST = 7 (7.1a)
where
B \/2(1 — w) cosh(px) -
up(x) = cosh®(7z) — 22 smh®(5z)’ vo(z) = iptanh(x)ug(z), (7.1b)
and

f=v1-—w? u:\/(l—w)/(ler). (7.1c)

The argument z in (7.1b) refers to a point in the spatial grid, and the frequency w is
constant and is set by the user. uy and ivy are plotted in Fig. 7.1 for different values
of w.

In the results that follow, we set the length of the spatial grid to be L = 128 with
center at the origin, i.e. * € [—=L/2,L/2]. The fineness of the grid is determined by
M, from which h = L/M.
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Figure 7.1: ug (left pane) and ivy (right pane) for w = 0.3 (solid) and w = 0.6 (dashed).

Table 7.1: The log-10 error obtained from solving system (1.51) with the MoC-pRK3 up to
t = 200 using periodic b.c. with different values of M and w.

M 211 212 213 214
w
0.3 —43 | =52 | —-6.1] =7.0
0.6 —51| -6.0| —-6.9 | =7.7

7.1.1 SCALING OF THE ERROR AND CONSERVED QUANTITIES

(LONG-TERM)

In Tables 7.1 and 7.2, we show the numerical results which verify the order of accuracy
of the MoC-pRK3 and MoC-pRK4, respectively.

In Tables 7.3 and 7.4, we show the numerical results which verify that the Hamil-
tonian is preserved by a factor of 3 in with the MoC-pRK3 and a factor of 5 with the
MoC-pRK4. In Tables 7.5 and 7.6, we verify the same result for the charge. These
simulations were run until £ = 200 to show that the Hamiltonian and charge are pre-
served with the desired scaling after long-time simulations. In a later subsection, we
will run the simulations until ¢ = 5 for many values of h to demonstrate the proper

scaling of the error.
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Let us briefly explain how these tables are interpreted. By increasing M by a factor
of 2, we are halving h, since h = L/M. Thus, when hy/hs = 2, a third-order method,
for example, should have error; /error, = 23. In the log-10 scale, which is the scale
our tables are in, this means we should have log,, error; — log;, errors = 3log, ~ 0.9.
For fourth-order scaling, this number is 4log,,2 ~ 1.2, and for fifth-order scaling,
dlog; 2 ~ 1.5.

Table 7.2: Same description as Table 7.1 but with the MoC-pRK},.

M 211 212 213 214
w
0.3 —55 | —-6.7| =79 ] —=9.1
0.6 —6.0 | =73 | =85 | =9.7

Table 7.3: The log-10 change in the Hamiltonian, H, that arises from solving system (1.51)
with the MoC-pRKS up to t = 200 using periodic b.c. with different values of M and w.

M 211 212 213 214
w
0.3 —24 | -33 | —-42]| =51
0.6 —25 | —-34 | —-43 ] —-5.2

Table 7.4: Same description as Table 7.3 but with the MoC-pRK}),

M 211 212 213 214
w
0.3 —46 | —-6.1| =761 —9.1
0.6 —5.1| —-6.6 | —=8.1| —9.7

7.1.2 COMPARISON OF MOC-PRK AND MOC-NPRK METHODS

Our results show that the MoC-NpRK methods may have an advantage over the MoC-

pRK methods when it comes to preserving the conserved quantities. As discussed in
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Table 7.5: Change in the charge, Q, that arises from solving system (1.51) with the MoC-
pRKS3 up to t = 200 using periodic b.c. with different values of M and w.

M 211 212 213 214
w
0.3 —-21|-30]-39] —428
0.6 —-23 | -32| —-41] -=5.0

Table 7.6: Same description as Table 7.5 but with the MoC-pRK/,

M 211 212 213 214

w
0.3 —43 | —-58 | =73 | —88
0.6 —-5.0 ] —6.5 | —=8.0 | —9.5

Chapter 4, the NpRK methods each have at least one free parameter. In Appendix
D, we discuss how the selection of these free parameters can affect the conservation
laws admitted by a problem. Figure 7.2 shows the change in the Hamiltonian and the
charge obtained by using the MoC-NpRK3 for different values of the free parameter
asg, and Fig. 7.3 shows the same for the MoC-NpRK4 and the free parameter cos.
We can therefore draw the conclusion that for certain values of the free parameter

in MoC-NpRK methods, the conserved quantities may be preserved better.

7.1.3 SCALING OF THE ERROR (SHORT-TERM )

In this subsection, we verify that the error in the third- and fourth-order MoC schemes
scales properly in the short-term. The motivation for doing this is twofold: First, since
we use many small values of h, long simulations are not time efficient. Second, when
we consider a moving pulse in the next subsection, the computation requires us to
track the center and frequency of the pulse. This becomes rather complicated and

can lead to a growth in the error in the long-term which is not a byproduct of the
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NpRK3: Iogm A Hvs. a20 NpRK3: Ingm A Quvs. a20
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Figure 7.2: Results from solving system (1.51) with the MoC-NpRKS3 up to t = 200 using
M = 22, w = 0.3, and different values of asg. Left pane: log-10 of the change in H vs.
asg. Right pane: log-10 of the change in Q vs. asg. In each pane, the dotted line shows the
value of AH or AQ from the MoC-pRK3 (see Tables 7.3 and 7.5). The optimal value of
asg in each plot is asy = 3.72 = e+ 1. We see that for this optimal value, H and Q are
preserved by at least two orders of magnitude better in the MoC-NpRKS3 than they are in
the MoC-pRKS.

numerical method.

To examine the error in the short-term, we compute the logarithm of the error
obtained solving system (1.51) with various third- and fourth-order MoC schemes for
11 values of M spaced evenly between M = 2 and M = 2% (i.e. h ~ 0.06 and
h ~ 0.002) up to t = 5. Results for third-order schemes are shown in Fig. 7.4, and
results for fourth-order schemes are shown in Fig. 7.5.

Our results also show that the MoC-pRK and MoC-NpRK methods produce very
similar numerical error, regardless of the free parameters in the MoC-NpRK methods.

Since we will not consider H and ) when we use nonreflecting b.c., we will omit results

concering the MoC-NpRK methods using nonreflecting b.c.

135



NpRK4: Iogm A Hvs. c22 NpRK4: Iog.m A Qvs.c22

Figure 7.3: Results from solving system (1.51) with the MoC-NpRK/ up to t = 200 using
M =22, w = 0.3, and different values of caa. Left pane: log-10 of the change in H vs. cao.
Right pane: log-10 of the change in Q vs. coo. In each pane, the dotted line shows the value
of AH or AQ from the MoC-pRK/ (see Tables 7.4 and 7.6). The optimal value of caa in
each plot is cog =~ —0.36. We see that for this optimal value, H and @ are preserved by at
least an order of magnitude better in the MoC-NpRK/ than they are in the MoC-pRK].

7.2 RESULTS USING NONREFLECTING B.C.

We now present the numerical results obtained from using the MoC-pRK methods to

solve (1.51) with nonreflecting b.c. To test these methods with nonreflecting b.c., we

solve (1.51) in the case of a moving soliton. As described in [13], the equations of a

soliton moving with velocity V' € (—1,1) are given by:

umov(xa t) 1 \/F + 1 \/F -1 U(.Tmov, tmov)

'Umov(xa t) \/§ \/F - 1 \/F + 1 U(xmow tmov)

where

F=1/V1-=V2 apew=0(x—=Vt), tmw =L(t—-Vz).
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MoC-{N}pRK3: Iogm error vs. Iogm h

-4 |—MoC-pRK3 S
- - MoC-NpRK3, a20 = 3.72 o
--=-MoC-NpRK3, a20 = 5 L s

5 - line with slope = 3 s

-2.5 -2 -1.5

Figure 7.4: Log-10 of the error vs. h obtained by solving system (1.51) with the MoC-pRKS3
(solid), MoC-NpRK3 with asy = 3.72 (dashed), and the MoC-NpRK3 with azsy = 5 (dot-
dashed) up to t =5 with w = 0.3 and periodic b.c. The dotted line is a line of slope 3 and
is included for reference to show that each of the error vs. h curves have slope 3. This
shows that the error in these method scales as h®. We show the results for two MoC-NpKk3
methods to illustrate that the free parameter asg has very little effect on the error, as opposed
to the effect it has on the Hamiltonian and charge.

The initial shape of the moving soliton is shown in Fig. 7.6. Numerical results

verifying the proper scaling of the MoC-pRK3 with nonreflecting b.c. are shown in
Table 7.7 and Fig. 7.6.

Table 7.7: The log-10 error obtained from solving system (1.51) with the MoC-pRK3 and
MoC-pRK/4 up to t = 5 using nonreflecting b.c. with different values of M and w = 0.3.
For reasons explained in Sec. 7.1, this shows that the error scales as h® in the MoC-pRK3
and as h* in the MoC-pRK/.

’ M H 211 ‘ 212 ‘ 213 ‘ 214 ‘
MoC-pRK3 || —=3.8 | —4.7 | =5.6 | —6.5
MoC-pRK4 || —4.7 | —6.0 | =7.1 | —8.4
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MoC-{N}pRK4: Iogm error vs. Iogm h

-5 |—MoC-pRK4
- - MoC-NpRK4, c22 = -0.36 .
| |[7"MoC-NpRK3, c22 =1 . ‘, o
- line with slope = 4 L /,,-’ ¢
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-12
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Figure 7.5: Log-10 of the error vs. h obtained by solving system (1.51) with the MoC-pRK/,
(solid), MoC-NpRK/ with coa = —0.36 (dashed), and the MoC-NpRK/ with caa = 1 (dot-
dashed) up to t =5 with w = 0.3 and periodic b.c. The dotted line is a line of slope 4 and
1s included for reference to show that each of the error vs. h curves have slope 4. This
shows that the error in these method scales as h*. We show the results for two MoC-NpRK/,
methods to illustrate that the free parameter coo has very little effect on the error, as opposed
to the effect it has on the Hamiltonian and charge.

|uo| vs. x [vO| vs. x
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Figure 7.6: Initial shape of each component of the soliton (7.1) now moving according to
(7.2). The solid curves show the soliton with w = 0.3, and the dashed curves show the
soliton with w = 0.6.

7.3 CONCLUDING REMARKS

In Chapter 1 of this thesis, it was stated that the objective of this thesis was to

develop explicit MoC schemes which are pggn order greater than two. After showing



MoC-pRK3: log 40 EFTOr VS. h MoC-pRK4: log 40 EFTOr VS. h

— MoC-pRK3 e —MoC-pRK4 e
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Figure 7.7: Log-10 of the error vs. h obtained by solving system (1.51) with the MoC-pRKS3
(left pane) and MoC-pRK/ (right pane) up to t = 5 with w = 0.3 and nonreflecting b.c. The
dashed line in each pane is included for reference to show that the error in each method has
the desired scaling.

that MoC schemes using the third- and fourth-order RK methods are unstable in
Chapter 3, we studied the pRK methods in Chapter 4, then developed MoC schemes
using the pRK3 and pRK4 in Chapters 5 and 6. It was shown in these chapters that
the MoC-pRK3 and MoC-pRK4 can have only a mild instability when periodic b.c.
are used, and no instability at all in the case of nonreflecting b.c. In this chapter, we

verified numerically that the MoC-pRK3 and MoC-pRK4 are third- and fourth-order

methods. Therefore, the main objective of this thesis has been completed.
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8 (CONCLUSION

We will now summarize the main results of this thesis.

In Chapter 1, we explained that only first- and second-order accurate explicit
MoC schemes for the solution of hyperbolic systems of PDEs with straight-line and
crossing characteristics have been reported. This fact motivated the work undertaken
in the thesis: to develop higher-order and numerically stable explict MoC schemes.

Before attempting to develop higher-order methods, in Chapter 2 we gave a de-
tailed exposition of how one constructs an MoC scheme using explicit RK methods.
We also described the procedure of the von Neumann stability analysis for these
schemes, which showed that the MoC-SE, MoC-ME, and MoC-MP all have a growth
rate in the error that is O(h).

Our first approach in achieving the goal of developing higher-order methods was
in Chapter 3. We gave many examples of how one can construct a third-order MoC
scheme using third-order RK methods. However, the von Neumann stability analysis
predicted, and the numerical simulations verified, that the MoC schemes using third-
order RK methods can be strongly unstable, with an O(1) growth rate in the error. We
showed that the MoC using the fourth-order RK method has the same unpleasant
stability properties of the aforementioned third-order schemes. These third- and
fourth-order schemes all required the approximation of the solution at nodes which
were not on the stencil. Accepting the hypothesis that the off-stencil points lead
to a strong instability, we chose to seek higher-order ODE methods whose MoC
counterparts would not need to approximate off-stencil values.

This brought us to the pRK methods, explored in Chapter 4. There, we compared
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the traditional pRK methods and Nakashima pRK methods for ODEs. The main
benefit of the pRK methods is that when used in the MoC for hyperbolic PDEs, the
schemes do not require any off-stencil values. In Chapter 5, we described how one
constructs a third-order MoC scheme using third-order pRK methods. We showed
that the MoC-pRK3 results in only a mild instability with the growth rate in the
error of O(h). Although the MoC-pRK3 and already known MoC-ME both have the
O(h) instability, the growth constant in the MoC-pRKS3 is three times smaller than
that of the MoC-ME. In the first part of Chapter 6, we constructed the MoC-pRK4
and showed that it has the mild O(h) instability as well.

In the latter parts of Chapters 5 and 6, we explained that the instability seen in
the MoC-pRK3 and MoC-pRK4 using periodic boundary conditions vanishes when
nonreflecting b.c. are used instead. Because of the multistep nature of the pRK
methods, the implementation of nonreflecting b.c. becomes quite complicated. We
therefore provided a detailed account of how to overcome the complications which
arise when nonreflecting b.c. are used, and we proposed an algorithmic method for
how they can be implemented.

Finally, in Chapter 7, we presented numerical results using the MoC-pRK3 and
MoC-pRK4. These results verified that the error obtained in the MoC-pRK3 scales
as h®, and the error obtained in the MoC-pRK4 scales as h*. These results were
consistent using both periodic and nonreflecting b.c.

Other than the order of the error, another important advantage that some of
the third- and fourth-order MoC-pRK methods provide over the second-order MoC-
ME concerns the preservation of conserved quantities, such as the total mass or

the Hamiltonian. In the MoC-ME, these quantities drift (i.e. increase or decrease
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linearly) in time with a rate O(h%). In the third-order MoC-pRK, the drift rate
scales similarly, i.e. as O(h?®). However, in the fourth-order MoC-pRK, the drift
rate drops substantially, to O(h®). Moreover, the constant in front of O(h™), n =
3 or 5, in the drift rate can be increased by one to two orders of magnitude by
choosing an appropriate Nakashima “flavor” of the pRK instead of the traditional
pRK. This improvement of the preservation of conserved quantities by Nakashima
pRK methods over traditional ones was reported and verified for both ODEs (Chapter
4) and hyperbolic PDEs (Chapter 7).

As we have mentioned, in this thesis we only considered explicit MoC schemes,
as opposed to implicit schemes. The most popular “implicit” (see below regarding
the quotes) scheme appears to be a fourth-order scheme described in [3]. While
the ODE solver for this scheme can be formulated as an implicit RK method, in
practice it is implemented as a predictor-corrector method. The correction step can
be applied an arbitrary number k of times, and in the limit £ — oo (but, in practice,
already for k& = 3) the method approaches its implicit “ancestor”. Hence the quotes in
“implicit”. A natural question then arises: do implicit (or “implicit”) methods resolve
the instability seen in explicit methods? In work which we are currently undertaking,
the answer appears to be “yes” for the implicit MoC-ME, and “no” for the implicit
fourth-order MoC using periodic boundary conditions.

Even if nonreflecting b.c. are found to be able to vanquish the instability in
the implicit fourth-order MoC, one may wonder if the MoC-pRK4 is still a better
choice. The main advantage of the MoC-pRK4 appears to be computational efficiency,
since the “implicit” method requires iterations. The MoC-pRK4 requires 4 function

evaluations per characteristic per step, while the “implicit” method requires 3 + 2k
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function evaluations per characteristic per step, where £ is the number of iterations.
For the commonly used value k = 3, the MoC-pRK4 is expected to run about twice as
fast as the MoC based on the “implicit” RK method. A more thorough investigation

of the implicit MoC schemes is a work in progress.
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A DERIVATION OF THE LAX-WENDROFF

METHOD

In this Appendix, we derive the Lax—Wendroff method which is used used to solve

the one-dimensional hyperbolic convection equation,
uy + cu, = 0. (A.1)

Before we do so, we will need approximations of the first and second spatial deriva-

tives.

A.1 SECOND-ORDER CENTERED-DIFFERENCE
APPROXIMATIONS OF THE FIRST AND SECOND

SPATIAL DERIVATIVES

Suppose y(z,t) = y is discretized over a two-dimensional grid, where y” denotes the
solution at grid point (m,n). Here we derive expressions for y, | and y,.|,. One can

derive expressions for the time derivatives in a similar manner.

Begin by expanding y,;, . ; and y;,, _; in a Taylor series in the z-variable around y;,,:

1
Y = Y+ Yol Az + iym!’,%mz + O(Az?), (A.2a)

1
yr = yn =yl Az + §ym|ZLAfL’2 + O(Az?). (A.2D)
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Subtracting (A.2b) from (A.2a), and solving for .|, yields:

n Ymg1 ~ Yme1 2

the second-order approximation of the first derivative. By expanding (A.2a) and

(A.2b) to be fourth-order accurate, then adding the results, one arrives at:

yzl’m = £ AxQ : _'_ O(A$2)7 (A4)

the second-order approximation of the second derivative.

A.2 LAX-WENDROFF METHOD

We can now derive the Lax—Wendroff Method. We begin by expanding (A.1) in a

Taylor series in time about the grid point (m,n):
ul T =l 4w At + ;utt]”mAt2 + O(A?). (A.5)
Differentiating (A.1) with respect to time, we obtain:
Uy = (—Cly)y = —c(Up)r = —c(—Cliy)y = gy (A.6)
Substituting (A.1) and (A.6) into (A.5) yields:

1

m
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Substituting the second-order centered-difference approximations for w, |, and w..|",

((A.3) and (A.4)) gives us:

ntl _on(Ymar — Ut O(A 2)At
up up, c< SAL + O(Az?)

n n n
1, <Um+1 — Uy, + Uy,

+ 56 Ax?

Simplifying and dropping the truncation error term yields:

2
Y
Uy = Uy — 7(U’nm+1 - U’nm—l) + ?(ufn—i-l - 2u7rln + urnl%—l)7

where in (A.9a)

e
7T A

+ O(A:rQ)) At + O(AP).

(A.8)

(A.9a)

(A.9b)

Equations (A.9) are the Lax—Wendroff Method. Note that (A.8) implies that its

discretization error is O(Az2At + At3).
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B INTERPRETATION OF RESULTS OBTAINED IN
THE VON NEUMANN STABILITY ANALYSIS

AND NUMERICAL VERIFICATION

B.1 GROWTH RATE OF THE ERROR IN THE NUMERI-
CAL SOLUTION PREDICTED BY THE VON NEUMANN

ANALYSIS

Recall in the von Neumann analysis (Sec. 2.3), one obtains a stability matrix, ®(z),
where z = kh. One can then recover information about the stability of the numerical
method by plotting the maximum eigenvalue A of ®(z) for z € [0,7), since the
magnitude of initially small perturbations in the numerical solution at step n will be
proportional to |A|". When this is done for the MoC-SE, MoC-ME, and MoC-MP,
one obtains:

Examining the y-axis of each plot, one can conclude that the maximum (in mod-

ulus) eigenvalue satisfies:

Al =1+ O0(Rr?) (B.1)

for each method. This follows from the fact that the magnitude of the largest eigen-
value is the same for a given method no matter what h is. In Fig. B.1 we show

results only for two values of h to illustrate this point. Equation (B.1) can be written
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Figure B.1: von Neumann stability plots for the MoC-SE, MoC-ME, and MoC-MP. The
reason why we show essentially identical plots for two different values of h is explained in
the text.

equivalently as:
Al =1+ ch?, (B.2)

where ¢ depends on z (i.e., the wavenumber), but on on h. Therefore, the size of the

perturbations at step n is:

A" = (A" = (1 4 ch?)" s elPr, (B.3)

meaning that the growth rate in the error of the solution is ch = O(h).
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B.2 NUMERICAL VERIFICATION OF THE VON NEUMANN

ANALYSIS

Here we explain how the numerical simulation we perform verifies the results of the
von Neumann analysis. To begin the simulation, we add to the initial condition a

small white noise, whose Fourier spectrum is uniform (see Fig. B.2).

s Spectrum of initial error

logy [F[S]|

-8.5

/2
Z

Figure B.2: Fourier spectrum of initial white noise

This noise acts as the small initial perturbation to the solution. Let W,, represent

the magnitude of the noise in the spectrum at time level n for some wavenumber k.
Then, according to (B.3),

W, = Wye™, (B.4)
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where the value ¢ may depend on k. Taking the logarithm of (B.4) yields:

log,o(W,,) = cht + log,q W, (B.5)

which by (B.2) means:

10g10(Wn)

Al —1
(l |hQ ) ht +10g10 WO

Al—1
<| |h? ) const; + consts, (B.6)

where const; o do not depend on k. The only dependence on k on the r.h.s. of B.6
comes from |A|. Therefore, the shape of the spectrum on the log scale is the same as

that which we see in the von Neumann stability plot.

B.3 PREDICTION AND INTERPRETATION OF NUMERI-

CAL RESULTS

Given the numerical data used to create Fig. B.1, one can solve (B.2) for c. For the

MoC-SE and MoC-ME (with h = 0.02 or 0.01), one finds:
CSE — 3, CME = 1. (B?)
Thus, by way of the analysis in B.2, one can predict the size of the numerical error

at a given time using either of these methods. By (B.5) and (B.7), one will have:

3ht ht
errgy = 10 +log o Wo, erryg = 10 + log,, W, (B.8)

152



where errgg denotes the maximum error in the Fourier spectrum (in log-10 scale)
resulting from the MoC-SE, and erryg has a similar meaning.

For example, suppose we integrate to ¢ = 500 with h = 0.01. In the simulations
conducted in this thesis for the integration of (1.50), Wy = 1077® (see Fig. B.2).

Therefore, by (B.8), we will have:

errsg ~ —1.3, erryg ~ —9.6.

This is quite close to what one sees in Fig. 2.4. of Sec. 2.3.3.
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C DERIVATION OF THE FOURTH-ORDER
LOCAL ACCURATE TAYLOR INTERPOLATION

USED IN THE MoC-cRK4

In this Appendix, we derive the fourth-order local accurate Taylor approximation of
the points (Yi)fn?l//é used in the MoC-cRK4.

To perform this interpolation, one must have the solutions (Y*)? and (Y*)%t}
with at least local accuracy O(h*). The former will be available from the previous
step, and the latter can be computed by e.g. MoC-cRKS3.

We will provide the details of the derivation for (Yﬂ::l/ /22. The details for the
negative component will similarly follow. One begins by expanding the desired term

in a fourth-order Taylor series around the point (Y7):

(YO =+ ’; ()] + ’; [(rom]"+ fjg (] +omh. ()

To find the unknown terms [(Y*)2]” and [(Y7)"]"” in (C.1) with the desired accuracy
O(h*), we expand the known terms (Y)Y and [(YH)th ] = fH (Y )R, (YO)REL)

in Taylor series, and then solve a linear system of equations:

h3

(YOl = (s + [t + Z ()" + 2 [ +ouh), (©2)
plov] = n o) e fom) 2 o]+ o, (C3)
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while ignoring the O(h?) terms. Equations (C.2) and (C.3) have the solutions

h? " h 1 h L1
0 (v R o LA (O A R [V kY IR (¥
h3 " h ’ h ’
o] = oo - o S [on] g [o] . @)
Substituting (C.4) and (C.5) into (C.1) yields:
(VO = SO0 SO o (7 (V) -
h 1
A (Capin gy p (C.6)

In a similar fashion, one obtains:

Lo e (ot o) -

V=50 g g
(o). @)

m—1/2 — 9
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D SELECTION OF THE FREE PARAMETER(S)

IN THE NPRK METHODS

Recall that in the NpRK3 and NpRK4 schemes for ODEs, the user has the choice
of at least one free parameter. It was shown in Chapter 4 that the free parameter
has an effect on the stability region of the method, which in turn effects how well
the method preserves conserved quantities. In this Appendix, we explore this fact in

greater detail.

D.1 FREE PARAMETER IN THE NPRK3: ODE EXAM-

PLE

In the NpRK3 scheme (4.8), the parameter ay is selected by the user, which then
determines the rest of the coefficients by Eqs. (4.9). In Sec. 4.5.3, it was shown that
the value of agy which yields the stability region with highest degree of tangency to
the imaginary axis (for small Ah) is approximately 1.4.

This result might lead one to believe that if one integrated the Kepler two-body
problem (4.30), for example, with the NpRK3, the Hamiltonian and angular momen-
tum would be conserved the best if asg = 1.4. Indeed, if one sets the eccentricity of
the orbit, €, to be any value which yields a non-stiff problem (say, ¢ < 0.5) one will
find this to be the case, as shown in Fig. D.1. However, for higher eccentricity values,
leading to a stiff problem, the error of H and A can have a minimum at different

values of aqq.
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Figure D.1: Change in the Hamiltonian and angular momentum vs. aoo obtained when
integrating the Kepler two-body problem, ¢ = 0.4, t = 50, with the NpRK3. We give the
results for h = 0.01 and h = 0.02 to show that the effect asg has on these quantities appears
to be independent of the stepsize (for reasonably small h). These results agree with the result
of Sec. 4.5.3, that the optimal value of asy occurs somewhere near 1.4.

D.2 FREE PARAMETER IN THE NPRK3: PDE EXAM-

PLE

In this example, we solve the system (1.51) using the MoC-NpRK3 with different
values of agy. We use periodic boundary conditions and the initial condition defined
in Chapter 7. This system admits the conserved quantities Hamilton, H, and charge,
@, defined in (1.52) and (1.53), respectively. Thus, our goal is to see how ayy affects

the change in each of these quantities.
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When solving this system, the user must set the frequency, w. Figure D.3 shows
the results for different values of w. The results lead us to believe that the optimal
value of agy in the MoC-NpRK3 may be completely unrelated to the optimal value
for the ODE scheme. It also appears that in the PDE case, the optimal asy depends

on the parameters of the problem at hand.

A Qvs. a20, w =02 6 A Hvs. a20, w=0.2
™~ - - T -
\ / % N
6 A ‘\ /
"\II [ \ ."l’
, v -7 \
1 2 3 4 5 6 1 2 3 4 5 6
A Qvs. a20, w =04 A Hvs. a20, w =04
- s . 3
6 - : -
N i./ N\ /
7 \f 7 \{
‘I I‘ II ‘l
| |
8 | 8 I
1 2 3 4 5 6 1 2 3 4 5 6
5 A Qvs. a20,w =0.6 6 A Hvs. a20, w =06
— -
7 \\\ // 7 /rﬂ
\\. / \\\ ‘.:'/
\/ -8 \f
8 | i
7 8 9 10 11 12 7 8 9 10 11 12

Figure D.2: Change in charge and the Hamiltonian vs. asg obtained when solving system
(1.51) with different values of w and h = 0.02. (We obtain the same results independent
of h.) The optimal value of asy changes with w, and is never close to the value of 1.4 we

found for ODFEs.
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D.3 FREE PARAMETERS IN THE NPRK4: ODE EXAM-

PLES

In the NpRK4 scheme (4.10), one obtains the free parameter A or ¢g. In this section,
we solve the Kepler problem and investigate how each free parameter affects the
conserved quantities. In Fig. D.3, we show the results when cqs is free, and in Fig.

D.4 we show the results when A is free.

6 log A Hvs ¢22: h=0.01, ¢ =0.4 6 log A Avsc22:h =0.01,c =04
-7
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-2 -1 0 1 -2 -1 0 1
4 log A Hvsc22: h=0.02, c =0.4 4 log A Avsc22: h =0.02, ¢ =04
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Figure D.3: Similar to Fig. D.1, but now with the NpRK4 with caa free. For this method,
there are two large dips in the error in each plot (except AH for h = 0.02). The AH plots
have a consistent optimal value of cao = —0.1, and for AA, co = —0.2 or co ~ —0.5.
Thus, coo = —0.15 seems like a fair compromise. This is the value we use in Chapter 4.
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Figure D.4: Similar to Fig. D.3, but now with the NpRK/] with A free. There appears to
be an optimal A for AH and a very different optimal A for AA. The optimal A for AA is
close to —5, which corresponds to the previously analyzed case of coa being free. Therefore,
rather than seek a trade-off between the values of A, we may want to use the NpRK/ method
with cog free.

D.4 FREE PARAMETERS IN THE NPRK4: PDE EXAM-

PLE

We will now examine how the MoC-NpRK4 conserves the Hamiltonian and charge
when solving system (1.51) with different values of c9o (Fig. D.5) and A (Fig. D.6).

From these results, we will draw two main conclusions. The first conclusion is
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that cos and A being optimal in the ODE case does not imply they are optimal in the
PDE case. The second conclusion is that, in the case of solving (1.51), we are more
likely to preserve the Hamiltonian and charge as much as possible when we select co9

as the free parameter in the MoC-NpRK4.
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Figure D.5: Similar to Fig. D.2, but now with the MoC-NpRK) with cos free. These plots
are somewhat similar to the plots of AA wvs. coo in Fig. D.2, with an optimal value of
coa &= —0.4. For higher values of w, we see two large dips in the error, also similar to Fig.
D.2. We do not, however, see any indication that the optimal value for the MoC-NpRK) is
Co2 = —0.15.
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Figure D.6: Similar to Fig. D.5, but now with A free. In the AQ wvs. A plots, we see an
optimal value close to —5. This is similar to AA in the ODE version of this case (Fig. D.4).
The optimal value of A for AH is nowhere near the value for AQ, though. Again, this is
similar to the ODE case. From this, we conclude that selecting coa as the free parameter in
the MoC-NpRK/ will allow us to better optimize both of the conserved quantities.

D.5 CONCLUDING REMARKS

Based on the experiments conducted in this Appendix, it seems that the optimal
value of the free parameter to select in an NpRK method for ODEs can be nearly
predicted by the stability plot. This does not apply to MoC-NpRK methods used for
solving PDEs, though. In that case, one must investigate for themselves what value

the free parameter needs to be in order to optimize the conserved quantities.
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E EXTRAPOLATION OF NODES OUTSIDE THE
INTEGRATION DOMAIN FOR USE IN MoC-

PRK METHODS

When implementing nonreflecting boundary conditions in the MoC-pRK schemes,
one must extrapolate points that lie outside the boundary at a few initial time levels.

In this Appendix, we derive the extrapolation formulae used in our analysis.

E.1 THIRD-ORDER EXTRAPOLATION OF A SINGLE

POINT

In the MoC-pRK3, we require the values of Y+ at the nodes (m,n) = (—1,1) and
(M + 1,1) with third-order accuracy (see Sec. 5.7). Here we will explain how one
obtains these values at (—1,1). The explanation for the node (M +1, 1) is symmetric.

Figure E.1 shows the stencil for our argument. The time level n = 1, as well as
the superscript “ 47, is irrelevant in this analysis, so we will refer to the desired value

simply as Y_;.

o } .
m=0

m=-1 m=1 m=2

Figure E.1: Stencil for the extrapolation of Y_1 given the points Yy 1 2.

We use the available values (z,y) = (0,Y0), (h, Y1), (2h,Y3) to extrapolate the

value (—h,Y_). Using the Lagrange form, (see, e.g. [14]), we find that the degree-3
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polynomial interpolating the available points is:

(x — h)(z — 2h) (x —0)(z — 2h) (x —0)(z — h)

Ls(z) =Y +Y + Y3

(0—n)(0—20) " "' (h—0)(h — 2h)

Evaluating £3(z) at —h gives us Y_;.
Y 1 = L3(h) =3Y, — 3Y] + Ya.
Expanding the Lh.s. of (E.2) in a Taylor series yields:
h2
Y., =Y, - hY] + ?Yo” + O(h?).

Similarly, we expand the r.h.s. of (E.2) in a Taylor series to obtain:

(2h —0)(2h — h)

(E.1)

(E.3)

h2
3Y0—3Y1+Y2:3Y0—3<Y0+hY0’+2%”)+%+2h¥5’+2h2%”+0(h3)

h2
=Y, — hY] + ?YOH + O(h%).

(E4)

The Lh.s. and r.h.s. of (E.2) agree up to terms of order 3, so (E.2) is a valid third-order

formula to obtain the desired point. At the right boundary, one will have:

Y1 =3Yy —3Yy 1 + Yo
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E.2 FOURTH-ORDER EXTRAPOLATION OF A SINGLE

POINT

The fourth-order extrapolation needed in the MOC-pRK4 is similar. To find Y_4, one
finds the degree-4 polynomial, £4(x), interpolating the points (0, Yp), (h, Y1), (2h, Ys),

and (3h,Y3). Then, one finds:

Yoy = La(—h) = 4Yy — 6Y; + 4Y, — V5. (E.6)

It can be verified that (E.6) is fourth-order accurate by expanding the Lh.s. and r.h.s.

of (E.6) in a fourth-order Taylor series. Similarly, at the right boundary, one has:

YM+1 == 4YM - 6YM71 + 4YM72 - YM*B- (E?)

165



F MATLAB CODE FOR THE MOC-PRK3 AND

MoC-PRK4 ALGORITHMS

In this Appendix, we include our commented MATLAB code implementing the MoC-
pRK3 and MoC-pRK4 algorithms. The codes presented here are for systems with two

components, ST and S, with the characteristics £+ and €.

F.1 MoC-PRK3 ALGORITHM

% MoC-pRK3 algorithm ------cmmmm oo
Conventions:

sl denotes the solution along the positive characteristic

s2 denotes the solution along the negative characteristic
Corresponding functions are fl and f2

% n 1 is given by the initial condition ----------“““-“-“~““““---on
sl 1 = Initial Condition; s2_1 = Initial Condition;

% Extrapolate the "virtual" boundadry values by (5.15)

vl _left = 3%s1(1)-3%s1(2)+sl(3); v2_left = 3%s2(1)-3*52(2)+s2(3);

vl right = 3%s1(M)-3*s1(M-1)+s1(M-2); v2_right = 3%s2(M)-3%s2(M-1)+s2(M-2);

% Store boundary values for later use. These will be length-3 vectors,

% and will be denoted with a capital S.

S1 _left(l) = s1.1(1); S1_right(l) = s1_1(M);

S2_left(l) = s2_1(1); S2_right(1l) = s2_1(M);

I e R T

% Compute the MoC-SE solution, sb, to find the MoC-ME solution.

% Here, the _2 notations means these values are at n = 2.

slb_2(2:M) = s1(1:M-1) + dtxfl(s1(1:M-1),s2(1:M-1));

s2b_2(1:M-1) = s2(2:M) + dt*xf2(s1(2:M) ,s2(2:M));

slb_2(1) = Left b.c.; s2b_2(M) = Right b.c.;

% Compute the MoC-ME solution, sd.

sld_2(2:M) = (1/2)*(s1(1:M-1)+s1b_2(2:M) +dtxfl(slb_2(2:M) ,s2b_2(2:M)));
s2d_2(1:M-1) = (1/2)*(s2(2:M) +s2b_2(1:M-1)+dt*f2(slb_2(1:M-1),s2b_2(1:M-1)));
sld_2(1) = Left b.c.; s2d_2(M) = Right b.c.;

% Update the solution for n = 3.
sl = s1d_2; s2 = s2d_2;

% Store the boundary values
S1_left(2) s1(1); S1_right(2)
S2_left(2) s2(1); S2_right(2)
% Main loop: fOr N >= 3 - -commmm o
for n = 3 : nmax

o° o° o°

I o°

o°

Il
wn
iy

—
=
f—)

1l
(%]
N
—
=
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% Compute the MoC-SE and MoC-ME solutions
slb(2:M) = s1(1:M-1) + dt*fl(s1(1:M-1),s2(1:M-1));
s2b(1:M-1) = s2(2:M) + dt*f2(s1(2:M) ,s2(2:M));
slb(1l) = Left b.c.; s2b(M) = Right b.c.;
sld(2:M) (1/2)*%(s1(1:M-1)+ s1b(2:M)+dt*fl(slb(2:M) ,s2b(2:M)));
s2d(1:M-1) (1/2)*(s2(2:M)+ s2b(1:M-1)+dt*f2(slb(1:M-1),s2b(1:M-1)));
sld(1l) = Left b.c.; s2d(M) = Right b.c.;
if n ==
% Compute k1l and k2 at n = 1.
% Notation: ki_j = stage derivative i, component j.
kl-1_nmin2 = [fl(vl_left,v2_left),fl(s1_1(1:M-2),s2_1(1:M-2))];
k1l_-2_nmin2 = [f2(s1_1(3:M),s2_1(3:M)),fl(vl_right,v2_right)];
slb_left = vl_left + dtxfl(vl_left,v2_left);
s2d_left s2d_2(1); sld_right = sld_2(M);
s2b_right = v2_right + dt*f2(vl_right,v2_right);
k2_1_nmin2 = [fl(slb_left,s2d_left),fl(slb_2(2:M-1),s2d_2(2:M-1))];
k2_2_nmin2 = [f2(s1d_2(2:M-1),s2b_2(2:M-1)),f2(sld_right,s2b_right)];
else
% Compute the virtual nodes by rotated MoC-ME
slb_left = S1_left(3) - dtxfl(S1_left(3),S2_left(3));
s2b_left = S2_left(1l) + dtxf2(S1_left(1l),S2_left(1));
% Rotated ME for the right boundary (5.16{c,d})
vl left = (1/2)*(S1_left(3) + slb_left - dtxfl(slb_left,s2b_left));
v2_left = (1/2)*(S2_left(1l) + s2b_left + dtxf2(slb_left,s2b_left));
% Rotated SE for the right boundary (5.17{a,b})
slb_right = S1_right(1l) + dt*fl(S1l_right(1),S2_right(1));
s2b_right = S2_right(3) - dt*xf2(S1l_right(3),S2_right(3));
% Rotated ME for the right bounday (5.17{c,d})
vl right = (1/2)*(S1_right(1l)+slb_right+dt*fl(slb_right,s2b_right));
v2_right = (1/2)*(S2_right(3)+s2b_right-dt*f2(slb_right,s2b_right));
% Compute k1l and k2 at level (n-2)
kl_1_left = fl(vl_left,v2_left); kl_2_right = f2(vl_right,v2_right);
kl_-1_nmin2 = [k1_1_left,kl_1_nminl(l:end-1)];
k1.2 nmin2 = [k1_2_nminl(2:end),kl_2 right];
slb_left = vl_left + dtxkl_1_left;
s2b_right = v2_right + dtxkl_2_right;
k2_1_nmin2 = [fl(slb_left,S2_left(3)),k2_1_nminl(1l:end-1)];
k2_2_nmin2 = [k2_2_nminl(2:end),f2(S1_right(3),s2b_right)];
% Update the boundary values
S1 left(l) = S1_left(2); S1_right(1)
S1_left(2) = S1_left(3); S1_right(2)
S2_left(1l) = S2_left(2); S2_right(1)
S2_left(2) S2_left(3); S2_right(2)

S1 right(2);
S1 _right(3);
S2_right(2);
S2_right(3);

end

% Compute k1l and k2 at level (n-1)

kl1_1_nminl = f1(s1(1:M-1),s2(1:M-1)); kl_2_nminl = f2(s1(2:M),s2(2:M));
k2_1_nminl = f1(sl1lb(2:M),s2d(2:M)); k2_2_nminl = f2(s1d(1:M-1),s2b(1:M-1));
% Compute the MoC-pRK3 solution
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sIn(2:M) = s1(1:M-1)+(dt/12)*(13*%k1_1_nminl+5%xk2_1_nminl-...
kl_1_nmin2-5%k2_1_nmin2);

s2n(1:M-1) = s2(2:M)+(dt/12)*(13xk1l_2_nminl+5%xk2_2_nminl-...
kl_2_nmin2-5%k2_2_nmin2);

sln(l) = Left b.c.; s2n(M) = Right b.c.;

% Update the solution and store boundary values

sl = sln; s2 = s2n;

S1 left(3) = s1(1l); S1 right(3)

S2_left(3) = s2(1); S2_right(3)

end

s1(M);
s2(M);

F.2 MoC-PRK4 ALGORITHM

o°

MoC-pRK4 algorithm with nonreflecting b.C. ---------cmmmmmmm oo
Conventions:

sl denotes the solution along the positive characteristic

s2 denotes the solution along the negative characteristic

Corresponding functions are fl and f2

To start, sl and s2 have length M. Once we extrapolate the near-boundary

values, all solution and stage derivative vectors will have length M+2.
Auxiliary Functions are given at the end of the main code.

d°® o° o° o° o° o°

o°

I R e e
a) Solution at this level given by initial condition

b) Extrapolate tom = 0, M+l. (See Functions below)
[vl_left,v2_left] = extrapolateL(s1(1:4),s2(1:4));
[vl_right,v2_right] = extrapolateR(s1(M-3:M),s2(M-3:M));

V1 left(1l) = vl left; V2_left(l) = v2_left;

V1 right(1l) = vl _right; V2_right(1l) = v2_right;

% Update the solution vector

sl = [V1_left(1),s1,Vl_right(1)]; s2 = [V2_left(1),s2,V2_right(1)];
% c) Extrapolate tom = -1, M+2

% Notation: "lleft" and "rright" refer tom = -1 and m = M+2

% in this context. They have a different meaning later on.
[VI_1left,V2_1left] = extrapolatelL(s1(1:4),s2(1:4));
[Vi_rright,V2_rright] = extrapolateR(s1(M-1:M+2),s2(M-1:M+2));
% Update the solution vector

sl = [V1_1left,sl,Vl_rright]; s2 = [V2_1left,s2,V2_rright];

d) Update the boundary values

% Notation: "lleft" and "rright" refer tom =2 and m = M-1 in
% this context.

S1_left(l) = s1(3); S1_lleft(1) sl(4);

S2_left(1l) = s2(3); S2_1left(1) s2(4);

S1 right(1l) = s1(M+2); S1_rright(1l) = s1(M+1);

S2_right(1l) = s2(M+2); S2_rright(1l) = s2(M+1);

o° of

o°

<)
©
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o°

o J
t the nonreflecting b.c.
1left = Left_Boundary_Condition(n); s2right = Right_Boundary_Condition(n);
= [slleft,s2right];
% ) Compute the MoC-cRK3 solution (see Function below)
[ 1n,

b)

o°

n
Se
s

o°

s2n] = cRK3(M,dt,s1(3:M+2),s2(3:M+2),Bc,F);

Extrapolate tom = 0, M+1
[v1,1eft,v2,1eft] = extrapolateL(sln(1:4),s2n(1:4));
[vl_right,v2R] = extrapolateR(sln(M-3:M),s2n(M-3:M));
Vi_left(2) = vl_left; V2_left(2) = v2_left;
V1_right(2) = vl_right; V2_right(2) = v2R;
sln = [V1_1left(2),sln,V1l_right(2)1; s2n = [V2_left(2),s2n,V2_right(2)1;
% c) Extrapolate tom = -1, M+2
[VI_1left,V2_1left] = extrapolateL(sln(1:4),s2n(1:4));
[Vi_rright,V2_rright] = extrapolateR(sln(M-1:M+2),s2n(M-1:M+2));
sln = [0,s1n,0]; s2n = [0,s2n,0];
% d) Compute k_{1,2} at n =1 by (6.2{a,b,k,1})
kl_-1_nmin2 = f1(s1(1:M-1),s2(1:M-1)); kl_2_nmin2 = f2(s1(6:M+4),s2(6:M+4));
% Requires the MoC-SE solution; see Functions below.
slb = SE_1(dt,s1(1:M-1),kl1_1_nmin2); s2b = SE_2(dt,s2(6:M+4),kl_2_nmin2);
k2_1_nmin2 = f1(slb,s2n(2:M)); k2_2_nmin2 = f2(s1ln(5:M+3),s2b);

)

o°

Reassign the solution

sl sln; s2 = s2n;

% f) Store the boundary values

S1 _left(2) = s1(3); S1_1left(2) = sl(4);

S2_left(2) = s2(3); S2_1left(2) = s2(4);

S1 right(2) = s1(M+2); S1_rright(2) = s1(M+1);

S2_right(2) = s2(M+2); S2_rright(2) = s2(M+1);

% Notation: _p refers to values needed in the MoC-pRK3 later on.
S1 left_p(l) = s1(3); Sl right_p(1l) = s1(M+2);

S2_left_p(l) = s2(3); S2_right_p(1l) = s2(M+2);

o°

I B e e
Set the nonreflecting b.c.
slleft = Left_Boundary_Condition(n); s2right = Right_Boundary_Condition(n)
= [slleft,s2right];
% a) MoC-cRK3 solution
[sln,s2n] = cRK3(M,dt,s1(3:M+2),s2(3:M+2),Bc,F);
sln = [0,0,s1n,0,0]; s2n = [0,0,s52n,0,0];
% b) k{1,2} at n =2
kl-1_nminl = f1(s1(2:M),s2(2:M)); kl_2_nminl = f2(s1(5:M+3),s2(5:M+3));
slb = SE_1(dt,s1(2:M),kl_1_nminl); s2b = SE_2(dt,s2(5:M+3),k1l_2_nminl);
k2_1_nminl = fl(slb,s2n(3:M+1)); k2_2_nminl = f2(sln(4:M+2),s2b);
)

o°

)
“©

o°

Reassign the solution

sl sln; s2 = s2n;

% f) Assign boundary values

S1_left(3) = s1(3); S1 1left(3) = s1(4);
S2_left(3) = s2(3); S2_11left(3) = s2(4);
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S1_right(3) = s1(M+2); S1l_rright(3)

s1(M+1);

S2_right(3) = s2(M+2); S2_rright(3) = s2(M+1);
S1 left_p(2) = s1(3); Sl right_p(2) = s1(M+2);
S2_left_p(2) = s2(3); S2_right_p(2) = s2(M+2);

% The main loop begins here:
for n = 4 : nmax
% Set the nonreflecting b.c.
% slleft = Left_Boundary_Condition(n); s2right = Right_Boundary_Condition(n);
Bc = [slleft,s2right];
% a) Compute K1 at level n and MoC-SE soln at n+l
kl-1_nmin® = f1(s1(3:M+1),s2(3:M+1)); kl_2_nminO® = f2(s1l(4:M+2),s2(4:M+2));
slb = SE_1(dt,s1(3:M+1),kl1_1_nmin@); s2b = SE_2(dt,s2(4:M+2),kl_2_nmin0);
% b) Compute the MoC-pRK3 solution (see previous code in this Appendix)
% Compute k1
sl_bulk = s1(3:M+2); s2_bulk = s2(3:M+2);
k1 1_nminO_p = [0,f1(sl_bulk,s2_bulk),0]; k1_-2_nminO_p = [0,f2(s1_bulk,s2_bulk)
,01;
% Compute the MoC-SE and MoC-ME solutions
slb_p(2:M) sl _bulk(1l:M-1) + dtxfl(sl_bulk(1l:M-1),s2_bulk(1l:M-1));
s2b_p(1:M-1) s2_bulk(2:M) + dt*f2(s1_bulk(2:M) ,s2_bulk(2:M));
slb_p(1l) = slleft; s2b_p(M) = s2right;
sld_p(2:M) = (1/2)*(sl_bulk(1l:M-1) + slb_p(2:M) + dtxfl(slb_p(2:M) ,s2b_p(2:
M)));
s2d_p(1:M-1) = (1/2)*(s2_bulk(2:M) + s2b_p(1:M-1) + dt*f2(slb_p(1:M-1),s2b_p(1:
M-1)));
sld_p(1l) = slleft; s2d_p(M) = s2right;
% Compute k2 at the xcurrent* level, in the bulk only
k2.1 nmin@_p(1:M-1) = fl(slb_p(2:M),s2d_p(2:M)); k2_2_nmin@_p(2:M) = f2(sld_p
(1:M-1),s2b_p(1:M-1));
k2_1_nminO_p = [0,k2_1_nmin®_p(1:M-1),0,0]; k2_2_nminO_p = [0,0,k2_2_nminO_p(2:M)
015
Compute new solution by pRK3
If n =4, we use the already computed kl_nminl.
It gets computed xspecificallyx for this loop later on.

%

o°

o°

if n ==
sln_p(2:M) = sl _bulk(1l:M-1)+(dt/12)*(13%kl_1_nmin@_p(2:M) +5%k2_1_nmin@_p(2:M)-

1xk1l_1_nminl-5xk2_1_nminl);
s2n_p(1:M-1) = s2_bulk(2:M)+(dt/12)*(13xk1_2_nminO_p(3:M+1)+5xk2_2_nminO_p(3:M+1)

1xk1l_2_nminl-5%xk2_2_nminl);
else
sln_p(2:M) = sl bulk(1l:M-1)+(dt/12)*(13xkl 1 nminO_p(2:M) +5*k2_1 nminO_p(2:M)-

1xk1l_1_nminl_p(1:M-1)-5%xk2_1_nminl_p(1:M-1));
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s2n_p(1:M-1) = s2_bulk(2:M)+(dt/12)*(13xk1_2_nminO_p(3:M+1)+5xk2_2_nminO_p(3:M+1)
1xk1_2_nminl_p(4:M+2)-5%k2_2_nminl_p(4:M+2));
end
sln_p(l) = slleft; s2n_p(M) = s2right;
% Update the solution and store boundary values
sl p=1[0,sln_p,0]; s2_p = [0,s2n_p,0];
S1 left_p(3) = sl p(2); Sl right _p(3) = sl p(M+1l);
S2_left_p(3) = s2_p(2); S2_right_p(3) = s2_p(M+1);
% Compute near-boundary values by "rotated" ME
% Rotated SE at the left boundary (5.16{a,b})
slb_left_p = S1 left_p(3) - dtxfl(S1l_left_p(3),S2_left_p(3));
s2b_left_p = S2_left_p(l) + dtxf2(S1_left_p(1l),S2_left_p(l));
% Rotated ME at the right boundary (5.16{c,d})
vl_left_p = (1/2)%(S1_left_p(3) + slb_left_p - dtxfl(slb_left_p,s2b_left_p));
v2_left_p = (1/2)*(S2_left_p(1l) + s2b_left_p + dtxf2(slb_left_p,s2b_left_p));
% Rotated SE at the right boundary (5.17{a,b})
slb_right_p = S1_right_p(1l) + dt*fl(S1_right_p(1),S2_right_p(1));
s2b_right_p = S2_right_p(3) - dtxf2(S1_right_p(3),S2_right_p(3));
% Rotated ME at the right bounday (5.17{c,d})
vl_right_p = (1/2)*(S1_right_p(1) + slb_right_p + dtxfl(slb_right_p,s2b_right_p))
v2_right_p = (1/2)*(S2_right_p(3) + s2b_right_p - dtxf2(slb_right_p,s2b_right_p))
% Compute and store the "virtual" k1l values at the previous level
k1_1_nminl_p = [fl(vl_left_p,v2_left_p),kl_1_nminO_p(2:M+1),fl(vl_right_p,
v2_right_p)1;
kl_-2_nminl_p = [f2(vl_left_p,v2_left_p),k1l_2_nminO_p(2:M+1),f2(vl_right_p,
v2_right_p)1;
% Compute and store the "virtual" k2 values at the previous level
slb_left_p = vl_left_p + dtxfl(vl_left_p,v2_left_p);
s2d_left_p = S2_left_p(3); sld_right_p = S1_right_p(3);
s2b_right_p = v2_right_p + dt*f2(vl_right_p,v2_right_p);
k2.1 nminl_p = [fl(slb_left_p,s2d_left_p),k2_1 nminO_p(2:end)];
k2.2 nminl_p = [k2_2_nmin@_p(l:end-1),f2(sld_right_p,s2b_right_p)];
% Update boundary values for use in the next step
S1 _left_p(l) = S1_left_p(2); Sl_right_p(1l) = S1_right_p(2);
S1_left_p(2) S1_left_p(3); Sl_right_p(2) S1_right_p(3);
S2_left_p(1) S2_left_p(2); S2_right_p(1) S2_right_p(2);
S2_left_p(2) S2_left_p(3); S2_right_p(2) S2_right_p(3);
% sldd refers to the MoC-pRK3 solution
sldd = [0,s1_p,0]; s2dd = [0,s2_p,0];
% c¢) Compute virtual boundary values and K's
if n ==
% Do nothing for this n
else
% Compute m = {0,M+1}, n = n-2 by "rotated" pRK3 (function at end)
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end

vlLtemp = pRK3_locl(dt,F,sldd(4),s2dd(4),S1 _left(end),S2_left(end),S1_left(
end-2),S2_left(end-2),'L");
v2Ltemp = pRK3_loc2(dt,F,S1_left(end),S2_left(end),S1_left(end-2),S2_left(end
-2),S1_1left(end-3),S2_1left(end-3),'L");
vlRtemp = pRK3_locl(dt,F,S1_right(end),S2_right(end),S1_right(end-2),S2_right
(end-2),S1_rright(end-3),S2_rright(end-3),'R");
v2Rtemp = pRK3_loc2(dt,F,sldd(M+1),s2dd(M+1),S1 _right(end),S2_right(end),
S1 right(end-2),S2 right(end-2),'R");
if n ==
% Reassign boundary values
V1_left(3) = viLtemp; V2_left(3) = v2Ltemp; V1_right(3) = v1Rtemp;
V2_right(3) = v2Rtemp;
else
% Reassign boundary values
Vi_left(1l) = Vi_left(2); V2_left(l) = V2_left(2);
V1_right(1l) = V1l_right(2); V2_right(1l) = V2_right(2);
V1_left(2) = Vi_left(3); V2_left(2) = V2_1left(3);
V1 _right(2) = V1_right(3); V2_right(2) = V2_right(3);
V1_left(3) = vllLtemp; V2_1left(3) = v2Ltemp;
V1_right(3) = v1Rtemp; V2_right(3) = v2Rtemp;
% Compute m = {-1,M+2}, n = n-2
V1_1left = pRK3_locl(dt,F,S1_left(end),S2_left(end),V1l_left(3),V2_left(3)
,V1_left(1),v2_left(1l),'L");
V2_1left = pRK3_loc2(dt,F,V1_left(3),V2_left(3),V1_left(1l),V2_left(1),
S1_left(end-4),S2_left(end-4),'L"');
V1_rright = pRK3_locl(dt,F,V1_right(3),V2_right(3),V1l_right(1l),V2_right
(1),S1_right(end-4),S2_right(end-4),'R");
V2_rright = pRK3_loc2(dt,F,S1_right(end),S2_right(end),V1l_right(3),
V2_right(3),V1_right(1),V2_right(1),'R");
end
% Kl_nmin2
kl_1_nmin2 = [f1(V1_1left,V2_1left),kl_1_nminl(1:M-2)1;
k1l 2_nmin2 = [k1_2_nminl(2:M-1),f2(V1l_rright,V2_rright)];
% K2_nmin2
slbL_nmin2 = SE_locl(dt,F,V1l_1left,V2_1lleft);
s2bR_nmin2 = SE_loc2(dt,F,V1_rright,V2_rright);
k2_1_nmin2 = [f1l(slbL_nmin2,V2_1left(3)),k2_1_nminl(1:M-2)];
k2_2_nmin2 = [k2_2_nminl(2:M-1),f2(V1_right(3),s2bR_nmin2)];
% Kl_nminl
kl_1_nminl = [f1(V1_left(3),V2_left(3)),kl_1_nmin@(1:M-2)];
k12 nminl = [k1_2_nmin@(2:M-1),f2(V1_right(3),V2_right(3))];
% K2_nminl
slbL_nminl = SE_locl(dt,F,Vl_left(3),V2_left(3));
s2bR_nminl = SE_loc2(dt,F,V1_right(3),V2_right(3));
k2_1_nminl = [f1(slbL_nminl,s2(3)),k2_1_nmin@(1:M-2)];
k2_2_nminl = [k2_2_nmin@(2:M-1),f2(s1(M+2),s2bR_nminl)];

% d) Compute K2_nmin0@
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k2_1_nmin® = fl(slb,s2dd(4:M+2));
k2_2_nmin@ = f2(sldd(3:M+1),s2b);

)
“©

[sln,s2n] = pRK4fun(M,dt,Bc,s1(3:M+2),s2(3:M+2),
kl_-2_nminl,kl_1_nmin2,k1_2_nmin2,...

sl

%

= [0,0,s1n,0,0]; s2 = [0,0,s2n,0,0];
f) Update the boundary values
ifn=4 ]| n==
lengthSLetc = length(S1_left);
S1 left(lengthSLetc + 1)
S2_left(lengthSLetc + 1)
S1_right(lengthSLetc + 1)
S2_right(lengthSLetc + 1)
else
for jSL =1 : 4
S1 left(jSL) = S1_left(jSL +
S2_left(jSL) = S2_left(jSL +
S1_right(jSL) S1_right(jSL
S2_right(jSL) S2_right(jSL
S1_1left(jSL) S1_1left(jSL
S2_1left(jSL) S2_1left(jSL +
S1 rright(jSL) = S1_rright(jSL
S2_rright(jSL) = S2_rright(jSL
end
S1_left(5)
S2_left(5)
S1_1left(5)
S2_1left(5)

1);

1);

+ 1);

+ 1);

+ 1);
1);
+ 1);
+ 1);

s1(3); Sl_right(5)
s2(3); S2_right(5)
s1(4); S1 rright(5)

s2(4); S2_rright(5)

s1(M+2);
s2(M+2);
s1(M+1);
s2(M+1);

end
end
% Function to extrapolate the LEFT boundary value
% at n=1and n =2. (Equation E.6)
function [v1L,v2L] extrapolatelL(sl,s2)
viL = 4xs1(1l) - 6%s1(2) + 4xs1(3) - sl(4);
V2L = 4xs2(1) - 6%s2(2) + 4xs2(3) - s2(4);
end

% Function to extrapolate the RIGHT boundary value
% at n=1and n =2 (Equation E.7)
function [Vv1R,Vv2R] extrapolateR(sl,s2)
VIR = 4xs1(4) - 6%s1(3) + 4xs1(2) - sl1(1l);
V2R = 4xs2(4) - 6%S2(3) + 4xs2(2) - s2(1);
end
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e) Compute the MoC-pRK4 solution (function below)

kl-1_nmin®,kl1_-2_nmin®,kl_1_nminl,

k2_1_nmin0@,k2_2_nmin@®,k2_1_nminl,
k2_2_nminl,k2_1_nmin2,
k2_2_nmin2);

s1(3); S1 _1left(lengthSLetc + 1) = s1(4);
s2(3); S2_1left(lengthSLetc + 1) = s2(4);
s1(M+2); S1l_rright(lengthSLetc + 1) = s1(M+1);
s2(M+2); S2_rright(lengthSLetc + 1) = s2(M+1);




% Function to compute the MoC-cRK3 solution

function [sln,s2n] = cRK3(M,dt,sl,s2,Bc,F)
bcl = Bc(1); bc2 = Bc(2); fl = F{1}; f2 = F{2};
% K1
k1.1(1:M) = f1(s1(1:M),s2(1:M));
k2_1(1:M) = f2(s1(1:M),s2(1:M));
% s-bar (Simple euler)
slb(2:M) = s1(1:M-1) + dtxkl_1(1:M-1);
s2b(1:M-1) = s2(2:M) + dtxk2_1(2:M);
slb(1l) = bcl; s2b(M) bc2;
% s-dot (Modified Euler)
sld(2:M) = (1/2)*(s1(1:M-1) + s1lb(2:M) + dt*fl(slb(2:M),s2b(2:M)));
s2d(1:M-1) = (1/2)*(s2(2:M) + s2b(1:M-1) + dtxf2(slb(1:M-1),s2b(1:M-1)));
sld(1l) = bcl; s2d(M) = bc2;
% Auxiliary value used to find K2
slc(1:M-1) = s1(1:M-1) + (dt/2)*k1_1(1:M-1);
s2c(2:M) = s2(2:M) + (dt/2)*k2_1(2:M);
slc(M) = s1(M) + (dt/2)xk1_1(M);
s2c(1l) = s2(1) + (dt/2)xk2_1(1);
% s-tilde (the half-step)
s1lt(2:M) = (3/4)*s1(1:M-1) + (1/4)*s1ld(2:M) + (dt/4)*k1_1(1:M-1);
s2t(1:M-1) = (3/4)*s2(2:M) + (1/4)*s2d(1:M-1) + (dt/4)*k2_1(2:M);
slt(1) (3/4)*s1(M) + (1/4)*sld(1l) + (dt/4)xkl1_1(M);
s2t (M) (3/4)*s2(1) + (1/4)*s2d(M) + (dt/4)xk2_1(1);
% k2
k1.2(1:M) fl(slc(1:M),s2t(1:M));
k2_2(1:M) f2(s1t(1:M),s2c(1:M));
% Auxiliary value used in K3
slh(1l : M-1) = s1(1 : M-1) - dtxk1_1(1:M-1) + 2*xdtxk1_2(1:M-1);
s2h(2 : M) = s2(2 : M) - dtxk2_1(2:M) + 2xdtxk2_2(2:M);

slh(M) = s1(M) - dtxkl_1(M) + 2xdtxkl_2(M);
s2h(1l) = s2(1) - dtxk2_1(1) + 2xdtxk2_2(1);
% k3

k1-3(1:M-1) = fl1(slh(1:M-1),s2d(2:M));
k2_3(2:M) = f2(sld(1:M-1),s2h(2:M));
k1_3(M) = fl(slh(M),s2d(1));

k2_3(1) = f2(s1d(M),s2h(1));
% Solution at next time step
sln(2 : M) = s1(1 : M-1) + dt*x(1/6)xk1_1(1:M-1) + dt*(2/3)*k1_2(1:M-1) + dtx(1/6)

*k1_3(1:M-1);

s2n(1l : M-1) = s2(2 : M) + dt*x(1/6)*k2_1(2:M) + dt*x(2/3)*k2_2(2:M) + dtx(1/6)x*
k2_3(2:M);

sln(1l) = bcl;

s2n(M) = bc2;

end

% Function to compute SE for the 1st component
function slb = SE_1(dt,s1,k1_1)
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slb = s1 + dtxkl_1;
end

% Function to compute SE for the 2nd component
function s2b = SE_2(dt,s2,k2_1)

s2b = s2 + dtxk2_1;
end

% Function to compute the rotated pRK3 soln for the FIRST component
function vl = pRK3_locl(dt,F,sl_pl,s2_pl,sl _p2,s2_p2,sl_p3,s2_p3,boundary)
fl = F{1}; f2 = F{2};
if boundary == 'L’
% 1) KL(+) at pl and P2 --------mmmmmm oo
kl1_1_pl = fl(sl_pl,s2_pl); kl_1_p2 = fl(sl_p2,s2_p2);
% 2) K2(+) @t pl -------cmmmmmmm i
% SE(+) at p2
slb_p2 = sl_pl - dtxkl_1_p1l;
% ME(-) at p2 we already have, so no need to compute
kl_2_pl = fl(slb_p2,s2_p2);
% 3) K2(+) @t P2 ---mmmmm i
slb_v = sl _p2 - dtxkl_1_p2;

s2b_v = s2_p3 + dtxf2(sl_p3,s2_p3);
% ME(-) at v
s2d_v = (1/2)*(s2_p3 + s2b_v + dtxf2(slb_v,s2b_v));

kl_2_p2 = fl(slb_v,s2d_v);
% 4 ) PRK3 soln @t vV ---mmmmmi e
vl = sl p2 - dt*((13/12)*k1_1_p2 + (5/12)xkl1_2_p2 - (1/12)*kl_1_pl - (5/12)x
kl_2_pl);

else
% 1) KL(+) at p3 and p2 -------mmmmmm o
kl1_1_p3 = fl(sl_p3,s2_p3); k1.1 .p2 = fl(sl_p2,s2_p2);
% 2) K2(+) @t p3 -------cmmmmm i
slb_p2 = s1_p3 + dt*xkl_1_p3;
% ME(-) at p2 we already have
% Compute k2 at p3
kl_2_p3 = fl(slb_p2,s2_p2);
% 3) K2(+) @t P2 ---mmmmm e
slb_v = sl p2 + dtxkl_1_p2;

s2b_v = s2_pl - dtxf2(sl_pl,s2_pl);
% ME(-) at v
s2d_v = (1/2)*(s2_pl + s2b_v - dtxf2(slb_v,s2b_v));

% Compute K2(+) at p2
k1l 2_p2 = fl(slb_v,s2d_v);
% PRK3 solution --------mmmmi e
vl = sl p2 + dt*((13/12)*k1_1 p2 + (5/12)xkl 2 p2 - (1/12)*kl_1 _p3 - (5/12)x
k1l_2_p3);
end
end
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% Function to compute the rotated pRK3 soln for the SECOND component
function v2 = pRK3_loc2(dt,F,sl_pl,s2_pl,sl_p2,s2_p2,sl_p3,s2_p3,boundary)
fl = F{1}; f2 = F{2};
if boundary == 'L'
% 1) K1(-) at p2 and p3
k2_1_p2 = f2(s1l_p2,s2_p2); k2_1_p3 = f2(s1l_p3,s2_p3);
% 2) K2(-) at p2
slb_v = sl_pl - dtxfl(sl_pl,s2_pl);
s2b_v s2_p2 + dtxk2_1_p2;
sld_v = (1/2)*(sl_pl + slb_v - dtxfl(slb_v,s2b_v));
k2_2_p2 = f2(sld_v,s2b_v);
% 3) K2(-) at p3
s2b_p2 = s2_p3 + dtxk2_1_p3;
k2_2_p3 = f2(sl_p2,s2b_p2);
% 4) pRK3 soln at v
v2 = s2_p2 + dt*x((13/12)*k2_1_p2 + (5/12)xk2_2_p2 - (1/12)*k2_1_p3 - (5/12)x
k2_2 p3);

else
% 1) K1(-) at pl and p2
k2_1_p2 = f2(sl_p2,s2_p2); k2_1_pl = f2(sl_pl,s2_pl);
% 2) K2(-) at pl

s2b_p2 = s2_pl - dtxk2_1_pl;

k2_2 pl = f2(sl_p2,s2b_p2);

% 3) K2(-) at p2

slb_v = sl p3 + dtxfl(sl_p3,s2_p3);

s2b_v = s2_p2 - dtxk2_1_p2;

sld_v (1/2)*(s1l_p3 + slb_v + dtxfl(slb_v,s2b_v));

k2_2 p2 = f2(sld_v,s2b_v);

% 4) pRK3 soln

v2 = s2_p2 - dtx((13/12)*xk2_1_p2 + (5/12)*k2_2_p2 - (1/12)*k2_1_pl - (5/12)x*
k2_2_pl);

end
end

function [sln,s2n] = pRK4fun(M,dt,Bc,sl,s2,kl_1_nmin@,k2_1_nmin®,kl_1_nminl,
k2_1_nminl,kl_1_nmin2,k2_1_nmin2,k1_2_nmin0®,k2_2_nmin0O,kl_2_nminl,k2_2_nminl,
k1l_2_nmin2,k2_2_nmin2)
bcl = Bc(1l); bc2 = Bc(2);
sln(2:M) = s1(1:M-1) + dtx(37/24)xk1_1_nmin@ + dt*(9/24)xkl_2_nmin®. ..
- dtx(7/12)* k1_1_nminl - dt*x(9/12)x*kl_2_nminl...
+ dtx(1/24)* kl_1_nmin2 + dt*(9/24)x*kl_2_nmin2;
s2n(1:M-1) = s2(2:M) + dtx(37/24)xk2_1_nmin0@ + dtx(9/24)*k2_2_nmino. ..
- dtx(7/12)*% k2_1_nminl - dt=(9/12)*k2_2_nminl...
dtx(1/24)* k2_1_nmin2 + dt*(9/24)*k2_2_nmin2;
bc2;

+

sln(1l) = bcl; s2n(M)
end
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