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ABSTRACT

This dissertation presents results of the study on symplectic and multisymplectic numerical
methods for solving linear and nonlinear Hamiltonian wave equations. The emphasis is put
on the second order space and time discretizations of the linear wave, the Klein—Gordon
and the sine-Gordon equations. For those equations we develop two multisymplectic (MS)
integrators and compare their performance to other popular symplectic and non-symplectic
numerical methods. Tools used in the linear analysis are related to the Fourier transform
and consist of the dispersion relationship and the power spectrum of the numerical solution.
Nonlinear analysis, in turn, is closely connected to the temporal evolution of the total energy
(Hamiltonian) and can be viewed from the topological perspective as preservation of the
phase space structures. Using both linear and nonlinear diagnostics we find qualitative
differences between MS and non-MS methods. The first difference can be noted in simulations
of the linear wave equation solved for broad spectrum Gaussian initial data. Initial wave
profiles of this type immediately split into an oscillatory wave-train with the high modes
traveling faster (MS schemes), or slower (non-MS methods), than the analytic group velocity.
This result is confirmed by an analysis of the dispersion relationship, which also indicates
improved qualitative agreement of the dispersive curves for MS methods over non-MS ones.
Moreover, observations of the convergence patterns in the wave profile obtained for the
sine—Gordon equation for the initial data corresponding to the double-pole soliton and the
temporal evolution of the Hamiltonian functional computed for solutions obtained from
different discretizations suggest a change of the geometry of the phase space. Finally, we

il



present some theoretical considerations concerning wave action. Lagrangian formulation
of linear partial differential equations (PDEs) with slowly varying solutions is capable of
linking the wave action conservation law with the dispersion relationship thus suggesting the

possibility to extend this connection to multisymplectic PDEs.
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CHAPTER ONE: INTRODUCTION

In the past years certain level of sophistication has been achieved in numerical integration
of ordinary differential equations (ODEs). In the process of development of various nu-
merical methods researchers realized that it is not practical to forever increase the order
of numerical schemes and that in many cases there is not enough computational resources
available to decrease time step in simulations. It turned out that there is another possibility
for improving quality of numerical solutions, namely use of so called geometric, or structure
preserving, integrators. The motivation for developing such algorithms for special classes of
problems came from different research areas like astronomy, molecular dynamics, mechanics,
theoretical physics, numerical analysis and other areas of pure and applied mathematics.
Preservation of geometric properties of problems arising in these areas not only produced
an improved qualitative behavior of the solution, but also permitted accurate long-time in-
tegration without using impractically small time step. An extensive presentation of various
geometric integrators can be found in [15, 16, 17, 32].

The natural extension of ideas related to geometric integration of ODEs is the notion of
structure preserving algorithms for partial differential equations (PDEs). It is a developing
branch of numerical analysis and there still exist many open problems. Numerical meth-
ods for some special classes of PDEs are a good starting point for such a research. In the
last couple of years numerical analysts became interested in the, so called, multisymplec-
tic integrators. Multisymplectic integrators are numerical schemes which exactly preserve

a discrete space-time symplectic structure of Hamiltonian PDEs. To date much of the liter-



ature has been devoted to establishing that various discretization methods have subclasses
which are multisymplectic. However, a thorough analysis of the local and global properties
of multisymplectic integrators has yet to be carried out. Preservation of the multisymplectic
structure by a numerical scheme does not imply preservation of other dynamical invariants
of the system such as the local conservation laws or of global invariants which determine the
phase space structure.

The focal point of this work is the centered-cell (multisymplectic) box scheme in two
forms, called MS—1 and MS-2, obtained from two different multisymplectic formulations of
the sine-Gordon equation. Multisymplectic box scheme is a finite difference method having
second order accuracy in both space and time. It is therefore most appropriate to compare its
performance with other second order (symplectic and non-symplectic), Hamiltonian finite
difference approximations of the sine-Gordon equation. These methods include (explicit)
Stormer/Verlet scheme (MS-3), implicit midpoint rule (MS—4), and the explicit Runge—
Kutta of order two (ERK). We will occasionally refer to the MS—-3 scheme as a leap-frog and
we typically call MS—-3 and MS—4 symplectic schemes although these are in fact multisym-
plectic discretizations. The reason for that distinction between methods designated MS—1,2
and MS—3,4 is that MS—1,2 methods were derived as discretizations of the PDEs expressed
in the multisymplectic form, while integrators designated MS—3,4 are symplectic time dis-
cretizations of the second order, centered-cell Hamiltonian spatial semi-discretization of the
sine—Gordon equation. The comparison will be conducted by means of conserved quantities
— energy and momentum — in their various forms, the dispersion relationship and the error

in the wave propagation speed. In the course of this dissertation we will also look at other



discretizations as well as at the box scheme for other than the sine-Gordon equations, like
the linear wave equation, the variable coefficient Klein—-Gordon equation and the nonlinear
Schrodinger equation.

The centered cell box scheme was first developed by Preissmann and Keller for the tur-
bulent boundary layer equations [25, 31]. It is unconditionally stable and of second order
accuracy. It is also A—stable (i.e. if the exact solution decays in time so does the numerical
one, with the approximately the same rate). As shown in [11], when applied to the multi-
symplectic system of PDEs, the box scheme preserves a discrete version of a multisymplectic
conservation law (multisymplecticness of the scheme). Another interesting feature of this
method is presented in [6], namely that the box scheme qualitatively preserves the dispersion
relationship of any first order, linear system of PDEs expressed in multisymplectic form.

There are two ways of implementing the box scheme, either by directly simulating the
system of first order PDEs or by first eliminating variables introduced to the equation in
order to put the equation in a multisymplectic form and than solving the resulting equation.
The first approach has a significant drawback. Iterative solver of the system of nonlinear
equations is non-convergent for almost all numerical meshes (cf. [39]). The second approach
is sometimes called a reduced box scheme, however we will simply refer to it as the reduced
box scheme. The functional iteration solver for the modified box scheme does not indicate
nonconvergence issue and this is the scheme implemented in the numerical simulations here.
Simulations show that, among the two (reduced) multisymplectic box schemes emerging from
different multisymplectic forms of the sine-Gordon equation, the MS—2 possesses superior

convergence properties.



It is well known that the error in the propagation speed can destroy the numerical so-
lution. For instance, according to [36], while solving a linear, first order wave equation by
means of the Crank—Nicolson scheme one notices the unwanted oscillations behind the com-
puted wave after a very short time. Moreover, when carrying the simulation out to longer
times, all of the character of the true solution is lost. The errors for the solution are due
to both damping and the error in the dispersion relationship. Following [6, 19, 36], we in-
vestigate the preservation of the dispersion relationship and the error in the phase velocity
(wave propagation speed) as well as its influence on the numerical solutions. The symbol
of a numerical scheme in section 5.2.1 allows one to determine the stability of the scheme
as well as its dispersive properties. The modulus of a symbol gives the dissipation/growth
rate of the scheme thus addressing the stability of the scheme. As expected, all the symplec-
tic and multisymplectic schemes are non-dissipative and stable. The multisymplectic box
scheme preserves the numerical dispersion best and the only scheme indicating growth is the
non-symplectic explicit RK, having a long-term growth in the Hamiltonian.

Numerical studies on a multisymplectic finite-difference discretization of the nonlinear
Schrodinger (NLS) equation demonstrated that the local energy and momentum conserva-
tion laws are preserved far better than expected, given the order of the schemes [22]. In
addition, several global invariants are preserved within roundoff by multisymplectic integra-
tors. Robustness of the box scheme for the Kortweg—deVries (KdV) equation was examined
by McLachlan and Ascher [6]. They also found that the dispersion relation for linear Hamil-
tonian PDEs is preserved by the multisymplectic box schemes well. We have used the

sine-Gordon equation as a benchmark equations for several reasons. The first and foremost



is an attempt to generalize numerical results obtained in [6] and [22] to another equation.
The second reason is the importance of the preservation of dispersion relationship by the
numerical scheme and questions related, through the symbol of a scheme, to the dispersive
and dissipative properties of the discrete linearized sine-Gordon equation. The last reason
is that the sine-Gordon equation possess a rich structure of the phase space for periodic
boundary conditions on a finite interval, which makes it somewhat a challenging problem to
work with. The choice of this equation provides us with the material for further study on
the nonlinear stability of symplectic and multisymplectic integrators.

Simulations were performed for initial data close to a homoclinic orbit of the unstable
state u = 7. An interesting phenomenon is observed here. After relatively short time (¢ &~ 30)
the wave profile undertakes a series of jumps which can be interpreted as homoclinic crossings.
They are caused by numerical errors and are described in [1]. Analysis of an infinite-line
boundary value problem associated with this equation is also presented. This problem possess
stable solutions called solitons. Three types of solitons, the breather, the kink—antikink and
the double—pole soliton, were examined. The third type is a limiting case between the
first two types (cf. [4]) and, as a bifurcation state, presents some difficulties in numerically
capturing the wave profile. For the choice of the initial data corresponding to the double—
pole soliton one can observe two different types of convergence patterns. Symplectic and
non-symplectic (also a pseudo-spectral method as reported in [1]) converges to the correct
wave profile from the parameter regime associated with the kink—antikink solution, that is by
the decrease in the wave propagation speed as the numerical mesh is refined. On the other

hand, the multisymplectic box schemes converge to the analytic solution from the parameter



regime related to the breather soliton. In this case, as the numerical mesh is refined, one
notices an increase in the period of the temporal, breather, oscillations. A remark has to
be made here. Although the choice of the particular equation is important, one of the goals
of this thesis is to examine the consequences of the property of multisymplecticness on the
preservation of the energy, momentum and dispersion relation by numerical schemes.
Conservation of wave action under multisymplectic discretization is the most current
direction of research in numerical analysis of structure preserving discretizations of PDEs
(cf. [13]). We summarize existing results on the wave action in Lagrangian formulation and
its relations to adiabatic invariants, i.e. quantities that remain constant to the leading order
in the slow-time. Average Lagrangian formulation for slowly varying linear waves gives
a common ground for both the dispersion relationship and the wave action conservation
law [5, 8, 18, 40]. This interesting property of average Lagrangian for linear wave equations,
after proper generalization, might provide a connection between seemingly different areas
discussed in this dissertation. In this dissertation we discuss the wave action conservation
for the multisymplectic formulation of continuous problems in physical as well as in the
Fourier spectral spaces. Understanding of methods used in derivations of continuous wave
action provides us with methods of addressing the issue of preservation of the wave action
under various discretizations, with special emphasis on multisymplectic ones. We will show
analytically and verify numerically that the multisymplectic box scheme exactly preserves a
discrete analog of the wave action. We will then attempt to extend results of [13] toward
numerical methods based on spectral and pseudo-spectral spatial semi-discretizations.

This paper is organized as follows. Chapter two introduces a concept of a symplectic



discretization of Hamiltonian ODEs and provides illustrations of consequences of preserving
the symplectic structure by means of discretizations of two dimensional systems of ODEs.
In the third chapter fundamental definitions and theorems concerning Hamiltonian and mul-
tisymplectic forms of PDEs are recalled and local conservation laws associated with the
multisymplectic formulation are defined. The fourth chapter is devoted to the derivation of
numerical schemes as well as the description of some practical aspects of their implemen-
tations. In the fifth chapter linearizations of certain equations and associated dispersion
relationships are given and an analysis of dispersive properties of numerical schemes de-
rived in chapter four is performed. We study the error in the dispersion introduced by the
discretization and use the error in the wave propagation speed and the group velocity disper-
sion to compare numerical schemes under investigation. In the sixth chapter a presentation
and discussion of results of numerical simulations is shown. This chapter is divided into
four sections. The first one is an illustrations of dispersive and dissipative properties of
discretizations and a confirmation of analytic results of chapter five. Second section of the
sixth chapter presents various diagnostics computed for numerical solutions for soliton and
space-periodic initial data and illustrates preservation of conserved quantities under mul-
tisymplectic discretizations. We also show the change to the geometry of the phase space
introduced by the discretization. Last section of this chapter contains series of plots present-
ing numerical simulations in more details. Final chapter presents the concept of wave action.
We review previous results of the wave action conservation law in physical space and extend
it to the case of the Fourier spectral space. We also analytically investigate preservation of

the discrete analog of wave action under various discretizations and find that the MS box



scheme exactly preserves discrete wave action. Appendices contain additional theoretical
information about symplectic integrators of Runge-Kutta type with detailed proof of their
symplecticness (Appendix A). We also list some of the classical analytic solutions (solitons)

that were used in the assessment of numerical schemes (Appendix B).



CHAPTER TWO: HAMILTONIAN ORDINARY
DIFFERENTIAL EQUATIONS

Geometric integration is a branch of numerical analysis aiming at constructing numerical
methods capable of reproducing qualitative features of the solution of a differential equation
under discretization and a particular emphasis is placed on preserving its geometric prop-
erties. In geometric integration these properties are built into the numerical scheme giving
the method an improved qualitative behavior and allowing for a significantly more accurate
long-time integration than with general-purpose methods. In addition to the construction of
new numerical algorithms, an important aspect of geometric integration is the explanation
of the relationship between preservation of the geometric properties of a numerical method
and the observed error propagation in long-time integration.

In this introductory chapter we would like to present some properties of Hamiltonian
ordinary differential equations (ODEs) and their discretizations. The emphasis is placed on
the notion of symplecticness of the flow of a Hamiltonian system as its most fundamental fea-
ture. We begin with definitions and some simple, one-degree-of-freedom examples and than
generalize to higher-dimensional systems by presenting a series of theorems characterizing
the flow of every Hamiltonian ODE. Next we illustrate these theorems by comparing two
first order discretizations of the pendulum equation and prove, via backward error analysis
(BEA), that the integrator with superior behavior generates a (discrete) map that is itself
symplectic. As a consequence we observe excellent energy conservation of such a scheme. Fi-

nally, in the section closing this chapter, we compare two symplectic, second-order schemes.



We observe that the distortion of the original phase space may lead to qualitative changes
in the behavior of the solution depending on the discretization applied. This phenomenon
is observed for initial data corresponding to some special (separatrix) solutions of the con-
tinuous system. It is very important to be able to identify such cases as they are present in
discrete systems obtained for partial differential equations (PDEs) as well.

We would like to remark, that the idea of geometric integration of ODEs has been around
for at least 30 years. This chapter is intended to be a brief introduction to the concepts
underlying this vast area of research and its presentation very closely follows [5, 15, 16, 17,

27, 32, 34].

2.1 The Idea of a Symplectic Map

Consider a nonempty, open, connected set U C R??, for some d € N, and an open interval
I cR. Let z8 = [p',q"] = [p1,---Pasq1,---,q4) € D and let H = H(z,t) = H(p,q,t)
be a sufficiently smooth, real-valued function defined on U4 x I. The system of differential

equations of the form

d
Jd&Z = VZH (21)

is called Hamiltonian. The matrix J; € Magx24(R),
0 I,
Jd - )
—1I; 0

where I; € Mgxq(R) is the identity matrix, is said to define a symplectic structure on U. It

is sometimes convenient to use the fact that the matrix Jy; is invertible and express (2.1) as

z, = J; 'V, H = g(z). (2.2)
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We understand the operator V,, the gradient, as a symbolic vector

0 o 0 01T
Vy= | 2
[0191 Opa’ Oq1 0qq

With this notation, the system (2.2) takes the form

d OH d OH

The integer d is called the number of degrees of freedom and U is the phase space. The set
U x I is called the extended phase space.

Associated with (2.3) is the system of variational equations

d d

Edpi = _H(Iipidpi - qu'qz'dqiﬂ &dpl - Hmpidpi - Hpiqid%v (24)
or in vector form

(dz); = J; ' H,,dz, (2.5)

where the H,, = H,,(z), H,, € Magx2q(R) is a symmetric matrix (the Hessian matrix of H)

pr Hpq
H zz —
qu qu

We will denote a set of twice continuously differentiable functions on R by C*(R) and assume

that H € C*(R), so that Hpq = H},. Hpq is understood as

0*’H
3]%(9%'

< ded(R>.

Pq

.....

Additionally, Hpp = ng and Hyq = H! , with

qq’
0*’H
H p—
i [apiapj

€ Mgxa(R)

.....

11



and an analogous definition for Hyq. In terms of the Jacobian matrix dg = dg(z), dg €

Moaxoq(R), the variational equation (2.5) is

(dz); = dg(z)

and it is an immediate conclusion of (2.2) and (2.5) that

T B s
qu qu

Using elementary row operations, equation (2.5) can be written as

(dz), = (Ia® J~) Hzzdz,

where z7 = [p1, qu, . .., pd, q4] and
y 0 1
J=J = . (2.6)
-1 0

For brevity of notation we use the Kronecker’s product of matrices defined as follows.

Definition 1 Given two matrices A € M,xn(R) and B € M,y (R), their direct product
C = A® B, also called the Kronecker product, is a matrizc C' € Mpxng(R) with elements

defined by

Cap = ijbpi,

where a =p(i — 1)+ k and B =q(j — 1) + 1.

For instance, the matrix direct product of the 2 x 2 identity matrix 5 and a 3 x 2 matrix A

12



is given by the following matrix C' € Mgy 4(R).

I ann 1-aia|0-a1 0-ap
1'@21 1'&22 0'(123 0’(122
1-A 0-A 1'&31 1'&32 0'&31 0'&32

C:IQ®A: -
0-A 1-A O-a11 0'(112 1'(111 1'&12

O'CL21 0'(1,22 1'@23 1'@22

0'&31 0'&32 1'@31 1'(132

The Kronecker’s product is bilinear and associative and, with respect to transpositions, it
satisfies (A ® B)T = AT @ BT. Moreover, if matrices A and B are invertible such is their
Kronecker product and (A ® B)™!' = A~ @ B~1.

The following property is fundamental for (2.2). For matrix L = (I; ® J; ) Hz;z, treated

as a function of ¢, it can be shown (see [17, 32, 34]) that

0 0 d _HPiPi _HpiQi 0 d 9
§|L| = ot Zdet = ot Z(Hpi% — Hyp Hyyq) = 0.
=1 qu'pi HQiQi =

This identity means that the sum of oriented areas of projections onto the (p;, ¢;)—coordinate
planes is conserved by the flow of the linearized system (2.5) and is referred to as symplectic-
ness of the flow map defined by the variational equations. In the sections that follow we will
elaborate on the concept of symplecticness and present its applications to discrete systems

arising in the numerical analysis of Hamiltonian ODEs.

Definition 2 We say that the linear mapping £ : R?*? — R2? is symplectic if LT JL = Jy,
e if
Q(LE, Ln) = Q(E,m), for all £,n € R*,

13



where

& ny

& nf

d
Q& m) =) det =¢"Jm.
=1

In case of nonlinear, differentiable maps we consider local approximations by a linear mapping

according to

Definition 3 Let U C R?* be an open set. A differentiable map g : U — R?? is called

symplectic if its Jacobian matriz L = dg(p, q) is symplectic.

We are now in the position to rephrase the notion of symplecticness in terms of a flow
map. Recall that the flow ¢,_: U — R?? of a Hamiltonian system is the mapping that

advances the solution by time ¢, i.e.
z = Pt (Z>7

where z* is the solution of the system at time ¢* corresponding to initial values z, i.e. the

solution at some time ¢ < t*.

Theorem 1 (Poincaré, 1899) Let H(p,q) be twice continuously differentiable function on
U C R??. Then, for each fived t, the flow p,_. is a symplectic transformation wherever it

1s defined.

For two-dimensional systems (i.e. for d = 1), Theorem 1 can also be stated (see [32]) in

the form of the identity

dp* 9¢*  9q* Op* _ 1
op ¢  Op dq

14



which is equivalent (see [34]) to the statement, that

qu qu 9
det =H,,H,, — (Hy) =1 (2.7)
_pr _Hpq

We will use equation (2.7) to establish an important property of a class of discretizations of

one-degree-of-freedom Hamiltonian ODEs.

2.1.1 Summary of Area-Preservation

The most fundamental (characteristic) property of Hamiltonian systems is that they are
area-preserving. That is, a system of ODEs has an area-preserving property if and only if
it is Hamiltonian. For simplicity we present the agrumentation for two-dimensional (i.e. for
d = 1) systems.

From the assumption that H € C*(R) and the equation (2.2)

0 OH 0 (O0H

8-y () o

op\ 0q/ Oq\0Op
i.e. the vector field [—H,, H,|" is divergence-free. As a consequence, for each fixed ¢,t* € I,
the flow ;4 is an area-preserving transformation on ¢. By the area-preserving we mean
that for every bounded set D, D C U, the area of D is the same as the area of ¢;_+(D) and

the orientation of D is preserved as well. On the other hand, if ¢; 4 is an area-preserving

solution operator for the system

d
—p=f(p,q.t), =g(p,q,1),

i ar?

then, by Liouvile’s theorem (see, for instance, [5] ), for each fixed t,t* € I, the vector field

15



[f,g]T is divergence-free, i.e.

0 0
of 99 _

-0
odp  9dq 7

which is a necessary and sufficient condition for the field [g, —f]” to be the gradient of a

scalar function H (assuming that ¢/ is simply connected).

2.2 Symplecticness Formalized

In the presentation of the concept of symplecticness presented in this section we closely
follow the treatment of [5] and use the “odd-dimensional” approach to Hamiltonian phase
flow. We begin by stating a hydrodynamical lemma in three-dimensional spaces. Let v be
a vector field in three-dimensional oriented euclidean space R3, and r = curl v its curl. The
integral curves of r are called vortex lines. If v; is any closed curve in R3, the vortex lines
passing through the points of 4, form a tube called a vortex tube. Let 5 be another curve

encircling the same vortex tube, then

Lemma 1 (Stokes) The field v has equal circulation along the curves v, and o, i.e.

]{le:jlgvdl
Y1 Y2

It turns out that Stokes’ lemma generalizes to the case of any odd-dimensional manifold
M2+ (in place of R?). The formulation of such a generalization is usually stated in terms
of differential forms, as the circulation of a vector field v is the integral of the 1-form w and
to the curl of v there corresponds the 2-form 2 = dw. A detailed treatment can be found

in [5].

16



Theorem 2 (Arnold) The vortex lines of the form w = p dq — H dt on the (2d + 1)-
dimensional extended phase space (p, q, t) have a one-to-one projection onto the t-axis, i.e.
they are given by functions p = p(t) and q = q(t). These functions satisfy the system of

canonical differential equations with Hamiltonian function H

d H d H
dp _ of  da_OH (2.8)
dt oq dt op

In other words the vortex lines of the form p dq — H dt are the trajectories of the phase

flow in the extended phase space, i.e. the integral curves of the canonical equations (2.8).

When the Stokes’ theorem is applied to the differential form w one obtains a fundamental

Theorem 3 (Arnold) Suppose that the two curves v, and 7y, encircle the same tube of
phase trajectories of (2.8). Then the integrals of the form p dq — H dt along them are the

same, i.€.

]{pdq—Hdt—j{ p dq — H dt.

71 Y2
The form p dq — H dt is called the integral invariant of Poincaré—Cartan. It is now an
immediate corollary, that if the curves 7; consist of simultaneous states, i.e. every curve ~;

lies on the plane ¢t = t; = const then, since d¢ = 0 one has that

]{pdqu p dq.
ga! 72

This means that the phase flow preserves the integral of p dq, since we can always choose
Y2 = Yt -1,(71). The form p dq is called Poincaré’s relative integral invariant and has a

simple geometric interpretation. Let D be a subset of the extended phase space such that

17



v = 0D, then, by Stoke’s formula, we find that

]{pdq—//dp/\dq.
o D

Thus we have proved the important

Theorem 4 (Arnold) The phase flow preserves the sum of oriented areas of the projections

of a surface onto the d coordinate planes (p;,q;), i.e. that

// dp Adq = // dp A dq. (2.9)
D i (D)

In other words, Theorem 4 states, that the 2-form €2 = dp A dq is an absolute integral
invariant of the phase flow. This property of the phase flow is very often called symplecticness
of the Hamiltonian phase flow. An alternative, direct proof of symplecticness of the flow of
Hamiltonian system can be found in [15].

Conservation of symplecticness is sometimes stated in the context of preservation of the
oriented area of infinitesimally small parallelograms. In such a case, Theorem 4 is equivalent
to the statement that

0 0 0
59 = a(dz A Jydz) = E(dp Adq) = 0. (2.10)

For d = 1, the 2-form €2 = dp A dq, an exterior product of a pair of 1-forms dp and dgq, is

a bilinear, skew-symmetric map acting on two vectors

dp(fl) dp(@)
Q(&,&) = (dp A dg) (&, &) = det = dp(&1)dq(&2) — dp(&2)dg(&).

dg(&) dg(§2)

The vector wedge product dp A dq is understood as

d
dp Adq = dei A dg;.

i=1
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It is now an immediate observation that the 2-form €2 represents the sum of oriented areas

of the projections of infinitesimal parallelogram dp A dq onto the d coordinate planes (p;, ¢;)-

Theorem 5 The wedge product has the following properties:
(1) linearity, i.e. ¥, x, (AM1dp+ Aadg) Ads = A\idp A ds + Aodg A ds,
(ii) skew-symmetry, i.e. dp A dg = —dg A dp,

(#i) dp A dp = 0.

For more details concerning differential forms see for instance [5, 33].

2.2.1 Example: Linear Pendulum

As an illustration, let’s consider one of the simplest examples of a Hamiltonian system of

ODESs, the linear pendulum equation

p2_kg7 q:p/m7

with Hamiltonian function

1 k
H:_2 w2
Qmp +2‘J7

m, k > 0 are constants. The general solution of this system has the form

q(t) = Cysin(wt + Cy), p(t) = mwC cos(wt + Cy).

For given initial data, the solution can be written as
p(t) cos(wt) —muw sin(wt) p(0)
q(t) sin(wt) /(wt) cos(wt) q(0)

19



so that the solution operator can be decomposed as follows
1 0 cos(wt) — sin(wt) 1 0

Prgt = (2.11)
0 mw sin(wt)  cos(wt) 0 1/(mw)

and we note that ¢, is area-preserving since det ¢;,—; = 1. A graphical representation
of the area-preserving property of ¢;,_; given by the equation (2.11) for w = 1, t = 7/2
and m = 2 is presented in Figure 2.1. A set of initial data D is transformed to the set
D3 = ¢4,—1(D) and the area of D is the same as the area of D3. Operations due to the

decomposition of the operator ¢, are depicted as sets Dy and Ds.

4
il |
| |
<«
oL |
p |
e I e A

Figure 2.1: Preservation of the area by the flow of the harmonic oscillator (from [32]).

2.2.2 Example: Mathematical Pendulum
Our second example of a Hamiltonian ODE is a mathematical pendulum

p=sing, ¢ =p, (2.12)
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for which the Hamiltonian function is

1
H= §p2 + cosq. (2.13)

The phase portrait of the system described by equation (2.12) is presented on Figure 2.2.
The plot was generated as a contour plot of the Hamiltonian function (2.13). The system
under consideration is autonomous and therefore its critical points are centers and saddles.
Later in this chapter we use this fact to illustrate the change to the topology of level curves

introduced by various discretizations.

g T~~~ T~

Figure 2.2: Phase Portrait of the Pendulum Equation.

2.3 Discretizations of 2D Hamiltonian ODEs

This section illustrates some of the consequences that symplecticness of the flow has on
numerical solutions of Hamiltonian ODEs. Symplecticness of a numerical scheme is typically
established in terms of the wedge product on differential forms in essentially the same way
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as for continuous cases described in previous section. The procedure is illustrated on a
simple example of the first-order method called symplectic Euler’s method and compared
with the standard explicit Euler’s method. We are able to observe that the oriented area of
an infinitesimal parallelogram is preserved by the discrete flow generated by the symplectic
Euler’s scheme while it increases in time for the regular explicit Euler’s scheme. We illustrate

these phenomena in the extended phase space in much the same way as in theorems 2 to 4.

2.3.1 Symplectic vs. Non-Symplectic Discretizations

For the general 2D Hamiltonian system

p'=—Hyp,q), ¢ = H,(p.q), (2.14)

the following two methods are symplectic. The first reads

p1 = po — hH,(po, 1), a1 = qo + hHy(po, ¢1), (2.15)

and the method adjoint to it is

P =po — hHy(p1,q), @1 = qo+ hH,(p1, ). (2.16)

Here we use standard notation that uy = wu(t,) and u; = wu(t, + h). These are called
symplectic Euler’s methods.
In order to prove that these methods are symplectic, consider the following system of

variational equation

dpl = dpo — thpde — thqd(h; (2173)
dq1 = d(]() + thpdpo + thquh- (217b)
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Taking the wedge product of equations (2.17) we obtain

dpy Adgr = dpo A dgo + dpo A (RH,,dpo) + dpo A (hHpdgr)
_(thpdpo) A dgo — (thpde) A (thpde) - (thpde) A (thqull)

—(hHgqdqr) A dgo — (hHgqdqr) A (RHyydpo) — (hHggdqr) A (hHpgdgy ).
Using properties of the wedge product given by the Theorem 5, we arrive at

dpl AN dql = dpo A qu + thqde A\ dql - thpdp[) A\ qu - thqu1 VAN qu
—h?H,Hpyydpo A dqy — h*Hyy H,pdgr A dpg.
= dpo A qu — h2quHpqdp0 A dql + thqdp() A\ (dql — qu)

—hHydg A (dgo + hH,ydpo).
Noticing that H,, = Hp,
dgy — dgo = hH,,dpy + hH,,dgy
and
dg1 — hHpdg1 = dgo + hHypdpo,
we arrive at

dpi Adgr = dpo A dgo — h2HyyHyudpo A dgy + RH,odpo A (thpde + thqdq1>
—hHgdgr A (dq1 - thqu1>

= dpo A dqo,

which proves symplecticness of the scheme.
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If we repeat the same procedure for the explicit Euler’s method we obtain the following.

Since the explicit Euler’s method reads

1 = po — hHy(po, q0), ¢ = qo + hH,(po, o), (2.18)

in order to show the difference between symplectic and explicit Euler’s methods, consider

the variational equation constructed for (2.18)

dpy = dpo — hH,dpy — hH,dqo, (2.19a)

dql = qu + thpdpo + thqqu. (219b)
Taking the wedge product of equations (2.19) we obtain

dpr Adgr = dpo A dgo + dpo A (hHp,dpo) + dpo A (hHpedgo)
_(thPdPO) A dgo — (thpde) A (thpde) - (thpde) A (thqd‘JO)

—(hHyqdgo) A dgo — (hHgqdgo) N (hHypdpo) — (RHgqdgo) A (RHpgdgo)
Using properties of the wedge product given by the Theorem 5, we arrive at

dpy Adgr = dpo A dgo + dpo A (RHp,dgqo) — (hH,pdpo) A dgo

—(hHgpdpo) A (hHpedgo) — (hHgedgo) A (RHpydpo).
Now, since Hy,, = Hg, we have that
dpr A dqy = (1+ W2 (HypHyy = (Hyo)®) ) (dpo A dgo)
and thus, from (2.7), for the explicit Euler scheme

dp; A dgy = (1 + h*)(dpo A dgo),
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Figure 2.3: Explicit Euler — linear pendulum. A = 0.1.

indicating growth in time (1 + h? > 1).
We would like to show what happens to the set of initial data under the action of a
discrete-time flow. As an example, consider two first order discretizations of the pendulum

equation (2.12). The first one is an explicit Euler’s method

Pn+1 = Pn — th dn+1 = Q4n + hpn

and the second one is its modification called the symplectic Euler’s method

Pn+1 = Pn — hQna Qnt1 = Qn + h'pn—l—la

where we use standard notation that u,, = u(t,) and u,; = u(t, +h) and h is the time-step
of integration. Figures 2.3 and 2.5 present a vortex tube of (discrete) trajectories obtained

by the explicit Euler’s method. It is not difficult to note that the area of the original set
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increases under the discrete flow. In turn, Figures 2.4 and 2.6 present an analogous case,
but now the trajectories were computed by the symplectic Euler’s method. The area of the
initial set is conserved and one observes only a slight change in its shape. Figures 2.3 to 2.6,
where an initial set (a green circle) is evolved under two different, first order discretizations

of the linear pendulum equation, can be considered an illustration to the discrete analog of

Theorem 4.
10
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Figure 2.4: Symplectic Euler — linear pendulum. A = 0.1.
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Figure 2.5: Explicit Euler — linear pendulum. h = 0.1.

2.4 Backward Error Analysis

A forward error analysis consists of the study of the errors y; — @n(yo) (local error) and
Yn — Pun(yo) (global error) in the solution space. The idea of backward error analysis is to

search for a modified differential equation %;& = fh(gj) of the form
d . - . - 0x -
in = fo(§) + hfi(§) + P fo(9) + -+,

such that y, = j(nh), and studying the difference of vector fields f(y) and fu(y).
We illustrate the idea of BEA on the previous example of two first order discretizations

of a general 2D Hamiltonian system of equations (2.14). For such a system, using Taylor
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Figure 2.6: Symplectic Euler — linear pendulum. h = 0.1.

series expansion, one finds the following

p = _(p,Hpq + q/qu) = H,Hpy — HyHyg,

q// = p/pr + qupq = HpHpq - HQHPZ”
so that, since

Fla+ ) = F2) b)) + oY),

28
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one writes

h2

m=m+%+2

2

h
@ = qo+hg+ 7q6/ +O(h?).

If p and ¢ satisfies the system of Hamiltonian equations on obtains

h? ~
p1=po— hH, + ?(Hquq — H,H,,) + O(h*) = po + h,

where lower index 0 indicates that the function is evaluated at (pg, o). Similarly

h? ~
@1 =qo+hH,+ 7(HpHpq — H,Hp,) + O(hS) =qo+ k.

We use this technique repeatedly for various, more specific systems in order to obtain a
Hamiltonian function of a modified system, so we established some general formulas and

notations to be used later throughout this section.

2.4.1 System of Modified Equations

As was mentioned before, the idea behind the BEA is to construct a modified Hamiltonian
system in such a way that the numerical solution will satisfy it exactly, i.e. to every order

in h. Assume that the modified systme is given by

P =—Hypq) ¢ =H/(p,q), (2.20)

where

H=H+hHY + i2H® + O(h?).
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Clearly then

and so

aufl ot

gmz
Il

=a}

= H,+h(HY), + B2(H?), + O(h?),

= H,+h(HY), + B2 (H?), + O(h®)

Hpq = HpHpq + h(Hp<H(1))pq + (H(l))pHpq)

12 (Hy(H)yq + (HO)(HO)yy + (H), Hyg ) + O(1),

qu = Hquq + h’(HP(H(l))qq + (H(l))qufl)

12 (Hy(H®)gq + (HO)(HD)gq + (HD), Hyg ) + O(R),
HyHpy + h(Hy(HW)y + (HY) Hyy)

2 (Hy(H®)yg + (HO) (H ) + (HE) ) + OR),

pr = Hqup + h(Hq(H(l))pp + (H(l))qup)

12 (Hy(H®)yy + (HO) (HO),y + (HD),Hyy ) + O(h?).

For the modified Hamiltonian we have the following

P

and

q1

- R - - .
= po—hH;+ ?(Hquq — HyH,yq) + O(h)
h2
+

= po— h(Hq + h(H(l))q) 1 <Hquq - Hquq> +O(h?)

2

= o+ hH,+ 5(HpHpq — H,Hy,) + O(h%)
2

h
= Qo+ h(Hp + h(H(l))p> + 9 HpHpq - Hqup) + O(h3>~
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Our task is now reduced to finding specific expressions of H® corresponding to a particular
discretization. We illustrate this procedure by finding expressions of H®) for symplectic and

explicit Euler’s methods.

2.4.2 Symplectic Euler’s Method
Consider the method

P = po — hHy(po, 1), ¢ = qo+ hH,(po, 1)

and observe that if

~ h2
k= th + E(HpHpq - Hqup) + O(hB)v

we have that

k* = h*(H,)* + O(h%).

Expanding,

~ ~ L2 ~
H‘I(p07 Q1) = Hq(pm qo + k) - Hq + quq + Equq + O<k3)
2 2

h h
= Hq + (th + ?(HpHpq - Hqup>>qu + 7(Hp>2quq + O(h3>

and

~ ~ k2 ~
Hp(p07 C]l) = Hp(p(b qo + k) = Hp + kaq + ?Hpqq + O(k3)

2 2

h h
= Hp + (th + ?(HpHpq - Hqup)) Hpq + ?(prHpqq + O(hg)-

Comparing O(h?) terms we obtain
1
- (H(l))q + §(Hquq - Hquq) = _Hquq>
1
(H(l))p + §(HpHpq - Hqup) = HpHpq7
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that is
) !
(HY), = Q(HpHpq + HoHpp),
) 1
(HY), = §(Hquq + HyHyg),
so finally, since the integrability condition (H),, = (HW),, is satisfied,
1

HWY = 5 oty

For a symplectic numerical method this procedure can be carried to any order, which implies

that the numerical solution is an exact solution to a Hamiltonian system.

2.4.3 Explicit Euler’s Method
If we try to repeat the same procedure for the explicit Euler’s discretization

p1=po—hHy(po,0), @ = qo+ hHy(po, )
we obtain, from the expansion of the modified equations (2.20), that
20 7(1 h?
po= po—hH, = W (H),+ T (H,Hyy = HyHy, ) + O(F),

h2
@1 = Qo+ th + hz(H(l))p + 3 (HpHpq - Hqup) + O<h3>~

At O(h?*) we therefore obtain

1

(H(l))q = §<Hquq_Hquq>>
1

(H(l))p - 5 (Hqup - HpHpq)'

We have to check integrability condition. Computing mixed derivatives we have
1
(H(l))qp = 5 (quHpq + Hquqp - prqu - Hquqp)v
1
(H(l))pq = 5 (qupr + Hqupq - Hqupq - HpHpqq)
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(H(l))pq - (H(l))qp = Hp,Hyy — ng =1,

by (2.7). Clearly, it is not possible to construct a modified Hamiltonian, thus the discrete

flow is not symplectic.

2.4.4 Conservation of Energy

An immediate question occurs. What is the relation between preservation of symplecticness
and preservation of energy? In order to answer this question let’s first recall that the energy
(Hamiltonian) is a conserved quantity only for autonomous Hamiltonian systems. Let z =

z(t) be a solution to (2.2). Then

d B sd 0 . o OH
SH(@(0.0) = (V. H) 2+ = H = (VH) Jd(VoH)z+ 5 H = =

by the skew-symmetry property of the matrix J;. In particular, if the system (2.2) is au-

tonomous (O;H = 0), then

d
—H=0
dt ’

which means that the Hamiltonian is a constant of motion. This fact is often interpreted as
conservation of energy by the flow of the system. From the backward error analysis (BEA)
we know that an approximated solution obtained from the symplectic discretization can be
viewed as an exact solution to a (nearby) Hamiltonian system. One concludes that for any
choice of initial condition the numerical solution will lay on the level curve of a modified

Hamiltonian corresponding to a certain value H, which will not be significantly different
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from an original one H.. The distinction between energy-conserving discretizations and
symplectic ones is discussed in more detail in [30].

The notion of symplecticness of discrete autonomous Hamiltonian systems is very often
illustrated by presenting a comparison as in Figure 2.7. We computed numerical solution

using the explicit Euler’s method

Pnt1 = Pn + hsin An, Qn+1 = Qn + hpn

and its modification called the symplectic Euler’s method

Pnt1 = Pp + hsing,, Int1 = Gn + hppy,

where again u,, = u(t,) and u,.; = u(t, + h) and h is the time-step of integration. Figure
2.7(a) shows a numerical solution of the pendulum equation (2.12) obtained by the explicit
Euler’s method (blue dots) for initial data (pg,q0) = (2,0) corresponding to a periodic
solution of the original system (solid line). the numerical trajectory is an (unstable) spiral
— qualitative properties of the original solution are destroyed by the discretization. On the
other hand, in Figure 2.7(b) presented is a numerical solution obtained, for the same system
and the same initial data, by the symplectic Euler’s method. The solution much more closely
resembles the original one, even for significantly larger time steps. From the BEA we know
that the numerical solution is a level curve of a modified Hamiltonian that is autonomous
and, as such, is a closed curve. However, a non-symplectic discretization causes the topology

of the phase space to be destroyed.
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(a) Forward Euler’s Method, time step h = 0.1, (b) Symplectic Euler’s Method, time step h = 0.5,
simulation carried up to T' = 10. simulation carried up to T' = 42.

Figure 2.7: Numerical solutions of the linear pendulum equation.

2.5 Nonlinear Stability of Symplectic Integrators

In the previous section we showed differences between symplectic and non-symplectic dis-
cretizations. It should be clear by now, that the preferred methods of numerically solving
Hamiltonian ODEs are symplectic ones. The question now is about differences between
symplectic methods. In the paper on nonlinear stability [27], McLachlan, Perlmutter and
Quispel gave examples of what happens if the initial data are closed to some special orbits,
like separatrix, or homo-, or hetero-clinic orbits. It turns out that the change of the phase
space geometry under the discretization may cause numerical solutions obtained by some
integrators to become unstable, while some integrators produce over-stabilized solutions. A

simple example is an implicit midpoint and the leap-frog discretizations of the following
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Hamiltonian system of equations

p=q-3¢4 ¢ =np, (2.21)

with Hamiltonian function

H= %pQ — %(f + 5. (2.22)
0.2r
0.151
0.1r
0.051
S 0

—0.05

—0.1f/=

—0.15r

_0.2f Ry e ]

—0“1 (‘) 0“1 0]2 ().‘3 ().‘4 Oj5
q

Figure 2.8: Critical energy set (homoclinic orbit) of the cubic oscillator together with two
different numerical solutions obtained by the leap-frog method (red squares) and the implicit
midpoint rule (blue dots). The leap-frog solution was computed for A = 0.6 and carried until
T = 6, while the midpoint was computed for A = 0.85 and until 7" = 50 with solver tolerance
e=10"1.

Figure 2.8 presents a comparison of two numerical solutions obtained for this system by
the leap-frog method (red squares) with time-step A = 0.05 and the implicit midpoint method
(blue dots) with time-step h = 0.8, with the homoclinic orbit plotted as the appropriate level

curve of the Hamiltonian (2.22). Initial data for both numerical solutions are located on this
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homoclinic orbit at the point (p,q) = (0,1/2). We computed numerical solutions using the

leap-frog method

Pni2 =DPn + h(Qn - 3<Qn)2>7 nt2 = Qn + hpn

and the implicit midpoint rule

1 3 h
Pn+1 = Pn + h(ﬁ(Qn—&—l + Qn) - Z(Qn-I—l + qn)2>7 dn+1 = Qn + §(pn+1 +pn)

The leap-frog, as a multi-step method requires initialization, i.e. initial one-step advancement
of the solution by some other method. For this purpose we used the midpoint rule, as both
methods are second order accurate and symplectic.

We observe (Figure 2.8) that the change of the geometry of the phase space under the dis-
cretization changes. This phenomenon influences qualitative features of numerical solutions
depending on the discretization. The implicit midpoint discretization (blue dots) expands
the original phase space, so that the discrete orbit is located in the interior of the modified
homoclinic orbit. In this case the discretization over-stabilizes the solution. In the case of
the leap-frog method the phase space is expanded in one direction (along the g—axis) and
at the same time contracted along the other direction (p-axis). This causes the numerical
orbit (red squares) to be in the exterior if the modified homoclinic orbit (for the leap-frog
method this modified homoclinic orbit is different than for the midpoint), thus destabilizing
the solution. We will return to this phenomenon in Chapter 6, where we present numerical
evidences that the change in the geometry of the phase space of partial differential equations

influences qualitative features of the numerical solution in a very similar manner.
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CHAPTER THREE: MULTISYMPLECTIC PARTIAL
DIFFERENTIAL EQUATIONS

In many cases of wave propagation, particularly the equations governing ocean waves and
atmospheric flow, a conservative model is accurate and when studying conservative partial
differential equations it is natural to appeal to the powerful geometric methods of Lagrangian
and Hamiltonian mechanics. The Lagrangian formulation and the Hamiltonian formulation
for a conservative system are usually considered to be dually related through the Legendre
transform and, in finite dimensions, when the Legendre transform is non-degenerate, the
duality is exact. However, according to Bridges [10], in infinite dimensions, particularly for
systems governing wave propagation where one or more spatial directions is infinite, the
Lagrange — Hamiltonian duality is no longer uniquely defined. Formally taking the Legendre

transform of the Lagrange density results in a Hamiltonian formulation

u 3 [du
79 _ ’ (3.1)

ot
v 3 [ v
where J# is typically an integral functional and matrix J is defined by the equation (2.6)(cf.
[4, 10, 24, 28]).

An advantage of the formulation (3.1) is that the system is an evolution equation in
time and so one can easily obtain existence results for the initial value problem. Another
advantage is the organizing structure provided by the symplectic operator. The necessity to
consider a space of functions for which the integral functional 7 is well defined might be

thought as a disadvantage. Therefore such a Hamiltonian formulation is most useful when
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the spatial domain is finite or when one is interested in a wave with a particular spatial
variation.

One of the most important results presented in [10] is a complete Legendre transform that
eliminates the x—derivatives in the Lagrangian density. Such a formulation is called multi-
symplectic. The multisymplectic form (3.2) discussed in this chapter organizes each facet of
the model equation. All time derivatives appear in the term Lz;, all space derivatives appear
in the term Kz, and the gradient of S(z) is defined with respect to an inner product on the
phase space H which in this case is R?. We recollect fundamental definitions and theorems
concerning Hamiltonian and multisymplectic forms of PDEs in physical and Fourier spectral
space and statet local conservation laws associated with the multisymplectic formulation.
We list various equations, their multisymplectic forms and conservation laws as examples.
We also give linearizations of certain equations about some special solutions and associated
dispersion relationships. Background material presented here will be used in later chapters

to construct and analyze properties of various discretization.

3.1 Multisymplectic Formulation

It is well known [32] that the flow of a Hamiltonian ODE preserves the sum of the oriented
areas of the projections of parallelograms, as described in Chapter 2. A Hamiltonian struc-
ture generalizing a classical Hamiltonian structure of a Hamiltonian evolution equation is
derived by assigning a distinct symplectic operator for each unbounded space direction and
time. This generalization, called multisymplectic structures, is natural for dispersive wave

propagation problems [10]. For Hamiltonian PDEs we have the following
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Definition 4 A Hamiltionian PDE (in the “1 + 17 case) is said to be multisymplectic if it

can be written as

Lz, + Kz, =V,S, z € RY (3.2)

where L, K € Mgxq(R) are d x d, skew-symmetric matrices, and S : R? — R is a smooth

function of the state variable z.

In justifying the direction in which the Hamiltonian form (3.1) was generalized to obtain
(3.2) let’s resort to the original paper of Bridges [10]. The system (3.2) is a Hamiltonian
formulation of a wave model equation on a multi-symplectic structure which means that,
instead of a single symplectic form (2.10) as in (3.1), there are two pre-symplectic operators
L and K. These operators are skew-symmetric and can be identified with closed two forms
that define a generalized symplectic structure for the system. However operators L and K
do not have to be represented by invertible matrices and do not have to be unique as will be
shown later in this chapter using the nonlinear wave equation as an example. In the partial
Legendre transform used to obtain (3.1) one defines a new set of variables (u,v), generates a
Hamiltonian functional .7 (u, v) and creates an action density. The action density in this case
is vu; and the gradient of action (with respect to an inner product that includes integration
over t) results in the left-hand side of (3.1) and hence is responsible for generating the single
symplectic operator in the system. In the multisymplectic formulation, in addition to new
variables, the complete Legendre transform defines a family of action densities and creates
a family of symplectic operators and a new Hamiltonian functional. The derivation of a

multisymplectic form in [10] concludes with the statement that a partial Legendre transform
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and a complete Legendre transform lead to non-trivially different symplectic structures and
Hamiltonian systems and that the Hamiltonian formulation on a multi-symplectic structure
is a natural framework for analyzing and proving particular properties of dispersive wave
propagation in conservative systems.

In contrast to Hamiltonian ODEs, where symplecticness is a global property, an important
aspect of the multisymplectic structure is that symplecticness is now a local property — it
varies both in time and in space. This local feature is expressed through the multisymplectic

conservation law.

Theorem 6 Multisymplectic formulation of any PDFE satisfies the multisymplectic conser-

vation law
9,2" 4 9,0@ =0, (3.3)
where
Qb = %(dz A Ldz), (3.4a)
Q@ = %(dz/\}(dz), (3.4b)

are differential two—forms defining a space—time symplectic (multisymplectic) structure.

Remark 1 Differential two—forms (3.4) are scalar functions of the form
1 d 1l d
t) _ * i ij 1.7 (z) _ * i ij 1.7
a0 =23 [dzAQjLﬂdzf)], 00 =23 [dz/\(E Kﬂdzﬂﬂ,

i=1 j=1 i=1 j=1

where A\ denotes the wedge product, which properties are given by Theorem 5.

PROOF: Let’s first note the following
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Lemma 2 For any matric L € Mgxq(R)
dp A Ldq = LTdp A dq. (3.5)

PrOOF: Directly from remark 1 we have that

d d d d
dpALdg = Y dp' A Lidg! =D dp' A LUdg]
i=1 j=1

i=1 j=1
d d

= > (X (@)ap) adg’ = L7dp Adg,

j=1 =1
which completes the proof of Lemma 2. |

From Lemma 2 we immediately conclude that for skew-symmetric matrices L and K, i.e.

for such matrices that matrices L = —L” and K = —K7, the following is true
dp A Ldq=—-LdpAdq, dpAKdq=-KdpAdq
and therefore

200 4200 = (dz A Ldz), + (dz A Kdz),
= (dz; A Ldz + dz A Ldz;) + (dz, A Kdz + dz A Kdz,)
= (—Ldz; ANdz+dz A Ldz,) + (—Kdz, A dz + dz A Kdz,)
= —2(Ldz; + Kdz,) ANdz

= —2(Sz,dz) Adz =0
since S,,, a Hessian matrix, is symmetric and the variational equation

Ldz, + Kdz, = S,,dz
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holds. The symmetry of the Hessian matrix S,, and the skew-symmetry of the wedge product

implies that
(Szzdz) Adz = —dz A (S,,dz) = (S,,dz) A dz

which is only possible if (S,,dz) A dz = 0. |
Differential twoforms Q® and Q@ are called pre-symplectic and the pair (Q®, Q@) is
sometimes referred to as the bi-symplectic structure on the phase space H.

Aside from the differential form of the multisymplectic conservation law (3.3), especially
in derivations of finite—element multisymplectic discretizations the following equivalent form
is useful [11]. Consider (3.3) integrated over a closed, simply—connected region R of the

plane (z,t)

// 0,00 +9,0@dA = 0.
R

Using Green’s theorem it can be transformed into the integral form

f{ (Q(t)dx _ Q(m)dt> — 0.
OR

An important consequence of the multisymplectic structure is the fact that when the
Hamiltonian S(z) is independent of ¢, equation (3.2) has local energy conservation law
(LECL) and if S(z) is independent of x, equation (3.2) has local momentum conservation

law (LMCL).

Theorem 7 Assume that S(z) is independent of t and x. Then

1 1

0&+ 0,7 = 0, & =195(z) + §szz, F = —§thKz, (3.6a)
1 1

0SI +0,9 = 0, G =95(z)+ §ZtTLZ, I = —§szz, (3.6b)
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Moreover, if equation (3.2) is furnished with periodic boundary conditions

u(z +0,t) = u(x,t), (3.7)

local conservation laws (3.6) can be integrated in x to obtain global conservation of energy
(GE) and momentum (GM).

PRrROOF: Clearly if f = uv than f' = (0/)Tv+u’v’. Now the proof is straightforward since

0 1 1 1 1
& = as(z) + ézgt Kz + Ezg Kz, Fp = —ézz;Kz — §th Kz, (3.8a)
0 1, 1. 1, 1.
4, = %S(z) + §ztILz + 5% Lz, S = _§thLZ ~ 5% Lz, (3.8b)
and thus
0 1 1
&+ F, = ES(Z) + éz:‘ngt - §thsz,
0 1 1
I+9, = %S(z) + §szzm — észzt.

Notice also, that zl Kz, is a scalar quantity, so z! Kz, = (z! Kz,)T = —z] Kz,, by the

skew-symmetricity of the matrix K. Now, we have
1
&+ F, = 2I'V,9(z) — §(ZtTKZ‘T + 2zl Kz,) =z, <Vz5(z) - sz) =z Lz; =0
1
I+Y, = z.V,5(z) — é(szzt —z' Lz,) =z <VZS(Z) - th> =2z Kz, =0
since 0 = z! Kz, — (2! Kz,)" = 2! Kz, + 2zl Kz, = 22T Kz,. Similar arguments proves the

case with matrix L.

Now it only remains to show that integration of the local conservation laws in x yields

global conservation of energy (GE) and momentum (GM). Clearly,

l 0 l
02/(&+ﬁ})dxz—/é"dx,
0 ot Jo
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since by periodic boundary conditions (3.7)

Similarly we can show that

o l
a/of—o’

which completes the proof. [ |
Additional possibility exists for solutions of (3.2) periodic in time, namely that when
the local conservation laws are integrated over the multiplicity of the period, one obtains

a spatial conserved quantities. Observe that

a mT

mT
0:/ Grz)d=2 [ Fza, mez
0 oz Jg

since by the periodicity of the solution

mT
/ & dt =468
0

This is so called spatial conservation of energy (spatial GE). Similarly we can show that

mT

=0.

0

a mT

oz Jy

g =0,

which is called spatial conservation of momentum (spatial GM).

3.1.1 Example: The Klein—Gordon Equation

A central point of this work is a particular class of finite difference discretizations of the

equation

Ut — Uy + X sinu = 0, x € {0,1} (3.9)
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called, for x = 1, the sine-Gordon equation and, for x = 1, the linear wave equation.
Parameter x is an “on—oftf” parameter for the nonlinearity and is introduced to allow more
general approach to the dispersion analysis of numerical schemes. Equation (3.9) is a special

case of the so called nonlinear Klein—-Gordon equation
U — Uz + V' (1) = 0. (3.10)

One may also find interesting to analyze variable coefficient Klein—-Gordon equation. This
equation ma be thought of as describing a wave propagation through medium which prop-
erties change in space as well as in time. Commonly, variable coefficient Klein—Gordon

equation is written as

Uy — ((a(x, t))%%) — (B(z, 1)) (3.11)

x

All the results presented here follows for this more general form and thus we will concentrate

on the sine-Gordon equation.

Hamiltonian Formulation Hamiltonian equations constitute an important and inter-
esting class of ordinary differential equations (ODEs). They describe energy—conserving
systems, for instance, in celestial and molecular dynamics. A natural question arises then
about possible generalizations toward partial differential equations. Let’s define some terms

first.

Definition 5 Variational derivatives of the functional

H(p,q) = / h(p,q)dzx

46



with respect to functions p and q are given by

6H o" oh 5H o oh
=Yy =Yy

p = ox™ Op,,’ og oz gy,
where
_O"p _0"q
pn_ axn7 qn_ axn'

Definition 6 An evolution partial differential equation is called Hamiltonian if it can be

expressed in the form

SH o

P = _Wa qt = gv

for some functional 7. Variables p and q are then said to be canonically conjugated.

Theorem 8 FEquation (3.9) is a Hamiltonian PDE with canonically conjugated variables

q =u and p = u; and Hamiltonian functional

H(p,q) = /Oé (%pQ + %(%)2 + x(1 — cos Q)>d5€- (3.12)

PRrROOF: Indeed, using Definition 5

B 5%”_8h_08h+ ~ Oh (3.13a)
@ = Sp  Op Oz Op, _8p_p '
0 oh 0 Oh
P 5 9q T oo, G XsIng (3.13b)
thus p; = uy = Uz, — X sinw, that is equation (3.9) is Hamiltonian. [ |

Constants of Motion An important feature of equation (3.9) is existence of the so called

integrals (constants) of motion. It can be shown that momentum %, and Hamiltonian
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(energy) functionals &,
¢
€ = /ugcutda: (3.14a)
0
o, 1 2
C = (—(ut) + —(ug) +X(1—Cosu))d:c (3.14b)
. \2 2

are constant along the flow of the system. Indeed, if equation (3.9) is furnished with periodic

boundary conditions on the interval z € [/, (), i.e. assuming (3.7), the following holds

d tH ¢ ¢
&%1 = / g(uxut)dx = / (Ugtyy 4+ Uptigy)dr = / (Ug[Uge — X SIDU| 4+ wptiy)dT
0 0 0
9 /1 5 1 9 1 , 1 , )
- /0 %(é(w) +5 ()’ + xcosu)da: = <§(ut) +5(w)* + Xcosu> = 0,

d o1, 1,
—6 = /OE(EWO +§(Uz) —i—X(l—cosu))dx

¢ Y
= / Uy + UgpUgy + XU SiDudr = / (U — Uy + xsinu)dz = 0.
0 0
Conclusion follows since

¢ ¢ ¢
— WUpUgpdr = — Up Uy dx.
z=0 0 0

Chapter 6 is devoted to analysis of the numerical schemes and presents an investigation

¢
/ Uy Uy dT = Uy Uy
0

of an extent to which these quantities are preserved by discretizations thus constructing

diagnostic tools measuring performance of numerical integrators.

MS—-1 Formulation We now would like to establish the multisymplectic structure of (3.9).
By introducing new variables u; = v and u, = —w one can write the equation as a system

of the first order PDEs [22]

v+ w, = —xsinu
- w = —v
- U, = w
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that is multisymplectic structure is given by matrices

0 10 0 01
Li=|_-10 0 and Ki=1| 0 0 0 (3.15)
0 00 -1 0 0

with z = [u, v, w]’ and thus
Lo o
S:S(z)zﬁ(w — %) 4+ xcosu (3.16)

Local conserved quantities (3.6) may be simplified since

0 0 1 Ut Wt
2 Kz, = [uzv.ws]| 0 0 0 v, | = Uz vz wa] | 0 = UpWy — Wy
—1 0 0 Wy —Ut
thKlzx = UpWy — Willy
0O 10 Uy Ut
2zl lize = [ugvews] | —1 0 0 v, | = e Vo wa] | gy, | = UV — V2
0 0O Wy 0
thlex = UpUy — Vplly
and so
o~ 0 1 1
0 = &+ Z=—=—52)+ =(u,w; — wuy) — = (Uyw, — wyy)
ot 2 2
= WWy — VU — XU SINU — WWy — WV = —WW — VUV — XU SINU — WV, — WV

= —%(%(02 + w?) — Xcosu) - 3(vw).

Thus, upon defining

.1 -
& = 5(02 + w?) — x cosu, F =vw (3.17)



we obtain local energy conservation law (LECL)
&+ F, = 0. (3.18)

Similarly, since

0 1 1
0 = A4 +Y = %S(z) + §(utvz — Vly) — §(uzvt — V)

= WW; — VVp — XUz SINU + UV — Vylly = WW, + VU, — XUy SINU + VW + VW

9, ., 0
= 8x<2(v +w )+Xcosu>+ax(vw),

upon defining
;_Loo
I =w, gzi(v + w?) + x cosu, (3.19)
we obtain local momentum conservation law (LMCL)
I+ G, = 0. (3.20)

If the sine-Gordon equation is furnished with the periodic boundary conditions (3.7) one
shows that global conserved quantities (3.14) follow from the local ones by integration in x,
as mentioned before. For the sine-Gordon equation in the multisymplectic form (3.15) and

(3.21) we can write that

¢ ¢
61 :/ L dx = / vw dzx,
0 0

¢ ¢
~ 1
(52:/ &dx = / §(v2+w2)—xcosu dz.
0 0

Note that the same property holds if we take & + C, for any constant C. If variables u and
v are renamed as u = ¢ and v = p, and one take C' = y, functional %5 yields a Hamiltonian
functional (3.14b).
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MS—-2 Formulation Structure in (3.15) may be improved [7, 22] by observing that v and

w satisfy the constraint w; + v, =

Multisymplectic canonical form

(%

DPe

+

Wy

Pz

Ug

Vg

or in matrix notation

Ly =

= —xsinu
= —v
= w
= 0
0 0 -
0 0
and Ky =
0 1
-1 0

—Uz + Uy, = 0 and introducing Lagrange multiplier p.

(3.21)

Function S(z) is given by (3.16) and z = [u, v, w, p|T. By the exact analogy, observing

that p, = v —u; = 0 and p;, = w + u, = 0, we can derive the local conserved quantities for

the MS-2 formulation. They are identical to those of the MS-1 formulation.

3.1.2 Alternate Formulation via Operator Splitting

Multisymplpectic conservation law (3.3) can be simplified by considering the following split-

ting of pre-symplectic matrices L and K. Let

LT+ L™,

Kt+ K™,

(K" =-K",

(LY =—-L".
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Since, by (3.5) and properties of the wedge product given in Theorem 5,
dz A Ltdz = (L")'dzAdz = —L dz Adz = dz A L™ dz.
and identical properties holds for matrix K, i.e. dzAK*dz = dzA K~ dz, differential 2-forms
(3.4) can be written as
QY = dz A Ltdz, (3.23a)
Q) = dz A Ktdz. (3.23b)

This splitting, originally introduced in [29], due to its non-uniqueness, is helpful in construct-

ing various explicit multisymplectic integrators which will be presented in Section 4.4.

3.1.3 Example: The Nonlinear Schrodinger Equation

Results analogous to those obtained in the first part of this chapter of variants of the Klein—
Gordon equations can also be obtained for the, so called, focusing one-dimensional nonlinear
Schrodinger equation (NLS)

MWy + Ugy + 2|ul?u = 0. (3.24)
Equation (3.24) can be written in multisymplectic form by letting u = p+1¢ and introducing
new variables v = p, and w = ¢, [21, 22|. Separating (3.24) into real and imaginary parts,
we obtain the system

¢ —v. = 200" +¢)p,
—p—w, = 200+ ¢,
Pz = U,
qQz = W,
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which is equivalent to the multisymplectic form (3.2) with z = [p, ¢, v, w] and

0 100 00 -1 0
-1 0 0 0 00 0 -1
Lyrs = Knps = (3.25)
0 000 10 0 O
0 000 01 0 O

and Hamiltonian S = $[(p? + ¢*)* + v + w?]. For this particular equation relations (3.6) can
be expressed as

1
& = —((p2+q2)2—v2—w2), F = vp, + wqy,

0& + 0,7 = 0, 5

s +0,9 = 0, G = (p* + q2)2 +v?P+w?— (p@ — prq), & = pw — qu.

Additionally, we have a norm conservation law for the NLS equation

1
N + Optl, = 0, N = §<p2+q2)a M = qu — pw.

These three equations, when integrated with respect to x, yield the classical global conser-

vation of energy (the Hamiltonian), the momentum and the norm defined as

d l
E/o &(z) de =0,

d 14
E/0 F(z) dz = 0,

d l
a/oe/l/(z)da::O.

In the Chapter 5 we linearize equation (3.24) about the plain wave solution to obtain a
real, second order in time, fourth order in space equation which we prove is also multisym-
plectic. We than use box scheme discretization of this linearized NLS to derive numerical
dispersion relationships associated with it.
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3.2 Multisymplecticness in Fourier Space

It is known (cf. [1, 2, 3, 24]) that finite difference discretizations may not be able to re-
solve spatial structures of the solution in sensitive regimes. Finite difference discretization
are of polynomial accuracy so for such challenging problems more accurate approaches were
developed — Fourier spectral discretizations that are exponentially accurate. Spectral dis-
cretizations have proven to be highly effective methods for solving problems with simple
boundary conditions. Before we present Fourier spectral discretizations (in Chapter 4) we
have to develop the underlying “continuous” theory. In this section we use the Fourier series
expansion to transform equation (3.2) and obtain an infinite-dimensional system of ODEs
having multisymplectic structure. In order to achieve this, similarly to the approach of [22],

consider a multisymplectic PDE in the form (3.2). Using Fourier series expansion

z(z,t) = Y ()™, (3.26a)

k=—o0
1 6/2
z, = —/ z(z,t)e” " dx, (3.26Db)
CJ e
where
v =2/l (3.27)

to transform x—dependence of z to k—dependence in the interval x € [—¢/2,¢/2). Transfor-

mation (3.26a) applied to equation (3.2) gives

L8t< 3 ik(t)e’k’””> +K6x< 3 ik(t)e’k”> - vzs< 3 zk<t)em).

k=—00 k=—o0 k=—00
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Multiplying by e=**  for some m € Z, and integrating over = € [—¢/2,£/2) we have

£/2 o0 2/2 oo
Lat / ( Z ik(t)ezk‘ul’> e—lm’/iﬂdx + K ax< Z ik (t)eZkV33> e—lmyq;dx
/2

- k=—00 —£/2 k=—o00
/2 00
= / VZS( Z ik(t)elk”)eﬂm”xdx.
—t/2 k=—o00
Integration by parts yields
/2 00 /2
am ( ik<t)elkl/l’> e*lml/wdx — Z(./I/.’ t)eflml/x
(X *m
/2 00
—/ ( Z Zk(t)ezk”r) (—emv)e "™ dx
/2 N p=—oo
and thus, by periodicity in =, z(—¢/2,t) = z(¢/2,1),
/2
VA t —i1mvx —
@ e
Denoting v,, = —tmv we have
£/2 o0 2/2 9]
Lat/ < Z ik<t)ezk1/x) e W T e 1+ Kﬁm < Z 2k<t>62kl’$)e—zmyzdx
/2 =0 /2 k=00
/2 oo
= / VZS< Z ik(t)e’k”x>e_m”xdx.
—£/2 k=—0c0

which, by definition (3.26b) of Fourier series coefficient, can be written as

1 £/2 00
Ly () + KV (t) = / v.S( 3 aelt)e)e s,

e —£/2 k=—o00
Note also, that the following change of variables * = —x and k = —k allows us to write that
1 o2 = 5 kve \ | —umvz 1 o2 = 5 tkve \ imurx
Z/@QVZS( Z zi(t)e >e dz = Z/52vzs< Z Zi(t)e )e dz
/ ——00 / k=—00
1 2 = 5 kv Oz
— Z/_em VZS< Z zi(t)e )de
k=—oc0



where

s =1 [ s( 3 ey

—¢/2 k=—o0

The equation holds since from (3.26)

8Z Tmrx
~— =€ s
0z,

which means that for every m € Z we have obtained multisymplectic-like equation

Lz (t) + KOz (t) = Vi, S(Z). (3.28)

Zm

System of equations of the form (3.28) for m € Z, in fact represents an infinite system
of ODEs which we will be calling, following [9, 22], a multisymplectic spectral PDE and

typically write as

LO,Z(t) + KOZ(t) = V,5(Z), (3.29)
where Z = [..., 27, ..)7, 2, = [2}, ..., 22]7, matrices L and K are given in terms of

the Kronecker’s product (see Definition 1 in Chapter 1) L =1, ® L, K = I, ® K with I
being matrix representation of the identity operator acting on infinite sequences. Note that
LT = (I,®L)T =1L @ LT = —(I,,® L) = —L, and the same property holds for the matrix

K. Moreover, we define

with ©,, = 9,,1; and I; € Mgx4(R) being the identity matrix.
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Theorem 9 FEquation (3.29) satisfies the following (spectral) multisymplectic conservation

law
9,00 + Q@ =, (3.30)
with
A1) L ;
Q0 = 5dz ALdZ, (3.31a)
(3.31b)

%(@dZ) A (KdZ) + %dZ A (KOJZ).
PROOF: Indeed, since the variational equation associated with (3.29) is
Lo, dZ + KOdZ = S,,dZ,
taking the wedge product of both sides of the variational equation with dZ, one obtains
dZ NLAZ; + dZ NK@AZ = dZ A (S,,dZ).
Since SZZ» the Hessian matrix, is symmetric we have that
dZ A (Sy,dZ) = (Sy5dZ) AdZ = —dZ A (Sy;dZ),
by the skew-symmetry of the wedge product. Clearly now

dZ A LdZ, + dZ AN KOdZ
9,(dZ A LAZ) + L(dZ); A dZ
+dZ A (KOdZ) + (©dZ) A (KdZ) + (KOdZ) A dZ. (3.32)
Distributivity (linearity) of the wedge product guarantees that
L(dZ); A dZ + (OKAZ) A dZ = (LdZ, + KOdZ) A dZ = (S;,dZ) A dZ = 0,
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which guarantees the existence of the spectral multisymplectic conservation law. [ |
Additionally, a multisymplectic spectral PDE has the local energy conservation law as-

sociated with it. This law takes the form

HE +.F =0, (3.33)
with
& = S(Z)+ (LZ,01Z), (3.34a)
A A o~ 1 A N
7 = ;(KOZZ)+ (KZ 6OZ,) (3.34D)

where (u,v) = v*u denotes a standard complex inner product. It is more convenient to
derive (3.33) in the framework of the wave action conservation law. We defer the proof till

Chapter 7 (see section 7.4.1) and summarize this section with the following

Theorem 10 Solution of the spectral multisymplectic equation (3.29) satisfies spectral mul-
tisymplectic conservation law (3.30) (sMSCL), as well as the so called spectral local energy

conservation law (sLECL) (3.33).
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CHAPTER FOUR: MULTISYMPLECTIC DISCRETIZATIONS

Emergence of multiymplectic formulation for Hamiltonian PDEs clarified the theory of such
systems in many respects thus permitting analysis of local properties and the study of sta-
bility for traveling wave solutions. It has also become very useful for the study of dis-
cretizations for such systems by making the extension from symplectic integration to multi-
symplectic integration simple. Multisymplectic integration has been presented by Marsden,
Patrick and Shkoller [26] who use the multisymplectic structure of wave equations. Their
approach derives a numerical scheme from the Lagrangian formulation in first-order field
theory using a discrete variational principle. Approach to multisymplectic integration pre-
sented in this thesis was suggested by Bridges and Reich [9, 11] and elaborated by others
(cf. [6, 14, 21, 22, 23, 28, 29, 35, 38, 39, 41]), and is based on the multisymplectic structure
of the equations. This approach uses the application of a symplectic method to each inde-
pendent variable (concatenation of symplectic discretozations), and defines multisymplectic
integrators as methods that preserve a discrete version of a multisymplectic conservation
law.

In the first part this chapter we derive two multisymplectic finite-difference integrators
and discuss their implementation. In the second part we give three other numerical methods
based on a second order, Hamiltonian spatial semi-discretization of the sine-Gordon equa-
tion. Those numerical methods are symplectic (MS-3 and MS—4) and non-symplectic (ERK)
time integrators of second order. It turns out that method designated MS—-3 and MS—4 are

multisymplectic and we refer to them as “symplectic” to indicate that their derivation is
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based on symplectic time discretization of a Hamiltonian spatial semi-discretization. We
also discuss MS Euler scheme obtained by using alternate form the multisymplectic PDE

formulated via operator splitting.

4.1 Multisymplectic Finite Difference Schemes

Symplectic discretizations discussed in Chapter 2 are designed to preserve the symplectic
structure of the equation. This is achieved by requiring that the discrete differential two-
form associated with the integrator be invariant under the flow of the (discrete) system.
Multisymplectic discretizations are numerical schemes for approximating (3.2) which preserve
a discrete version of the multisymplectic conservation law (3.3) exactly, i.e. up to the round-
off error. That is, if the discretization of the multisymplectic PDE and its conservation law

are written schematically as

n

L0+ K - 0ina = (V.5(a) ) (4.1)

J

and
31{:”(9&))? + 550”(9(3:))1]1 =0, (4.2)

where 5‘%” and 5%" are discretizations of the corresponding derivatives 9, and 0,, the nu-
merical scheme (4.1) is said to be multisymplectic if (4.2) is a discrete conservation law of

(4.1) [11, 9, 22, 24, 28].
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4.2 Multisymplectic Box Scheme

4.2.1 Integral Equation Approach

In many cases, a finite difference numerical scheme may be derived in a very elegant and
efficient way by integrating the original differential equation over the domain of interest.
Integrating both sides of equation (3.2) over the square chosen to be a single mesh element,

presented in Figure 4.1, one obtains

tntl  foj41 tnt1  [LTj41
/ / Lz, + Kz, dt dx = / V.S dt dux,
tn Zj t

n Zj

which, by the Fundamental Theorem of Calculus, becomes

IjJrl tn+1
L/ z(thi1,2) — z(ty, ) de + K/ z(t,xj41) —z(t, ;) dt
x tn

J

Int1  PTj41
= / V.S dt dz. (4.3)
tn x

i
Choosing a midpoint approximation (linear approximation of the integrand between mesh

nodes) to the integrals in (4.3), one have the box scheme.

4.2.2 Semi—discretization Approach

Another possibility leading to the box scheme is to first obtain semi-discretization for o,

operator. Let’s fix z and write (3.15) as

dz
LE = f(z(t)) = V,5(z) — K0,z.

Applying implicit midpoint rule to the time derivative, we get

z(t + At,z) — z(t, x) At
L A :f(z(t+—,x)>.




n+1

itz J+1 x
Figure 4.1: A single element of a general finite difference numerical mesh and the index
notation used in discretizations.
By the same token, when we now fix ¢, we have

d At At z(t + At,z) — z(t, x)
az(t—i—?,x) —VZS(z(t—i—?,x)) —L A7

= g(z(t + g, x))

K
2

and upon application of the implicit midpoint rule to the z—derivative, we get

z(t + 2 2+ Az) —z(t + 2L 2) At Ax
P2 B _ g+ 20y A)
Finally
z(t+ 5t v+ Az) — z(t + 4, ) z(t + Atz + &%) — z(t,z + &%)
K +L
Ax At
t Az
== z t 3 _>
VS(Z( + et 2)
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If we furthermore introduce the following approximations

At 1
z(t + 7,3:) N 5 (z(t,x) + z(t + At, :I;)),
1
z(t+%,x+Aw) ~ §<z(t,a:+Ax) +z(t+At,m+A:v)),
Az 1
z(t,r + 7) ~ o5 (z(tw) +z(t,z + Ax)),
Az 1
z(t—l—At,x—I—T) ~ §<z(t—|—At,a:) —|—z(t—|—At,x—|—Ax)>,
t Ax 1
z(t + 5 ,x+7) ~ Z(z(z&,x)+z(t+A1t,a:) +z(t,x+A:c)+z(t+At,x+A:c)>,
we get
Kz(t + At,x + Ax) —z(t + At,x) + z(t, x + Ax) — z(t, x)
2Ax
z(t + Atz + Az) + z(t + At,z) — z(t,z + Az) — z(t, x)
+L
2At
= VZS(}l(z(t + At,x+ Azx) +z(t + At, z) + z(t, v + Az) + z(t, :c))) (4.4)

Introduce index notation

z(tn, v;) = 2}, jed{l,....J},ne{l,... N},

for some J and N, where t,41 = to + nAt and z;41 = xp + jAz. Let’s also introduce

difference operator notation [6]

t,x + Azx) — z(t, x) _z(t+ At,x) —z(t, x)

_
D, [7)(t,4) = A EE0 D1, ) = ZEED)
M, [2](t, 7) = z(t,r + A;) +2(t, 1) M, (2] (1. ) — z(t + At, :z;) +2(t, x)
Now (4.4) has an equivalent form
K -M;D,[z](t,z) + L - M;D[z](t, x) = V,S(MM,[z](t, z)). (4.5)

Before proceeding to the fully discrete case let’s state the following
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Lemma 3 Operators D,, Dy, M, My are linear and commutative with respect to the standard

operation of composition of functions.

PRrooOF: It suffices to prove one case of each — all the rest follows by the exact same argument.
We decided to show linearity of D; and commutativity of M, o M,. For the proof consider

then

(u+av)(t,z + Az) — (u+ av)(t, x)
Ax
(u(t,x + Ax) + av(t,z + Azx)) — (u(t,z) + av(t,x))
Ax

Di[u+ av|(t,x) =

= Dyful(t, z) + aDy[v](t, z),

which proves linearity of D;. Moreover

MMzt 2) = M, {z(t + At,x) + z(t,x)] M, [z(t + At,z)] + M, [z(t, z)]

9 - 2

1
= Z(Z(t + At,x + Ax) + z(t + At,x) + z(t, x + Ax) + z(t, x))

and
MM, [2)(t ) = M, [Z@’x +A0) el wq _ Millto + Av)) + Mif(t, o)
= E(Z(t + Atz + Ax) +z(t, o+ Ax) + z2(t + At,z) + (t, x))
therefore

MM, [z](t, x) = MM, [z](t, x)

and the proof is completed. [ |
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4.2.3 Multisymplecticness of the Box Scheme

Let’s introduce the following index notation for the discrete form of operators (4.4)

gz gl ntl _ n
Dz} = 5 "L Dz =1 ——-1 4.6
Zj Ax 1% At (4.6a)
n n n+1 n
n Zjy1 T n_ % 11z
M,z} = 5 Mz} = s (4.6b)

Operators defined by (4.6) has the same properties as the ones stated in the Lemma 3, i.e.
these operators are linear and commute with each other. We use this properties to establish
that the box scheme is a multisymplectic discretization.

Box scheme discretization (4.5), with notation introduced in (4.6),takes the form
K- M,D,z5 + L - M, Dz} = V,S(M,M,z7). (4.7)
Associated with equation (4.7) is the following discrete variational equation
L D;M,dz? + K - D, M,dz! = S,,M;M,dz]. (4.8)

Taking the wedge product of M;M,dz} with the equation (4.8) one can directly show the

discrete multisymplectic conservation law associated with this discretization. Claearly
M M,dz} A L - DyM,dz7 + M,M,dz; A\ K - D, M,dz7 = M,M,dz} N S, M;M,dz}

and one notes that the right-hand side is zero since S,, (the Hessian matrix) is symmetric.

Indeed

8M;Mydz}) A S;z MyM,dz] = (dzjf) +dzt' 4 dz],, + dz))

/\Szz(dz;-‘jr'l1 + dz;‘Jrl + dz},, + dz})
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and by Theorem 5 (bi-linearity) the right-hand side of the previous equation reads

Az A Spp(dzf + dzlt 4 dzfy, + dz))
+dz}”1 A Szz(dz?j_rll + dzg”r1 +dz},, + dz})
+dzl g A Spp(dzlf + Az + dzl,, + dz))
+dz} A S, (dzyill + dz;-“rl +dz} , + dZ?)
= dz}{} A Spp(d2l ™t 4 dzfy, + dz]) + dz) T A Sy (2l + dzf,, + dz)

j+1

+dz}, ;A Szz(dz?jfll + dz}”’1 +dz}) + dzj A Szz(dz;-‘ill + dz?Jrl +dz},,).

The simplification is now straightforward. For instance, we note that by the skew-symmetry
property from the Theorem 5),

Azl [} A Sppdzltt + dzl ™t A Sppdzl ] = dzl ] A Sppdzl ™ — (Sppdzlfy) A dzlt =0
and all the remaining terms simplify in the analogous manner leading to the conclusion that

MthdZ? VAN SZZMthdZ;'L = 0.

To complete the derivation of the discrete multisymplectic conservation law for the box

scheme discretization, it remains to show that

1 n n 1 n n
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We have that

0 = MtMa;dZ;l A LDtM$dZ;l + MthdZ;l N KD$MtdZ7

_ (1 gy (Mo Modal) A (M — M)
—|—2<i )(Z\/[tdzJJr1 + M,dz}) N K(Mdz}, | — M;dz7)

- % Dy(M,dz} A LM,dz") + %DI(MtdZ? A K M,dzj)
+ﬁ (M dz] A LM,dz)™ — M,dz!*" A Ldez?)
3 (i@ (Midzy A KMz, — Midzly, A K Mydz).

The result (4.9) follows, since by the skew-symmetry property of both, the wedge product

and matrices L and K, we have that
Mgﬁdz;.”rl A LMﬁdz? = dez;‘ A LM:]Cdz;-”rl
and
Mtdz;ﬁrl A K]Wtdz;-Z = ]\Ldz;.1 A K]Wtdz;-‘Jrl
Equation (4.9) is a discrete multisymplectic conservation law. It is sometimes written as

Dy}, + D (Q@)Y? = ¢, (4.10)

J

where we understand

n 1 n n 1 n n
Q) = 5(Mdzj A LM,da}) = o (dzij, A Ldal)y), (4.11a)
1 1
QN2 = 5 (Midz] A KM,dz) = §(dz}/2 A Kdz)?). (4.11b)
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4.3 Box Scheme for the sine-Gordon Equation

We now derive two versions of what will be called reduced box scheme for the sine-Gordon
equation. Using multisymplectic form of the equation (3.9) and the centered cell box dis-
cretization (4.7) for the two formulations MS-1 and MS-2, described in sections 3.1.1 and
3.1.1, one can obtain two algorithms also denoted MS-1 and MS-2 and described below.

Some authors refer to what we call “reduced box scheme” as “modified box scheme”.

4.3.1 MS—-1 Formulation

The sine-Gordon equation in multisymplectic form (3.15) discretized by the box scheme is

DM} + D Muw? = —x sin(MtMmu?) (4.12a)
D M = —M;Mw?. (4.12¢)

One has now two options. Either numerically solve the entire system or eliminate all the
variables except u and working with the reduced box scheme. In this work we will concentrate
on reduced schemes for two main reasons. The first one is of computational nature as
it take much more resources to solve complete discrete system as opposed to just solving
single discrete equation. Second reason is of implementational nature. Iterative process
(functional iterations) obtained for the entire system is not converge for majority of numerical
mesh choices. There are two possible solutions to this problem. The first approach requires
introducing some artificial boundary conditions [39]. Another solution would be to implement

more sophisticated iterative solvers, like Newton’s method, and investigate convergence of
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such a system. In this thesis we decided to work with reduced box scheme obtained via
elimination of the variables corresponding to the derivatives, i.e. by eliminating v and w
(and p in MS-2 formulation).

One proceeds as follows. Applying M; to (4.12a) and D; to (4.12b) and eliminating v}

term through application of M, operator one gets
DEMzu? + MIDxMtZw;L = —xM; M, sin(M; M,u})
noticing that
~D2M? b= DxMtZwa?
one finally have a box scheme in MS-1 form

DIM}Pu — DEMZug = x MM, sin(M; Mu?}) (4.13)

4.3.2 MS—2 Formulation

Similar approach applied to the multisymplectic form (3.21), in terms of discrete operators

(4.6), yields

— DiMvi — Do Muw§ = xsin(M, Mu3) (4.14a)
DM — Dy Myp! = M, Mp" (4.14b)

— DM, p" + DM = —M, My (4.14c)
DiMw} + D Mp? = 0 (4.14d)

Our goal, as previously, is to eliminate v, w and p in order to find expression depending
only upon u. Notice, that applying D,M,; operator to (4.14d) and D;M, to (4.14a) and

69



eliminating terms involving wj one gets

—DMZv} + DIMPv) = x Dy M, sin(My Mul!). (4.15)
Clearly, by applying D; to (4.14c), M; to (4.14d) and eliminating wf term one obtains

D, M}v} = DDy My} — D M,p?} (4.16)

Applying M, to (4.15), D?M, to (4.14b) and using (4.16), with additional D,M; operator

applied to it, one has

(D} Dy My Myp — D M2ult) + My(Dy D2 Myl — D} Do Mypl) = x Dy My M, sin(M; Mu})

J
and thus finally
Dy DIMPul} — D} MZul = x Dy My M, sin(M; Myu?}) (4.17)

One should note that (4.17) can be obtained from (4.13) by additional application of the
operator D;. Numerical schemes (4.13) and (4.17) are not equivalent though, since D; is not

invertible [6].

4.3.3 Implementation

Notation introduced by (4.6) is very convenient in derivation of reduced schemes, but for
implementations and in order to investigate discrete dispersion relationships one needs to
explicitly express dependencies on indices. In this section we want to present all the details
needed for computer implementation. We decided not to include either pseudo-code nor
the actual MATLAB procedures as only a minimal programming knowledge is necessary to
reproduce numerical algorithms from information provided in this section.
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MS—-1 Formulation In order to reformulate equation (4.13) in terms of indices one notes

the following

DM = 2At( ;Lj_rll 4 un+1 uj, ., —uj),
n 1 n n n

Dy My = E(ujill H +ujy —uj),

MM} = 4( yjll+un+1+u]+1+u ),

as well as, by linearity of difference operators (4.6), the following

1
2. n n+2 n+1 n
iy = @t 2 )
2. n 1 n n
Da:uj = ( ) ( j+2 2uj+1+uj)7
1
Mfu” = Z( ”+2+2u"+1+u ),
2. n 1
Ma:u = Z( ]+2+2u3+1+u )
Moreover
n 1 n n n n n n
DINGS = gl = 20t ™) + 20 - 2+ o)
(U — 2ufy +uf)],
1
DiMpu} = (W3 + 201 + ™) — 2(ufy + 20y +uj™h)

4(A1)?

(U + 2ufy 4 uf)]
and
M, M,s? = i( s s 4 s,
where

1
8§ = sin(M, Mu’y) = sin (

4( n111+un+1+u+1+u )>
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(4.18D)

(4.18c)

(4.19a)
(4.19b)
(4.19¢)

(4.19d)

(4.20a)

(4.20b)

(4.21)
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Using the so called stencil notation one can write reduced box scheme for the sine-Gordon

equation as

1 -2 1 1 2 1
R RE
al2 4 2 |u=bl 2 4 2 u=x; Sin(zl u>,
11 11
1 -2 1 1 2 1
where
1 1
= b= 4.23
TV NSE 4(AL)2 (423)
If one furthermore introduce the following notation
b (A
5 x
=== 4.24
YT ( At) (424)
and let
-2 1 1 2 1 1
1 -2 1 1 2 1
A= , B = , (425)
1 -2 1 1 2 1
1 1 =2 1 1 2
then the numerical scheme (4.13) can be written as
1
(aA —bB)u""? + 2(aA + bB)u"™ + (aA — bB)u" = XZF(u”“, u"t u”) (4.26)

or equivalently, upon division by a, as

1
—F(u"" u" u"). (4.27)

(A—=vB)u™? 4+ 2(A +v*B)u"™ + (A - v*B)u" = X7
a
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Here u" = [uf, ..., u"|T. In constructing equations (4.26) and (4.27) we let

1 1
F(u"™? u"™ u") = sin (ZX(u”Jr2 + u”“)) + sin (—

4y<un+2 + un+1)>

+ sin <%X(u’“rl + u")) + sin (iY(u”Jrl + u"))
with
_ 11 - _ 1 1 -
1 1 11
X = , Y = 1 1 . (4.28)
1 1
1 1 1 1

In order to obtained a closed system of algebraic equations, i.e. a system for which the
number of equations is the same as the number of unknowns, we assumed that equation
(3.9) was furnished with periodic boundary conditions (3.7). Numerically, these boundary

conditions are typically written as
ug =u7, uj, =wuy, for any ne{l,...,N} (4.29)

which causes matrices describing system of algebraic equations to have the, so called, circu-
lant form. It is convenient to express numerical schemes in vector-matrix form as MATLAB
is designed to treat all variables as matrices. This approach significantly reduces length of
all numerical procedures and programming effort, as it essentially does not involve loops.

We may also reformulate scheme (4.26) by dividing (4.26) by b to obtain

1
(NA - B)u"? +2(A2A + B)u"™ + (\?A - B)u" = y—

F n+2
pr

u"t u”), (4.30)

’
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where

A2 = % — (2—2)2. (4.31)

Simulations performed on (4.30) were not successful as we encountered non-convergence
of functional iterations solver of the system of nonlinear algebraic equations. All the results
of numerical experiments presented in Chapter 6 were therefore obtained by using (4.27)

instead. More specifically, these solutions were obtained by solving
un+2 _ P—l (X(Aa:)2F(u”+2, un—i—l7 un) o Qun—H) —u® (432)

iteratively, through the method of functional iterations. For more details on this method
one may wish to consult [20] or [12]. In formulating equation (4.32) one assumes that

P e My ;(R), P=(A—v?B) is invertible and denotes Q = 2(A4 + ?B).

Initial Conditions — Implementation We also have to implement initial conditions. To

do so, let’s consider an IVP (3.9) with initial conditions

u(0,2) = o), (4.33a)

u(0,x) = ¥(z), (4.33b)
where functions ¢ and ¢ are given. Applying D;M, operator to condition (4.33b) we get
“g2‘+1 + %2 = (At)(Yj1 +¢y) + (ugl'+1 + Ujl)y
or equivalently in matrix formulation

Xu? = X(u1 + (At)z,b). (4.34)
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For invertible matrix X (4.34) becomes

u? = u' + (At)ep,

where ¥ = [, ..., 0],

(4.35)

Lemma 4 Matriz X € M y;(R) defined by (4.28) is invertible iff J = 2i — 1 for some

1€ N.

ProOF: Computing the determinant of X one has that

det(X) = (=1)*-1-det

1

+ (=171 - det

2 if J+1=2i

= 1+ (-1 =

0 if J+1=2i—1.

That is det(X) # 0, i.e. matrix X is invertible, for any J =2i — 1,7 € N.

In numerical simulations we will be using (4.35) as the initial conditions regardless of the

invertibility condition for the matrix X, i.e. regardless of the number of spatial mesh points.
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MS—-2 Formulation Applying D; operator to (4.20a), (4.20b) and (4.18¢), one gets

n+2

)

1

2 2. n n+3 n+3 n+3 n+2 n+2
—(ujfy = 2uffy +ufh) = (ufy, — 20Ty + uf)],
DyMpuy = qrappl(6h 20550 4 0™) = 3y + 20 + )
F3(ujly + 20l Uit = (ufyy + 220Gy )],
DM, M;s} = m(s;‘ﬁ + s?+2 — 8y = s?),
respectively. Using notation (4.22) one arrives at
Dy M, M,s} = 4_&5(5?:12 + s;‘*z — 87— 8y,
so that the scheme in the stencil notation is
1 -2 1 1 2 1 r 1
1 1
1 -2 1 -3 —6 -3 1 1
a u—>b u=x;1 0 0 sin (Z_L
-1 2 -1 3 6 3
-1 -1
-1 2 -1 -1 -2 -1 N B

(4.36)

1

and we have used notation (4.23). The MS-2 scheme (4.17) can thus be written, using

notation introduced in (4.25) and periodic boundary conditions (4.29), as

(A— 2B u™™ 4 (A + 3v2B)u"™*? — (A + 3v*B)u™*! — (A — v*B)u"

1
_X4a

n+3

G(u™"?, u"t?

n+1 n
,u ,u )7

(4.37)



Assuming that P = (A — v?B) is an invertible matrix one rewrites (4.37) in the form
ut = pt (X(Ax)QG(u”JFg, u"? u"t u") — Q" — u"“)) +u”, (4.38)
where = (A + 3v°B).

Initial Conditions Note that MS-2 formulation is a multi-step method requiring u®, u!

and u? as initial data. One obtains u? by advancing the solution on step using (4.27).

4.4 Multisymplectic Euler’s Scheme

There exists another possibility to construct a multisymplectic discretization. It is described
in [29] and relies on splitting of pre-symplectic matrices L and K described in Section
3.1.2. Consider a (non—unique) splitting of these matrices described in (3.22) and define the

following discretization of (3.2)
L*Dyz} + L™ Dz} + KT Doz + K™D,z = V,5(z}). (4.39)

It can be shown that (4.39) satisfies the discrete multisymplecticnes conservation law (4.2)

with

QN =dz! | ALYdz],  (QW)! =dz! ' A K dzl

4.4.1 Examples
One possible splitting is defined, for any i,5 € {1,...,d}, as
K;; for j>1
K;J“- =

0 for j <1
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and Lt by analogy. Matrices L~ and K~ are chosen to satisfy their definition. In another
words, we defined KT to be an upper triangular matrix obtained from K by setting all the
elements under the diagonal to be 0 and for K~ taking K with all the elements above the

diagonal set to 0, and doing the same for L. This an approach used in [13, 29].

Example 1 For the sine-Gordon equation in MS-1 (3.15) form we therefore have the fol-

lowing
01 0 00 1
Lf=100 0| ad K =|¢9 0 0 (4.40)
00 0 00 0

Discretization (4.39) has the form

D} + Dywi = —xsinuj (4.41a)
D™t = o} (4.41b)
Dyui , = —wj (4.41c)

It is an immediate conclusion, that a reduced form of (4.41) has the form
Dfu?’l — D2u? | + ysin u; =0

j—1

which is precisely MS-3 discretization (4.44). This proves that, in fact, MS-3 is an explicit,

multisymplectic integrator.

Example 2 Second illustration of this type of a discretization is the following discretization
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of the variable coefficient Klein—Gordon equation (3.11) analyzed in [13]

Dy} + Dywl = —(67)°u] (4.42a)
D™t = Wf (4.42D)
Dyuly = —(af)?w! (4.42¢)

that is, in reduced form,

D2 - Dx<(a?)2Dxu’7‘ ) + (1) =0, (4.43)

7—1

Example 3 Another option would be to take K™ = K~ = (1/2)K and L™ = L~ = (1/2)L.

In this case (4.39) for the MS—1 form of the sine—Gordon (3.15) becomes
1 n n—1 1 n n n
SL(Da + D) + 5K (D) + Doz, ) = VaS(2)),

1.€.

L@ (Z?H - Z?_1> + K@ (Z?—H - Z?_1> = V,S(z}),

It is not difficult to note that for (3.15) form of the sine-Gordon equation we have the

following reduced form

u;‘“ —2uj + u}‘_Q — )\Z(u?+2 —2uf +ul ,) + 4x(At)?sin ui = 0.

4.5 Leap—frog Scheme (MS-3)

As we have mentioned in the introduction, the main goal of the paper is to investigate multi-
symplectic integrators in comparison to other, symplectic and nonsymplectic, schemes. Box
schemes discussed before are second order accurate in both space and time so we decided to
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compare thir properties with other second order time integrators applied to the second order,
Hamiltonian spatial semidiscretization of the sine-Gordon equation. The first integrator is
an explicit, symplectic method called a leap—frog method, while the second and the third
belong to the class of Runge-Kutta methods.

Staggered version of the leap—frog approximation of second order wave equation is ob-
tained by writing the equation wy; — c*ugy, = 0 in the form of the first order system of

PDEs

uy +cv, = 0,

v +cu, = 0.

This system can be discretized as

Dyl + cDmU;Lfll //22 = 0,

n+1/2 nt+l __

where we use notation introduced by (4.6a). Applying D, to the first equation and D, to
the second one and shifting indices so that the derivatives are approximated at (t,,z;) we

arrive at
2. n 212 n+l _
Diuiy —c"Dyui™ = 0.

We are now at the position to write the diectrtization of the sine-Gordon equation (¢ = 1)

in the form
Dfu’j‘l — D2u” | + xsin u? = 0. (4.44)

7—1
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Multiplying by (At)?, using (4.31) and solving for u?“

we obtain
Wt =2(1 = M)l + N (ul, +ul ) — u;-‘_l — x(At)?sinu.
Equivalently in the vector—matrix form

u"tt = (AN2A +21)u" —u" ! — x(At)*sinu”,

where matrix A is given by (4.25) and I; € M ;. ;(R) is an identity matrix. It will be shown

in a later section (Section 4.4) that (4.44) is a multisymplectic method.

4.6 Hamiltonian Semi-discretization

Consider now a spatial semi-discretization of (3.9). It is obtained directly from equations

(3.13) by using a second order central difference discretization

pj = Digj1 — xsing (4.45a)

Notice that the resulting system of ODEs is Hamiltionian with Hamiltonian function

J
Hp,q) = ), [—p, (Dxq;)* — x cos qj]
7j=1
J
= Z [—p] (qj2 — @j+1qj) — X COS qj] (4.46)
7=1

The result holds since, by periodic boundary conditions (4.29),

J J
2 _ 2
DG =D 4
=1 j=1
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We can also write a matrix form for the spatial discretization

: 1 :
p = WAq—xsmq (4.47a)

q =7p (4.47b)

wherep = [p1,...,pJ]Y,a = [q1,. .., qs]7, matrix A is defined in (4.25) and the sin function is

applied elementwise to the vector q. The Hamiltonian can also be expressed in vector-matrix

form

~ 1

H(p,q) = 5p"p+ (A0)?

q’Uq— x1T cosq

by introducing matrix U € M ;. ;(R),

- , (4.48)

-1 1

For simplicity we have chosen to implement (4.46) in its equivalent vector-matrix form

1 1
§p2 + —(Uq)2 — Xcosq].

H(p,q) =1" AL

Standard convention for powers and the cosine function of vectors, as element-wise opera-
tions, is used. The 1 =[1,...,1]T € M .1 (R).
4.6.1 Implicit (MS—4) and Explicit (ERK) Runge-Kutta Methods

The remaining two schemes tested are second order Runge-Kutta (R—K) methods given by
the Butcher’s tableaux given by Table 4.1. Runge — Kutta method presented in Table 4.1a
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is also called implicit Crank-Nicolson scheme (MS-4), while the one in Table 4.1b is the
standard explicit Runge-Kutta method (ERK). It turns out that MS—4 is a symplectic
time discretization of order two, while ERK is a nonsymplectic method of the same order

(Appendix A).

Table 4.1: Butcher’s tableaux for Runge — Kutta methods of order two.

(a) Implicit R-K method (b) Explicit R-K method
1/21]1/2 0] 0 0
1 1/21/2 0
0 1

ERK: For use in later section on dispersion analysis, let’s express ERK explicitly. Equation
(4.47) has the form
z=F(z), z=[p,q"
and so the scheme under consideration can be written as
ki = F(z")
ke = F(z"+ A—kl)
z" = 2"+ (At)k,
ie.
z" = 7" + AtF(z" + %F(z”))
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Moreover, since

At P At | f(a")
z"+ —F(z") = + —

2
q

n

one has that

p"t p” f(Q")
= + (At) (4.49)
qn+1 qn g<Pn>
where
At
P" = p"+7f(q") (4.50a)
At
Q" = '+ 5 ") (1.500)

4.6.2 Additional Remarks on MS—-3 and MS—4 Discretizations

MS—-3 Derivation of the method (4.44) can also be performed by first considering a Hamil-
tonian system (4.45) and noticing that its Hamiltonian function can be expressed in the
form H = T(p) + U(q) thus suggesting an application of the explicit symplectic integrator.
The simplest choice would be the method known as Stérmer (astronomy)/Verlet (molecular

dynamics) method, which for the ODE in the form ¢ = f(q) takes the form
¢ =2¢" + " = h"f(g") (4.51)

that is a second order midpoint discretization. The following important theorem concerning

Stormer/Verlet method is proved in [17].
Theorem 11 The Stérmer/Verlet scheme (4.51) is a symplectic method of order 2.
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Multisymplecticness of MS—3 and MS—4 Discretizations As we said in the intro-
duction to this chapter, it turns out the discretizations designated MS-3 and MS—4 are
multisymplectic. In order to show it we consider the second order Hamiltonian discretiza-
tion
J
= D2qj — 1 —xsing;, ¢; =p;, => [—p] (D2g;)* = x cos qj],
j=1
where 7 (p,q) is the associated Hamiltonian. It actually corresponds to a leapfrog sym-

plectic discretization in x and therefore it can be casted as a semi-discrete MS discretization

Lz + K{"D,z; + K; D,z;_; = V,5, Kf=100o0l|, K =-(KHT,

which can be combined with symplectic discretizations in time to produce additional MS
discretizations.

If we use the leap-frog method in time too we obtain the MS discretization

L Dyzl} + Ly Dy ' + K D,z + Ky D2l | = V,5(2)), Lf=100 0], (452

while using a midpoint discretization gives

LD,M,2" + K{ D,z + K; D,z | = V,,S. (4.53)

Applying MS discretizations (4.52) and (4.53) to the sine-Gordon equation yield the reduced

equations
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MS-3: Dfu;‘_l — Dgu?_l + xsinu} =0,

MS-4: Dju} — D2M7u? | + xMysin(Myu}) = 0.

Related information concerning multisymplecticness of the leap-from method can be found

in [11, 28].

4.7 Spectral Spatial Semi-discretization

In this section we would like to introduce the so called spectral semi-discretizations. The
idea is to work in Fourier space to obtain high-accuracy discretizations of differentiation
operators which are used to approximate spatial derivatives and obtain a finite-dimensional
system of ODEs. Such a system is then integrated in time by some standard integrator. One
of the most important features of this type of discretizations is the underlying assumption
about periodicity of the solution with respect to the space-variable. We will follow similar
paths to these established for in Section 3.2.

Counsider a discrete Fourier transform

J—1
u(j,t) = a(k, t)e?™ilJ, (4.54a)
k=0
1J71
a(k,t) = qu(j,t)e_ﬂ’rkj/J. (4.54b)
j=0

We should note the following properties of (4.54b). Firstly,

J-1 J—-1
1 . 1 . .
a(J —k,t) = 7 Zu(j, t)e 2 =R/ — 3 Z“(j’ t)e 12m(=k)i/J gm2m
=0 =0
= a(—k,t) (4.55)
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and secondly

1 J-1 1 J—1
QAL(]{?— J’ t) _ j u(j7t)6—127r(k—J)j/J _ jZU(j,t>€ZQW(J_k)j/J
3=0 j=0
= kD) =8 (kD) = (k) (4.56)

by (4.55) applied to @*.

We are now at the position to reformulate (4.54a) and write it in a more convenient form.

Notice first that

J/2—1

J—1
U j,t — a k‘,t ez?wkj/J — o kf,t ez?ﬂkj/J+ (a k‘,t ez?wkj/J))
(>k20(> ;() (k. 1) o
J—1
+ Y alk, el
k=J/2+1
and since
J—1 -1 1
Z ﬁ(k,t)eﬂﬂkj/] — Z ﬁ(k, _ J’ t)ez27r(ka)j/J — Z ,&(k’t)el%rkj/]
k=J/2+1 k=—J/2+1 k=—J/2+1
we have that
J/2—1
u(j,t) = Z Uk, t)e®™ 7 4ty g cos(f), (4.57)
k=—J/2+1

where we used the fact that a(J/2,t) = u(J/2 — J,t) = u(—J/2,t) to denote this quantity

by t4/2 and write

j 1 4 ,
(@(/@ t)ez%rky/J)’ = Gagn (6127r(J/2)j/J n 6127r(—J/2)]/J>'
k=J/2 2

Note that since J = ¢/(Az) equation (4.57) can be written as

J/2—1
u(j,t) = Z a(k,t)e?(An) 4 Uy g/2 cOS(TJ),
k=—J/2+1

(4.58)
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(4.59)

Considering now the continuous interpolating trigonometric polynomial and requiring it
to take values u(j,t) at the mesh-points z; = —¢/2 + j(Az), j € {0,...J — 1} leads to the

following closed form

Jj2—1

u(z,t) = Z a(k, t)e" D g, cos (%](x + €/2)>.
k=—J/241

Thus, the first and second derivatives are given by

J/2-1
~ N . . ) . /mJ
u'(x,t) = E Oyti(k, t)el @2 Uzgj2— sin <7(a: + ﬁ/2)>, (4.60a)
k=—J/2+1
gy AR wJ
~11 _ 25 Oe(z+L/2) _ o -~ S
@z, 1) k_%:wwk) alk, t)e uij/2< 6 ) cos( ~(a +e/2>). (4.60D)

At the grid-points x;, while the 0 and £.J/2 modes do not contribute to the first derivative,
the £.J/2 mode does contribute to the second derivative. Therefore, the first and second

partial derivatives with respect to x can be discretized as follows
du(x,t) ~ F [éF[u](k,t)} (z,1), (4.61a)
Opou(z,t) ~ F1 [@2F[u](k,t)] (1), (4.61b)

where Flu](k,t) and F~'[i)(z,t) denote Fourier transform and its inverse. respectively. The

diagonal matrix © has the entries J;, defined by

(

Vg for k €40,...,J/2 -1},

Uk =194 0 for k = J/2,

Uy forke{J/2+1,...,J—1},
\

with ¥y given by (4.59).
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4.7.1 Implicit Midpoint Discretization in Time

We will close this chapter by presenting a fully discrete system based on the spectral semi-
discretization and show that it satisfies discrete spectral multisymplectic conservation law.

Let’s consider the following spatial semi-discretization
LO,Z + KOZ = V,5(Z),

where Z = [ZO, o ZJ_l]T and © = [¥,,] € Mgsxas(C). Forming an implicit midpoint time

discrete system we have
LD,Z" + K(M©OZ") = V,5(MZ"). (4.62)

We note first that this discretization is multisymplectic. To prove it consider associated

variational equation

LD,dZ" + K(6dZ'?) = §,,dZ'/>. (4.63)
Taking the wedge product with dZ'/2 we have

(dZY?) A (LD, dZ™) + (dZY?) A (KOdZY?) = (dZY?) A (S,,dZY?).

that is we have

1 ~ ~ ~ ~
0 = 30 ((dZ”“ +dAZ™) A L(dZ™ — dZ“))
1/ - . . .
+5 ((a2'7%) A K(©4Z'?) + (04Z2) A K (aZ?))

(4.64)
It is clear that

dZ" A LAZ"' = —(LAZ™) A dZ" = dZ™ A LdZ”
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and that
(AZY?) A K(OdZY?) + (6dZY?) A K(dZY?)
= (AZ'?) A K(OdZ?) — K(OdZY?) A (dZY?) = 2(dZY/?) A K (6dZ'?).

The spectral conservation law of multisymplecticness holds

1 N . . .
SDIAZ" A LAZ") + 5 (le/2 A K(OdZY?) + (8dZ?) A Kle/Q) —0.

For two complex-valued functions we understand the wedge product as du A dv = dugr A

dvg + o(duy A doy).

90



CHAPTER FIVE: DISCRETE DISPERSION RELATIONSHIPS

This chapter discusses dispersion—dissipation properties of numerical schemes derived in pre-
vious chapter. Information provided in this chapter is related to linear stability analysis of
numerical schemes although it could be thought of as a byproduct of a method of deriving dis-
persion relationships of discretizations. In what follows we obtain results analogous to results
of section 5.1.1 for the continuous case. It turns out that due to an error in preservation of
numerical dispersion relationship qualitative properties of numerical solutions, particularly
of linear wave equations, are destroyed. We will presents numerical evidence in the next
chapter and now focus on more theoretical approach for which let’s consider the discrete

analog of the Fourier mode (5.6) which takes the form

u? = dett

. jkAx-i—nwAt). (51)

It is convenient to introduce the following notation, let kAx = k and @ = wAt, then (5.1)

becomes
u;z _ aez(jfc—&-nw) (5‘2)

and the analytic dispersion relationship (5.7) for % = 7, after transformation to the (k,©)-

coordinates, takes the form

(3 () e 2

Note that if we consider a difference scheme for an initial-value problem and the Fourier

transform, the part of the term (5.1) given by e“* corresponds to the e%* in the finite Fourier
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transform. Hence, by considering 0 < k < 7 we obtain information on all the modes present

in the finite Fourier transform representation of the solution.

5.1 Linearized PDEs

5.1.1 Linearization of the sine—-Gordon Equation

Assume that € : R* — R is a twice continuously differentiable function, such that |e(¢, z)| < 1
and let w = u + €(t,x), where u and u are solutions to (3.9). Clearly uy = uy + €4 and
Upy = Ugy + €pp. Since sin(u + €) = sinwcose + cosusine & sin@ + €cosu, we have the

following linearized sine-Gordon equation

€1t — €xz + xECOSTU =0 (5.4)

Example 4 Linearization about u = m takes the form

€1 — €z — €= 0. (5.5)

Linear Dispersion Relationship Similarly to [36] assume that the solution of the lin-

earized equation (5.4) takes the form

1(wt+kx)

u(z,t) = ue = Ge™tet” (5.6)

Clearly uy = —w?ae @52 = —2y and u,, = —k*ae’@t*?) = —k2y. Substituting it to the

linearized equation (5.4) and simplifying, we obtain

w? —k* — xycosii =0 (5.7)
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Example 5 In case of u = 7, the dispersion relation takes the form
W=k +x=0. (5.8)
To conclude this section let’s consider another form of (5.6), namely
u(x,t) = aek@teat) (5.9)
where

w
CA:E

denotes the wave propagation speed (phase velocity) and for w given by (5.7) is equal to

VK2 u
I —I—Xcosu‘

cr = (5.10)

5.1.2 Linearized NLS

Our purpose is to take a closer look at linearization of (3.24), its dispersion relationship and,
in later section, at preservation of the dispersion relationship by the box scheme discretiza-

tion. Let’s begin, by observing that equation (3.24) assumes plain-wave solution
u = ae*!

iff —pu+ 2a’u =0, ie. iff p = 242

In order to linearize equation (3.24) assume that the solution is expanded in the following

way:
u = ug+eu + O(e?)
uw = ae?”
up = alx, t)ug
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Order equations becomes

O(1):  w(ug)s + (o) ex + 2|uo|*ug =0 (5.11)

Ofe) : v(ur)e + (Ug)ee + 4|u0|2u1 + 2u(2)u*{ =0 (5.12)

where * denotes (complex) conjugation. Clearly now

Lla] = (10; + Oy + 2a*)a = —2a%a* (5.13)
and since
L[] = (—10; + Opp + 2a%)a* = —2d°a (5.14)

Applying L£* to both sides of (3.24) yields
L*L[a] = L*[—2a*a*]
by linearity of £* we finally have
Ot + Oppyace + 4020, = 0 (5.15)

Let’s note that (5.15) has a multisymplectic form. It is derived by introducing new

variables v = u;, W = Uy, P = Uy, and ¢ = Ugzy,. In doing so, we obtain

v+ qp +4a*w, = 0

—uy = —v
—4a’u, —p, = —q—4a’w (5.16)
w, = p
—u, = —w
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that is a multisymplectic form of the NLS equation with Hamiltonian function

1 1
S(z) = 51)2 — qw — 2a*w® + §p2, z = [u,v,w,p,q|. (5.17)

Linear Dispersion Relationship Dispersion relationship for (5.15) is obtained by as-

suming the following ansatz solution

o= ez(km—&—wt).
Clearly, ay = wa, ay = —w?a and o, = 1ka, gy = —k?a and aggq, = k*a so that
w? — K*(k* — 4a%) = 0, (5.18)

which is a dispersion relationship for the linearization of the NLS equation (3.24) around the

plain wave solution.

5.2 Discrete Dispersion Relationships

5.2.1 Multisymplectic Box Scheme

MS—-1 Formulation Consider at first linearized sine-Gordon equation (5.5) and its dis-

cretization by the first multisymplectic scheme MS-1
D} M — DIMPul = x M7 MZu. (5.19)
Using (4.20) and the fact that

n 1 n n n n n v
MM = 16 [(“jizz +2uf T+ 4 2(ufy 4 20t uf T

(U + 2uj,y + uf)
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one obtains the following form of equation (5.19)
1 n+2 n+2 n+2 n+1 n+1 n+1 n n n
1
4(Az)? (

n+2 n+2 n+2 n+l n+1 n+1 n n n
wily — 2uilT A ui ) 2(ufy — 2ul ) 4 (uf gy — 2ufy 4 uf))]

X n n n n n n n n n
16 [(u;ﬁ + 20T i)+ 2(ufly + 20 gt (W + 20 )| = 0.

Substituting the discrete Fourier mode (5.1) and simplifying one arrives at

4(61276 + 26@76 + 1) ezQwAt _ QszAt + 1_

_4)\2(612E o 26115 + 1) -612wAt + QezwAt + 1-

—X(At)2(el2'_€ + 2¢* 4 1) 2w + 2e™At ¢ 1] = 0, (5.20)

where A is defined in (4.31).

There are two ways to simplify the expression (5.20). First approach starts with an
assumption, that @ is a real-valued quantity. This assumption allows using trigonometric
identities to obtain dispersion relationships. This approach is simpler, but the trade-off
for simplicity is that it does not produce desired results for all the schemes, for instance
it does not work for the explicit Runge-Kutta (ERK) discretization discussed here, neither
provides linearized stability results. We will thus defer its presentation to the end of this
chapter (Section 5.4) and focus on the, so called, dispersion—dissipation analysis used in [36].
From that point on we will be working with complex—valued @w. Thanks to allowing @ to
be complex—valued quantity one obtains information not only about dispersive properties of
the numerical schemes, but also information about its dissipative/growth characteristics. In
that sense, an assumption, that @ is complex—valued, produces more general results giving
the, so called, real and imaginary dispersion relations.
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Multiplying equation (5.20) by e~ the following is established

4(6215/2 + e—z%/Q)z(pz —2p+1)— 4)\2(62E/2 _ 6—115/2)2(,02 +2p+1)

(AR 4 e 22 (2 4 2p+ 1) = 0 (5.21)
where we defined
p=e“. (5.22)
If now
o = cos*(k/2) (5.23a)
T = sin®(k/2) (5.23b)

equation (5.21) can be expressed as

. 2§p +1=0, (5.24)
where

c = 4o —4NT + x(At)?o, (5.25a)

d = 4o +4\°1 — x(At) 0. (5.25b)

Notice also that d = 0 iff

X(At)? —4

tan?(k/2) = e

For At < 2 the right hand side is negative which gives, since k is a real quantity, a contradic-
tory statement. Therefore, for At < 2, one can assume that d # 0 thanks to which division

by d is permissible. This immediately yields

p= é[c + M] (5.26)

97



It is customary to call a solution p = p(k) to equation (5.24), treated as a function of the
Fourier mode k, a symbol of the numerical scheme [36]. Moreover, one should note that,
in general, for n—time level schemes the symbol is obtained as a solution to a polynomial
equation of degree n in p.

One continues the analysis by observing that
& —d* = 160 (X(At)za — 4)\27'>,

for which two cases are possible. First, assume that ¢ — d*> > 0. This assumption implies

that

@ tan?(k/2) — x <0, (5.27)

and, since both o, 7 > 0 and 7/0 = tan?(k/2), the solution to inequality (5.27) is of the

form
k| < Ko, (5.28)
- Az
ko = 2 arctan (XT> (5.29)

Inequality (5.28) reflects natural symmetry of the dispersion curve.
Second possibility, namely that ¢ — d> < 0, leads to the expression of the discrete

dispersion relationship. Assuming that

W = Wg + Wy (5.30)
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and writing (5.22) in the trigonometric form

p=e 1R = e “Icos(wr) + 2sin(wp)] (5.31)

one arrives at

thus w; = 0 (stable, nondissipative scheme) and

o, d* —c? —16(At)? [X (3) tan (%/2)}
tan®(wg) = 7= ERVONIEE (5.32)
1 s tan (k;/z)]
Upon expanding the denominator of (5.32) in Taylor series one obtains
_ 16(At)? 4)? - 2 _
2 2 _ = tan?
R T IIEE [(At)? tan?(k/2) x} [1 2 A (k/Q)} (5.33)

and further simplifications yield

16 4 <At )24 — x(At)? (12;)2}

b el e (as) s

Thus in the limit as At — 0,
w=wh — k¥ —x

The following observation is necessary to determine the appropriate domain restriction

of the tangent function. The singularity of the denominator in (5.32) occurs at

- 4 At)?
k = kg = 2 arctan %
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where the denominator in (5.32) is zero. Moreover, since

4y an®(k/2) — (A
N ]4 (A2 — 402 tan2 (K /2)

| tan(wg)| = Yi(Az, At k)

by restricting the domain of tangent function to (0,7/2) U (7/2,7) one obtains

arctan(Y (k; Az, At)) for k€ (ko, ks),

WR —

7 — arctan(Y (k; Az, At)) for k€ (kg,7),

where T = 71;.

MS—-2 Formulation Linearization of the MS-2 form yields

DyDIM{ul} — D} Mul! + x Dy MP Mzl = 0

Noticing that

DIMMu} = ome | (53 + 20+ uf™) 4 (s + 20307 + ™)

—(ujy + 20 + i) = (ufyp + 20f ) +uf)
equation (5.36) becomes
1 n+3 n+3 n+3 n—+2 n+2 n+2
(i — 2 ) — (g — 2 )]
1
A(ALY?

n+3 n+3 n+3y\ __ n+2 n+2 n+2
[(uj+2 +2ufy o) = 3wy + 2uiT +uit)

F3(uS + 2 ) = (e + 20, )]

X n n n " . .
T 16At [(“J’ﬁ + 20+l (T 20T gt
(2 ) = (1 20 4 )]
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and after substituting (5.1) and simplifying

4 [( et(2R) 4 9ork | 1)( QHBWAL) 3 1(20A1) | g wdt 1>'

_4)\2 |:(€Z(2E) . 26“5 + 1)(61(3wAt) + ez(QWAt) o ezwAt . 1>-

—X<At)2 |:(6’L(2E‘) + QGZE + 1)(61(3wAt) + ez(QwAt) o ezwAt . 1>— - 0 (537)

with A given by (4.31).
Define ¢; = 120 — 4X\*1 + x(At)?0 and let d be given by (5.25b). The solution to the

equation

3_CG 2 G
- — —p—1=0
p dp+dp

is a symbol of the MS—2 scheme.

For further analysis note first that the equation above can be factored
2 1
(p—l)[p + (1—5)p+1} —0
That is, either et = ¢=“1er =1, 50 wp = w; = 0 or
p2+<1—%)p+1:0

which has the solution

(¢ — d) & +/c} — 2de; — 3d?
2d

The discriminant is equal to

& — 2dey — 3d? = 640? <X(At)2 4 tan(E/2))
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and is negative for k satisfying (5.28) and (5.29). Therefore

—2bAt _ (c1 — d)2 i —(Cf — 2dcy — 3d2)

=1
4d? 4d?

> =e

thus w; = 0 (stable, nondissipative scheme) and

3d2 + 2dey — 2 640> <4/\2 tan?(k/2) — X(At)2>

(c1 —d)? 402 (4 + x(At)2 — 4)2 tan2(/;?/2))2

tan®(wg)

which we recognize to be (5.32). We thus conclude, that for the MS-2 formulation the

dispersion curve is the union of curves described by (5.35) and the curve given by e*A! =

e YWk = 1, that is wg = 0.

5.2.2 Leap—frog (MS-3)

For the linearized equation the leap—frog scheme takes the form

(2 — 20+ ) — N — 20T+ ) — x(ADP = 0 (5.38)

Substituting the ansatz solution (5.2) and simplifying one arrives at
<62ZWAt — 2eAT 1 1) - 2)\2eZ“At<COS(l_€) - 1) — x(At)2eA = (5.39)

There are two possible approaches. The first one is similar to the one presented in [6] and
will be described in Section 5.4. The symbol approach will provide us with more information

and thus we consider (5.39) and let p, 0 and 7 to be as defined in (5.22), (5.23) so that
0 — (2 2N+ X(At)2>p+ 1=0
Denote ¢y = 2 + x(At)? — 2A?7. The quadratic equation above has the solution

ot /3 —4
2
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Clearly 7 € [0,2] is a monotonically increasing function of & and since the discriminant

24 = AN AN(2 + (ADD)T + X(4(At)2 + (At)4) (5.40)

is a quadratic form in 7 with the discriminant
16X(2 + y(A1)2)? — 16\ (4(At)2 + (At)4) — 26\ > 0

so there are two roots of (5.40)

AR+ x(A?) 8N

2+ x(An?) £2
8\4 N

20 >0

Notice that for A < 1 (CFL condition)

(4+ x(At)?)

T+ = 2A2 > 2

and since 7_ = y(Ax)?/2 > 0 we have that ¢ —4 > 0 for all 7 < 7_, i.e. for all k satisfying

2sin?(k/2) < x(Az)?/2
that is for k satisfying (5.28) with

ko = ko(Az) = 2arcsin(x(Ax)/2) (5.41)
Clearly if Az < 2 than 7_ < 2 as well.

Assuming (5.30) we arrive at the conclusion that the scheme is unconditionally stable

2 2
2 _—oar G 4—q
p]" = e = 7+ —

=1

and the dispersion relation is given by

4 — 2
tan®(wg) = 202
€3

—16X sin(k/2) + 8A2(2 + x(At)?) sin2(k/2) — X(4(At)2 + (At)4)

(24 x(a02 - esin(h/2))
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The standard perturbation analysis yields that w% ~ k* — y. Clearly ¢ = 0 for

2+ X(At)2)

o (5.42)

kg = arcsin (

and thus, for the purpose of inverting the tangent function, its domain has to be restricted
to (0,7/2) U (7w/2, 7).

Moreover, since

\/ —16M sin® (F/2) + 8)2(2 + (At)?) sin?(k/2) — X<4(At)2 n (At)4>

[tan(@n)| = -
2 1+ (AF)? — 422 sm2(k/2)‘

the dispersion relation takes the form (5.35) with T = Y.

5.2.3 Implicit Runge — Kutta (MS—4)

The linearized sine-Gordon equation (5.5) with the notation introduced for (3.12) yields the

following discretization

. 1
pj = W(q]‘—l —2q¢; + qj+1) + Xq; (5.43a)

q]‘ = pj (543b)

The system (5.43) is a hamiltonian system of ODEs with Hamiltonian function

1

Hi(p,q) = Z [%(P? +X¢;) + W(%+l — %’)2] (5.44)

Using an implicit midpoint rule we can write the MS—4 scheme as

pj+1 —p; = —2(A:1:)2 |:<ij11 — 2¢; 1t q]'Ll) + (%-1 —2q; + Qj+1) + 2_((]]‘ L Qj)
Qj+1 — q;z + _(pj+1 _’_p;z)

2
104



for j € {1,...,J} and for any n € N. Solving for p?“ and p} and substituting back we have

that
A =200 + @) — X (A (¢ + 240 + q))
J J

N (g7 =240 + D) + 20 — 200 + D) + () — 24 + Q?H)] =0

Using for ¢} the right hand side of the ansatz solution (5.2) and notation (4.31) one can

write

4(p* =20+ 1) — x(A*(p* +2p + 1) + 2\ 7(p* +2p+ 1) =0
where p is given in (5.22). Combining like-terms we have

d3p® — 2c3p + d3 = 0
where

cg = 4+ x(At)? —2X\*r

ds = 4—x(At) +2)\*r

The solution is

p:di[c;gi\/c%—dg]

3
where

c3 —d3 = 16\ (X(Ax)2 — 27-)
Notice that 0 < Az < 2 the discriminant ¢ — d5 > 0 iff

x(Az)* — 4sin*(k/2) > 0
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that is for k satisfying (5.28) with ko given by (5.41).
For all k for which ¢2 — d2 < 0 the scheme under consideration is nondissipative and

stable, since if we assume (5.30) and (5.31) we arrive at

e Vdi— 3

P=a = 4
and so

2 2 _ 2
—2At _ G3 d3 — ¢3 —1
=3 3 =
d3 d3

> =e

that implies w; = 0. Moreover

B 16(4/\2 sin?(k/2) — X(At)2>
2

tan2(@R) = 2 o <4 + x(At)? — 42 Sin2(l_f/2)>2

(5.45)

that is, to leading order, consistent with the analytic dispersion relation.

In order to obtain correct plots notice first that for

4+ X(At)2>

k = kg = arcsin ( o\

the denominator in (5.45) is zero. Moreover, since

_ 4y/4ANsin®(k/2) — x(At)?

df =
14+ x(At)?2 — 4)2 sinz(k/2)| 3(k; Az, At)

| tan(wg)|

the dispersion relation has the form (5.35) with T = 1.
Since, by the virtue of the Viete’s formulas, p.p_ = ¢/a = 1, there always will be an

unstable solution for k < k.
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5.2.4 Explicit Runge-Kutta (ERK)

A nonsymplectic discretization of (5.43) obtained by the explicit Runge-Kutta method

(ERK) can be written as

n 7 At 1 n n n n
P o= pi+ o> [—(M)Q (¢j-1 — 24 +qjy1) + xqj]
n n At 3
Qf = ¢ +57;

2

and

" n 1 n n n n

(Az)?
¢t o= g+ AtP!
Clearly
=207+ Q% = (¢ —24] +qjy) + 7(17;'—1 = 2D + D)
thus
n n 1 n n n At 7 7 7
D; o= pj + At[(A:E)Q ((%-1 —2¢; + Qj+1) + 7(17]'—1 — 2p; +pj+1)>
N [ G R n 5.46h
G = AP+ W(qﬂ— q4; +qi1) + X (5.46b)
and from the equation (5.46b)
(AP} = (4 = qj) = = <(Ax)2 (g51 — 245 + qj1) + qu>,

that is

1
(At} = (i —qf) — §A25}‘ - %(At)QCI?,
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where ST = ¢ | — 2q¢} + ¢}, and A is given by (4.31). Clearly then

(At)(pj—l - 2pj +pj+1) = Sj e Sj - E(Sj—l - 25j + j+1) - §(At)25j

and

(AP —ph) = (P =24 +4))

X(At)?
2

1
NS = 8)) - (¢} —q}) (5.47)

on the other hand side, from (5.46a) one obtains

A2 At)?
@ - = s s+ X0 g gy sy 4 vantg
X e o XADT Lo Y

It is now clear, by equating right-hand sides of (5.47) and (5.48) and simplifying, that

n—+2 n+1 n 2 n+1 2 gn+1
(Qj _2%‘ +q3') _X<At) 4; —A Sj

X(At)* X*(At)
2 1

)\4
T

n

(S7_y — 287+ S7) + NS+ g = 0.

If we assume that ¢ is equal to the right hand side of (5.2) we will obtain

n 0201 n
S¥ = —dsin®(k/2)q;

Sitt = —46“““sir12(l_€/2)q;-I

Sy —28"+ 87 = 16sin*(k/2)q]

and upon division by ¢ and simplification

_ At)4
€z2wAt . [2 + X(At)Q o 4/\2T}6ZWAt + 4)\4 Sln4(]€/2) o 2X/\2(At)27' + X( 4t) + 1= O’
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where we used notation (5.23). Let now p be as in (5.22) and

ci = 2+ x(At)? — 4N

x(At)?

dy = 4MN72 = 2 N}(At)*T + 1

+1

The equation takes the form
p°—cap+dy=0

and its discriminant is equal to
2 —4dy = 4x(At)? — 16\*7

The discriminant is negative for
(A1) — 4X?sin?(k/2) < 0

that is for k satisfying (5.28) with ko given by (5.41).
The scheme has the dispersion—dissipation relation obtained as follows. First, assume

(5.30) and (5.31) so that

Cy + \/Ci—4d4

P=rg 2

and we have that

2 4d, — 2 At)?
|p|2 — e*2bAt — % _|_ 44 C4 — d4 = 4)\47'2 — 2X)\2(At)27— _'_ % + 1 (549)
and
L Ad, — szl —4(At)2 X — —(Ai)Q Sin2<];;/2)
tan™(@r) = & (21 x(An2)2 222 20T o)
(1 — 3 (apz Sin (k/Z))
—4(At)? - (At)*k?
— (v k)1 +2—————
a2 )
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Now

—4

(At)2K2
(2 + x(At)?)? )

(x — k2)<1+2—2+X(At)2

wh ~
and as At — 0 we have that
wh =k —x

that is the analytic dispersion relation.
Observe also that |p|? > 1 since

—2bAt _ 0_421 4 Ady — x(a)?

4 4

2
— 1=
1P| e 4

is a quadratic form in 7 and its discriminant

4
AN (A — 1ep XA

1 0

and A > 0. The only stable Fourier mode is for |p|?> = 1 that is then

X(At)2>2

2 _ A
ol = X (7 = X5

i.e. for k = ko given by (5.41).

Finally, since the dispersion relationship has the form

- 4(4)\2 sin(k/2) — X(At)2>

a (2+ x(at) — ax sm2</2:/2>)2

tan?(wg)

with the denominator having singularity for

2+ x(At)?

. 2/7 2 —
sin®(k/2) e
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that is for k = kg given by (5.42) one can restrict the domain of the arctan to (0,7/2) U

(w/2,7) obtain

_2/4N%sin’(k/2) — x(At)?

— — S Yy (k; Az, At)
’2 + (AL — 4)2sin?(k/2)

| tan(wg)|
so the dispersion relation has the form (5.35) with T = 1.

5.2.5 Preservation of the Dispersion Relation

A very informative quantity related to numerical dispersion relationship is the error in the

propagation speed, defined as

R.=——c, (5.51)

w
k
which in the particular case of the linearized sine-Gordon equation and discrete dispersion

relations describer in this section takes the form

WR — \/_7%2 —X

k

R, = (5.52)

It is important to note that the residual in the phase velocity has the form R, = ¢y — ¢y,
i.e. it is the difference between the discrete phase velocity and the continuous one. What is
important in propagation error analysis is the sign of the R, = R.(k). Figure 5.4 represents
the error in the propagation speed. One notes that the MS schemes have R, is positive
and thus the higher is the wave number is the faster that mode travels. Exactly opposite is
the effect of other integrators. For all the non—-MS schemes, except for ERK all numerical
modes travel slower that analytic ones since R. < 0. One observes that the error in the

propagation speed curve for the ERK scheme changes sign, and is only negative for higher
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wave numbers. The behavior of the solution although is qualitatively the same as for MS-3
and MS—4 schemes. Qualitatively, this behavior persists for all the choices of (At, Ax), as

long as A < 1.

—e— ‘Analytic ‘Curve
— MS-1.2
--——- MS-3

.« -_——
-

S -~
-_—

Figure 5.1: Dispersion curves for A = 0.95.

The only curve that we could not derive from the simplified approach was the dispersion
curve for the ERK. This is the first benefit of using the symbol approach. The second benefit
of (a more complicated) symbol approach is the ability of the method to give the information
about the linear stability. This information is obtained by considering a (general) complex—
valued @ and at the end splitting it onto the real and imaginary part. As we have seen the
imaginary part gives rise to the dispersion curve and the real part occurs in the exponent of
the growth factor 7. We observed that for all symplectic and multisymplectic schemes the

growth factor if identically equal to 1 (indicating no growth and lack of energy dissipation).
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3 —e— Analytic Curve
— MS-1,2
--=-- MS-3

T e~ 29 69 «_—-—

- °

._-—-

Figure 5.2: Dispersion curves for A = 0.70.

It turned out that for the non—symplectic scheme (ERK) the growth factor is greater that 1
(indicating growth, instability) which is further confirmed by numerical simulations (Figure

6.4).

5.2.6 Group Velocity Disperssion

Recollect (cf. [4, 40]) that the problem is dispersive if

&
dk?

In t he case of dispersive equation different waves have different phase speeds, and the
behavior of the solution depends on how the waves reinforce or interfere with each other.
The important propagation velocity here is the group velocity

dw
cy(k) = ak

113



—e— Analytic Curve —e— Analytic Curve
— MS-12 — MS-1,.2
---- MS-3 ---- MS-3

w
w

0 0.5 1 1.5 2 2.5 3
k
(b) A = 0.70
3 —e— Analytic Curve 3 | —e— Analytic Curve
— MS-1,2 — MS-1,2
———= MS-3 ---- MS-3
S MS-4
25 ERK
2
3 5
1
0.5
oo o000 9°
U wo—o'—v—v
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
k k
(¢) A = 0.40 (d) A = 0.10

Figure 5.3: Dispersion curves for different values of A. Plots show only the first quadrant
due to symmetries with respect to both coordinate axes.

We observe that numerical group velocity for the discretizations, although different from the
analytic one (¢ = 1) if well preserved. There exists diffeomorphisms mapping the analytic
dispersion curve onto the numerical one for all the discretizations. As a consequence the sign
of the numerical group velocity is constant in k thus indicating that the numerical solution

will not have spurious modes.
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— MS-1,2
-=== MS-3

0.3 N,

— MS-1,2 N,
---- MS-3 AR

il MS-4 AR

061 __ MS-1,2

———= MS-3

Figure 5.4: Error in the propagation speed for different values of .

We supplement dispersion analysis by discussing the significance of the second derivative

of dispersion curves for the dispersion analysis. We first observe that @” # 0 indicting
that the discretization introduced artificial dispersion. Furthermore, we can divide schemes
under investigation into two classes. The first class contains methods designated MS-1,2
and is described by the condition that V; &”(k) > 0. For these methods the higher the

wave number k of a mode the faster the mode travels. The second class contains methods
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designated MS-3,4 (and, for most cases — for sufficiently small A\, ERK belongs to this class).
Here V}; @”(k) < 0 and the higher the wave number k of a mode the slower the mode travels.

For the presentation we have chosen dispersion curves obtained for the discretizations of
the linear wave equation uy; — u,, = 0. In this case discrete dispersion relation depends only
on the parameter A = (At)/(Az), which on the finite interval of the length ¢ can be written
as A = J(At)/¢. One should not that the dispersion analysis does not take into account
neither the initial nor boundary conditions imposed on the problem and therefore it suffices
to present the dependence of the @” on the parameter A in order to indicate independence of
the sgn(@”) on the mesh, i.e. its independence on A. Values for A are relatively large since,

otherwise, curves designated MS-3,4 and ERK became indistinguishable.

5.3 Linearization of the NLS Equation

5.3.1 Box Scheme for the Linearized NLS

In order to supplement our discussion on dispersive properties of the box scheme we decided
to present reduced box scheme discretization of the linearized NLS equation (5.15). Clearly,

box scheme operators (4.6) applied to equation (5.16) yield

DMy + Dth(qJn + 4a2w?) = 0,

—Dth'U/n = —MtMm'U;L,

J
— D, M(4a*u} +p}) = —MM,(q} + 4a’w}),

DxMtwn = Mthp?>

J
—DxMtUn = —Mthw;L

J
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Figure 5.5: Group velocity dispersion (&”) for different values of A.

A reduced form is obtained by first applying M, operator to the first equation and D, to

the third

Dy M2} 4+ Do My M, (g} + 4a*w]) = 0,

D2My(p} + 4a*u}) = DyM;M,(q} + 4a*w}),

117



i.e., after applying D;M, operator to the second equation,

Dy MZMp + DIM(p} + 4a’u?) = 0,

Moreover, applying M, operator to the first equation gives
D} Muh + D2MP M, (p} + 4a*uff) = 0.
From the fourth and fifth equation we can obtain

Mthp;Z = D:thMzw;Z7

D:%Mtuy = DxMthw;L,
i.e.
20727 72 4952
Dy M; M;p} = D M;uj,

and finally

D} Myl + Dy MPu? + 4a® DI ME M2l = 0. (5.53)

Implementation For further use in Section 5.3 it would be convenient to express equation

(5.53) explicitly in indices j and n. To achieve this we use notation (4.19) and (4.20) to obtain
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the following

4 2, n
DM

2 2 2. n
D2MEM

2 4. n
DM

1

n+2 n+2 n+2 n+2 n+2
ulTr — 4Ty + 6ut Ty — 4u TS 4 u )
4(A3§)4 ( j+4 7+3 j+2 7+1 j

n+l n+1 n+l n+1 n+1
—|—2<uj+4 duils + 6uyyy —Auily + uj )

)

(1 — Ay Gy — duly + )

1

16(Az)?

n+2 n+2 n+2
<uj+4 2ujiy +uj )

Y

+2 (u?j_j — Qu;i; + u?“) + (u;?+4 —2uj, 5+ u?)

1

16(At)2

n+2 n+2 n+2 n+2 n+2
(“j+4 +dujis + Ougly + dujly + >
. n+1 n+1 n+1 n+1 n+1

2<“j+4 +Auis + bujy, + dujy £ uj )

+ (u?+4 + duj, g+ 6ul, + 4uj + u?)

5.3.2 Discrete Dispersion Relationship for the NLS

(5.54a)

(5.54b)

(5.54¢)

Consider now (5.53) and assume that u} takes the form (5.2). Simple calculations yield

(Az)? cos*(k/2)(p* — 2p + 1) 4+ 4N sin*(k/2)(p* +2p + 1)

—4a*\*(Az)?sin?(k/2) cos*(k/2)(p* +2p+1) = 0

where p is given by (5.22) and A = At/Az. Dividing by cos*(k/2) we have

dsp? — 2c5p + ds = 0

where

ds = (Ax)®+4)?tan*(k/2) — 4a*(At)? tan?(k/2)

cs = (Ax)* — 4 *tan*(k/2) + 4a*(At)* tan?(k/2)
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We observe that d5 > 0 when a*(At) —4 < 0. Thus for numerical meshes satisfying

At < 4/a* one has to solve

P—22p41=0
ds

The solution is

c5 /2 —d?
ds

and since c2—d? = (cs+ds)(cs—ds) = 16(Ax)?(a?(At)? tan?(k/2) — A2 tan*(k/2)) the solution

p has nonzero imaginary part if a(At) — Atan(k/2) < 0 i.e. if

k > 2arctan (a(Am))

Then the solution can be written as

cs dZ — c2
e R s B
P T 4

so that, assuming that w = wg + b,

2 2 _ 2

€f2bAt_|p|2_§ d5—c5_1

= =2 — =
ds ds

so b = 0 and the scheme is unconditionally stable and moreover

dz — ¢2

16(A0)? tan?(k/2) (tan?(k/2) - a*(Ax)?) o Ar A
= 5 = lnLs(K; A,
((Am)Q — AN tan (k/2) + 4a?(At)? tan2(12;/2))

tan?(wgp) =

Note, that the denominator vanishes at

,a?(At) £ \/at(At)? + 1

tan®(k/2) = (Ax) 2(A1)

120



and since we are interested in real solutions we have to choose kg such that

At) 4+ Ja*(At)2 + 1
2(At)

tan?(ks/2) = (Ax)2“2<

Similarly as before, discrete dispersion relationship for the multisymplectic box discretization
of the NLS equation is of the form (5.35) with T = Y ys.

Standard perturbation techniques gives the following approximation

4k2
(Ax)*

2N
Wp ~

((12;/2)2 . az(Ax)z) = k2(k? — da?),

which, to the leading order, is equal to the analytic result (5.18).

Analytic Curve — Analytic Curve
02? —e— MS-1,2 —e—MS-1,2
OU 0.5 1 1.5 2 2.5 3 UU 0.5 1 1.5 2 2.5 3
k k
(a) a = 0.5, Az = 0.1, At = 0.0L. (b) a =1, Az = 0.05, At = 0.01.

Figure 5.6: Dispersion Curves for the linearized NLS. The plot depicting dispersion curves
shows only the first quadrant due to natural symmetries with respect to the origin.

5.4 Alternative Derivation of Dispersion Relationships

Following the approach of McLachlan and Ascher presented in [6] one can derive dispersion
relations in a way simpler than what was presented before. The assumption underlying the
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process is that w is a real quantity and has to be made in the initial stages of the derivation
to enable conversion to the trigonometric form. Results, dispersion curves for schemes MS—1,
MS—2, MS-3 and MS—4 are presented below. This approach produces identical results as
previously discussed method, when applicable. However, there are two major drawbacks of
this method. Firstly, one does not have access to information about possible growth/decay
in the amplitude and secondly, for ERK, this method fails to produce correct dispersion

curve. In the text that follows we use A as defined in (4.31).

54.1 MS-1

Substituting the discrete Fourier mode (5.2) to the discretization (5.19) and simplifying one

obtains
4(622E + 2¢" 4 1)(e? —2e® 4 1) — 4)\2(612E —2¢" 4 1) (e +2e™ + 1)
—x(AD? (e + 2% +1) (e +2e° +1) = 0 (5.55)
Dividing both sides of (5.55) by 4(e’** 4 2e* + 1)(** 4 2¢* 4 1) one has

(1P et 1P (AP

= - = — =0
<€’Lw + 1)2 (ezk + 1)2 X 4
i.e. in trigonometric form
2 W\2 2 kN2
“ tan—) — (—=—tan~— =0 5.56
(At anz) (Am anz) TX (5.56)
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5.4.2 MS-2

For the MS—2 formulation (5.36) one has

4(622% 4 2€ZE 4 1)(€Z3¢D . 3622(3 4 3615) o 1)
_4)\2(622E o 26276 + 1)(613@ + 622&1 - ez&) - 1)
—x (A (e 42 +1) (e + % — ¥ —1) = 0 (5.57)
Notice first that €3¢ 42 —e“ —1 = ("’ —1)(e+1)? and 3% —3e?* + 3¢ —1 = (" —1)3.
Dividing (5.57) by 4(e"* + 2¢’* 4 1) one obtains

(AZ)2 <€z@ - 1)(eza; + 1)2 =0

wWw 1)(619 + 1)2 - X

—~
Q)

Two cases are now possible. Either ¢ —1 = 0, i.e. @ =0, or ¢ — 1 # 0 in which case,
one can divide by (e — 1)(e* +1)? and use definitions of trigonometric functions to obtain
(5.56). Clearly in the case of MS—2 method the discrete dispersion relationship is a union
of two curves, but is mostly identical to the discrete dispersion relation obtained for MS—1
scheme.

In order to show that this approach, when applicable produces the same result as symbol

approach we assume that @ satisfies equation (5.56), i.e. that

» k
4 tan? g = 4)\? tan® 5~ x(At)?

Clearly, since

2tan 6

tan2 = ———
an 1 —tan?4
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we can write that

16(4)\2 tan? & — X(At)2>

tan? WR =

. 2
(4 — (4\2tan? k — X(At)))
which is exactly the result of the symbol approach for MS—1 and MS—2. Results so far are

summarized by the following

Theorem 12 (McLachlan & Ascher, 2004) The box scheme qualitatively preserves the
dispersion relation of any linear, first order PDEs of the form (3.2). Specifically, there are
diffeomorphisms 11 and 1y which conjugate the exact and numerical dispersion relations
such that to each pair (k,w) satisfying the numerical dispersion relation there corresponds

a pair (P1(k),e(w)) satisfying the exact dispersion relation.

The required diffeomorphisms are

Py (—m,7m) = R, (k) = 2tan(k/2) (5.58a)
Pyt (—m,m) = R, 1 (w) = 2tan(w/2) (5.58Db)
5.4.3 MS-3

For the leap—frog scheme (5.38) one derives discrete dispersion relationship by substituting

discrete Fourier ansatz which yields

ezk(eﬁu—) o 2615; + 1) . )\2ezw<€12l_c o 26“2 + 1) . X(At)2ezl_ceub =0

or equivalently

ezk(ezw o 1)2 _ )\QGZJJ(ezE o 1)2 o X(At)2€ZE€Z(D =0
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Upon division by —4e*e®®

Noticing that (5.59) can be written as

. K
4sin’ % = 4N sin? 3 — x(A1)?

and since

4sin® 0(1 — sin? 0)

tan? 20 =
o (1— 2sin%0)2

we have that
(4)\2 sin? é — X(At)2> <4 — (4)\2 sin? % — X(At)2)>

(2 — (4N2sin? £ — X(At)2)>

tan? WR = 5 ,

which simplifies to be exactly the result obtained for MS—3 via symbol approach.

5.4.4 MS-4

one can write a trigonometric form of the dispersion relation as

(5.59)

We can now discus the dispersive properties of integrators applied to the Hamiltonian spatial

semidiscretization. Linearized sine-Gordon equation (5.4) with @ = 7 and notation intro-

duced for (3.12) yields the following discretization (5.43). The system (5.43) is a Hamiltonian

system of ODEs with Hamiltonian function being a modification of (4.46).

Implicit Runge-Kutta method for Hamiltonian semidiscretization (5.43), after eliminat-

ing all the variables related to p, takes the form

Al = 2¢1 + qyy)
N (@3 = 20+ ) + 2g0 — 200 + )

+(qo — 2470 + a4 | — XA (T + 240 + d)y)
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which upon substitution of the discrete ansatz takes the form

4(612@ 9@ + 1)62E . X(At)2<ez2@ + 9™ + 1)61E

N2 |22 (2R — 2 4 1) + 2 (e?F — 26 4 1) + (€2F — 2eF 4 1)]

Dividing by (e + 2¢** 4 1) one has

that in trigonometric form is

(zitm3) - (geomg) +x=0

Clearly for (5.61) we have that

k
4 tan® %} = 4)\*sin? 5~ x(At)?,

which gives

16(4)\2 sin? g - X(At)2>

ezl_c o >\2<€zl_c - 1)2 - X<At)2€zl_c =0

tan? WR =

(4 — (4N2sin? & — X(At)2)>

showing the equivalence with the symbol approach.

27

(5.61)

The results of the Theorem 12 can easily be generalized onto MS-3 and MS-4 (with

different diffeomorphisms). Note that these schemes are both multisymplectic.

Similar

conclusions can be obtained for discrete dispersion relations related to the linearization of

the NLS equation. All the results are consistent with the dispersion curves in continuous

case.
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5.4.5 Summary

Results of our work on the preservation of discrete dispersion relationship can be summarized

in the following

Proposition 1 Numerical schemes (5.19), (5.36), (5.38) and (5.60) qualitatively preserve
the dispersion relation of linear PDEs. Specifically, there exist diffeomorphisms 1y and o
which conjugate the exact and numerical dispersion relations such that to each pair (k,w)
satisfying the numerical dispersion relation there corresponds a pair (¢1(k), 2(w)) satisfying

the exact dispersion relation.

Required diffeomorphisms are:

1. for MS box scheme [6] given by (5.58)

2. for MS-3:
Ui (=2,2) =R, (k) = 2sin(k/2) (5.62a)
e 1 (=2,2) = R, Yy (w) = 2sin(w/2) (5.62Db)

3. and for MS—4:

Yy (=2,2) — R, Y1(k) = 2sin(k/2) (5.63a)

oy (—m, ) — R, 1 (w) = 2tan(w/2) (5.63b)

Proposition 1 generalizes the result of [6] in three directions. Firstly, it shows that their

theorem applies to the reduced box scheme (i.e. a box scheme solved for the unknown
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function, with all the other variables eliminated). Secondly, it indicated existence of diffeo-
morphisms ¢y and v, for other symplectic schemes analyzed in this paper (i.e. for MS-3
and MS—4 schemes), as well as for other equation (i.e. linearized NLS equation). This prop-
erty indicates that existence of diffeomorhisms is not a special feature of the box scheme.
Dispersion curve for the ERK, although qualitatively similar to the analytic one, does not
have such a representation in terms of diffeomorphisms from Proposition 1. Since disper-
sion curve (5.35) has an inflection point in the interval [0, 7], is is a nontrivial task to find

diffeomorphisms of Theorem 1.
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CHAPTER SIX: RESULTS OF NUMERICAL SIMULATIONS

In the first part of this chapter we want to discuss results of simulation performed on the
linear wave equation with initial data characterized by a broad Fourier spectrum. Integrating
linear wave equation with such an initial data will permit us to understand dispersive error
better and present how error in preservation of the dispersion relationship causes destruction
of qualitative properties of the initial data. From that experiment we concluded that the most
informative quantity for that purpose is the error in the propagation speed. We have also
observed that the formation mechanism for discrete solitons in analogous to the mechanism
of formation of solitons in continuous systems, i.e. dispersion cancellation introduced by
nonlinear terms.

In the second part of this chapter we present a representative selection of results from our
extensive numerical simulations of the sine-Gordon equations. For various initial data we
tested five different second order finite difference integrators using the following spatial and
temporal resolutions: At € {128,64,32,16,8,4,2,1}-1072 and J € {64, 128,256,512, 1024}
Solutions were computed for every pair (¢/J, At) and for ¢ = 2mv/2 in the periodic case and
¢ = 40 in the soliton regime. We will present and discuss different phenomena we encountered
during our tests. We use these results to conclude that, although in most practical cases
classical notion of order and convergence of the methods are good measure of quality of
integration, is some, selected cases where initial data were chosen in special regions of the
phase space the classical definition of error fails to address the convergence issues and one has

to resort to more sophisticated tools related to qualitative analysis of differential equations.
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In such cases discrete dynamical systems behavior is of decisive nature and has to be taken
into account in order to understand error in numerical solution of Hamiltonian PDEs.

In the numerical experiment periodic boundary conditions are used as they are “reflec-
tive” and energy is not lost in the simulations. Typically the time frame for the numerical

experiments is 7" = 100.

6.1 Discrete Dispersion and Linear Stability

Dispersive error, associated with error in the phase velocity, is responsible for destroying
qualitative features of the initial data for the linear wave equation. Here one would expect

two wave forms of the same shape as initial data
u(z,0) = exp(—3200 - z%), u(z,0) =0, (6.1)

traveling in opposite directions, but retaining original shape with the amplitude decreased,
but constant in time. Initial data of the form (6.1) were used as illustration in [37], where
one can also find analysis of the importance of the preservation of the group velocity by the
discretization and examples of simulation results obtained by schemes with non-monotone
dispersion relations.

In numerical simulations one notices a periodic wave-train instead that can be readily
observed on Figure 6.1 and Figure 6.2. This phenomenon is explained by the error in the
propagation speed as a function of the wave number k. On Figure 5.3(d), the error in the
propagation speed for MS schemes is positive indicating that the higher the wave-number
is the faster the modes with this wavenumber will travel, while for the non—MS schemes
the error is negative indicating the opposite. In numerical simulations, see Figure 6.1, we
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observe that the wave—front travels faster than the low—amplitude oscillations which was
predicted the analysis. Opposite phenomenon is observed for all the non-MS schemes, which

is illustrated by the example of the MS-3 scheme on Figure 6.2.

—_

-1 —0.5 0 0.5 1 -1 —0.5 0 0.5

U
>
—

1

-1 —0.5 0 0.5 1 -1 -0.5 0 0.5 1

t=28 t=28
1 : 1
05 05 ¢
S S
0 "\/\ /\/\" 0/\/\/\/\/\ /\/\/\N
-1 05 0 05 1 -1 05 0 05 1
x T
(a) J = 700, i.c. A = 0.70. (b) J = 400, i.e. A = 0.40.

Figure 6.1: Evolution of the initial Gaussian wave form (6.1) for different values of A under
the MS—2 discretization. Times for snapshots were chosen in such a way, that disturbances
are traveling outbound. We observe elongation of the envelope in the direction of propagation
(positive GVD). For A = 0.1 one notes an instability. Remaining mesh parameters are: ¢ = 2
and At =2-1073.

Identical phenomenon is responsible for occurrence of wiggles in numerical simulations

of the (nonlinear) sine-Gordon equation with initial data

u(z,0) =0, u(z,0) = (4/7) sech(x/7), (6.2)

corresponding, for v < 1, to the kink—antikink two—soliton wave—form. For the illustration
see Figures 6.3(a) and (b) for which we have chosen v = 1/2. In the nonlinear case the

131



1 1
0.5 0.5
3 3
0 0
-1 —0.5 0 0.5 1 -1 —-0.5 0 0.5 1
t=0.8 t=0.8
1 1
0.5 0.5
— \ S \
0 0 w
-1 —0.5 0 0.5 1 -1 —-0.5 0 0.5 1
t=28 t=28
1 i 1
0.5 05t
0 V ) 0 /\/\AfA ‘V'V\/\
- 05 0 05 1 - 05 0 05 1
(a) J =700, i.e. A =0.70. (b) J =400, i.e. A =0.40.

Figure 6.2: Evolution of the initial Gaussian wave form (6.1) for different values of A under
the MS-3 discretization. Times for snapshots were chosen in such a way, that disturbances
are traveling outbound. We observe elongation of the envelope in the direction opposite to
the direction of propagation (negative GVD). The wave form is completely destroyed for
A = 0.1. Remaining mesh parameters are: £ = 2 and At =2-1073.

qualitative features are not destroyed which indicates that discrete solitons, analogically to
its continuous counterpart, are formed when nonlinear term cancels out dispersive effects of
maps. Wiggles are only observed for very rough mesh sizes and vanish with the sufficient
increase of mesh resolution. The velocity in which wiggles propagate can again be explained
by linear dispersion analysis presented earlier.

From the dispersion/dissipation analysis for the ERK discretization one also obtains that
there is a growth in the amplitude of every discrete mode, thus suggesting an increase of en-

ergy in time. Figure 6.4 presents a time evolution of the error in the 4th order approximation
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Figure 6.3: Dispersive Error in Solitons. Figure presents wave form evolution for the kink-
antikink initial data (6.2) for v = 1/2. Top plots are snapshots of the wave form at time
t = 7 and bottom ones at time ¢t = 14. Simulation parameters are: ¢ = 40, J = 128 and
At =32-1073.

of the Hamiltonian functional (3.12)

H(t) = /OK h(t,z)dx ~ % <h(t, x1) + 4h(t, x9) + 2h(t, x3) + - - -

L (Az)S 9!
3Ax 90 Ozt

FAR(t, g o) + 20(t, x5_1) + 4R(t, 25) + h(t, 931)) h(t, €)

where ¢ € (0,¢), which is the Simpson’s rule [12]. Fourth order approximation is used in
computing diagnostics in order to avoid introducing other significant error to them. As a
matter of fact, for our experiments, any approximation of order higher than two would be
appropriate. Using forth order, centered cell approximation to derivative we can write the

integrand in vector form

2
h(t,) =h" = [(u"‘2 —8u"! 4+ 8u"t! — u"+2) + (Wu”)2] + 1 — cos(u”) (6.3)

N —
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where h" = [h7, ... h%T . ne{2,...,N -2} and 1 = [1,...,1]T € M (R) so that

A
" = ?‘”(hff GARD 2R 4 AR, 4 2R+ ART h’f)
J/2—1

AZL’ n n n n
= 5 (2h1 ARt ST (4ng, + 2h2k+1)> (6.4)
k=1

The error in the discrete Hamiltonian is defined as R}, = |#™ — 5?|. Long time numerical
simulations, "= 1000, for the breather initial data (6.2), for v = 2, presented in Figure 6.4)

confirm the energy growth induced by a non-symplectic time discretization.
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t t

(a) MS-2. (b) ERK.

Figure 6.4: Time evolution of R}, = |7#™ — 22|, i.e. the error in the 4th order discretiza-
tion of the Hamiltonian functional as a function of discrete time. Conservative (MS-2) vs.
nonconservative (ERK) discretization for the breather initial data (6.2), v = 2, simulated to
T = 1000. ERK is the only scheme for which the dispersion—dissipation analysis indicates
growth. Simulation parameters are: ¢ = 40, J = 64 and At = 1072

Similarly to (6.3), for the momentum functional we have

A J/2—1
== <2m7f Fam 4+ (dmp, + 2m3k+1)>, (6.5)
k=1
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m" = [ - wilicq - (6.6)

Figure 6.5 provides a comparison of the maximal error in time of the Hamiltonian and the
momentum for the different integrators using the breather soliton initial data. We computed
discrete momentum as a 4th order approximation to the momentum functional %;. It is
given by equation (6.5). The period is chosen sufficiently large so that the solution is not
significantly affected by the boundary conditions. For the Hamiltonian we observe the error
to saturate at the level of 107*. This indicates that an increase of the temporal accuracy
will have no affect on the solution and, for the error to decrease further, one has to increase
the spatial accuracy. Since the solution schemes are second order we note the correct second
order behavior of this quantity. There is no visible superiority of the box scheme. On the
second plot, the plot of the momentum, we note that the error for both box schemes is higher
than other schemes and follows expected second order behavior (dashed lines). For all the
other integrators the error is at the level of the accuracy of the iterative solver which was

chosen to be 10712

6.2 Preservation of Phase Space Structures

Preservation of the multisymplectic structure by the numerical scheme does not imply preser-
vation of other dynamical invariants of the system such as the local conservation laws or other
global invariants which determine the phase space structure. A question then arises about
the extent to which those invariants are preserved by the numerical scheme. We use local
and global conserved quantities to assess the performance of the numerical schemes. We also
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(a) Hamiltonian, J = 1024. (b) Momentum, At = 4-1073.

Figure 6.5: Order plots (log—log) for Hamiltonian and momentum. Comparison between
MS-1 (+), MS-2 (x), MS-3 (Vv), MS-4 (A) and ERK (o) methods. Asterisk (overlapping
+ and x) and hexagram (overlapping V and A) signs indicate that corresponding schemes
produced identical error. Dashed lines have slope 2 indicating the expected (second) order
behavior. Simulation horizon T" = 100.

show the rate of convergence plots for those invariants and observe that homoclinic crossings
can introduce a disturbance, in otherwise very clear, convergence patterns.

This section will be devoted to a more thorough analysis of behavior of discrete, nonlin-
ear maps arising from different discretization of the sine-Gordon equation. We will begin
presenting preservation of local and global momentum and energy in the form of their time
evolution plots as well as order plots of the maximal error as a function of the mesh res-
olution. These quantities are good indicators for solutions that are away from “difficult”
regions of the phase space, like neighborhoods of homoclinic, or other separatrix, solutions.
Later we will show, that for numerical solutions close to such special regions the change of

geometry the phase space is a dominating source of error. We will present numerical evidence
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that different integrators changes the geometry of the phase space in different ways. This
behavior is independent of the resolution of numerical mesh and therefore we will have to

consider other than absolute error measures of closeness to analytic solution.

6.2.1 Discrete Local Conservation Laws

Consider a system of local conservation laws (3.18) and (3.20). It is a system of the first

order PDE, so we can directly apply the box—scheme obtaining

DM, E!" + DMy F? = 0 (6.7a)

DM, 9"+ D, MG = 0 (6.7b)
where

G = (WP ) —cos(u),  Fp = ()u), (6.80)

Il = @), G = (W ) + cos(u). (6.50)

In general, due to the numerical error we can not expect equations (6.7) to be satisfied

exactly, so we want to use the residuals

(Rpper)! = 2(AzAt) (Dth@@quMtﬁ;)

= da(dp eyt - - 47)

7+1 J
+At (ﬁ”*l — gntl ﬁjnﬂ — jﬁ) (6.9a)

Jj+1 J J

(Rumcr); = 2AAcAt)(DAM,.I7 + ALD MG )
_ Ax((ﬁ}?}jll +¢ﬂ;~n+1 _’ﬂg‘ﬁl - :ﬂ;n)
A (g?"“ — g g — gf.”) (6.9)

Jj+1 J J
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as a measure of the performance of the scheme. Since we are using a modified box scheme
(yields only approximation of u, but does not give a direct approximation of its derivatives
v and w) we have to approximate derivatives by some higher (than 2) order method. In this

project we have chosen to do so by the fourth order, finite difference method

1

() =vf = m(uy_Q — 8u§”‘1 + Su;.”rl — u?*z)
n n 1 n n n n
(Uw)j =w; = 12A$(Uj—2 — 8uj_; +8uj, — uj+2)

For the periodic boundary condition case, it is very natural to represent that approx-

imation in a matrix form. This will be useful especially for approximating w”. Denote

W = (6.10)

so that
w" = (u,)" = W(u")"

This approach can be interpreted as approximating an (infinite dimensional) linear (differ-
ential) operator by a finite dimensional (matrix) one. Also
Vn — un—2 _ 8un—1 + 8un+1 o un+2
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In order to assess quality of discretizations based on the multisymplectic form of the
equation we also computed residuals in local momentum and local energy conservation laws.
These residuals are define by equations (6.9). As can be notices in Figure 6.6, and according
to our expectations, there is no growth neither decrease in maximal values of the residuals.

This indicates that there is no gain nor loss of the energy in the discrete system.

¢ 0 20 t 0 -2

(a) LMCL. MS-2, J = 1024, At = 4 - 1073, (b) LECL. MS-2, J = 1024, At = 4 - 1073,
maXRLMCL =6- 1075. maxRLECL =8- 1075.

Figure 6.6: Local Momentum (LM) and Local Energy (LE) Conservation Laws.

Nonlinear wave equations, such as the sine-Gordon equation, can have a complicated
phase space structure, depending on the type of the boundary conditions considered. In this
paper we worked with the periodic boundary conditions exclusively, even though the soliton
solutions require the infinite-line boundary conditions. Finite—difference schemes can have
difficulty in resolving spatial structures in very sensitive regimes, for instance homoclinic
manifolds. One observes homoclinic crossings occurring after relatively short time. We find
that the local conservation laws are important indicators of spatial discretization errors which
can corrupt the solution, as such, provide additional insight into the qualitative behavior of
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the numerical schemes. Last part of this section will be devoted to fully periodic problem
on the interval 2 € [—£/2,¢/2) for { = 27\/2. We present wave forms computed for initial

data
u(z,0) =7+ 0.1 cos(puzx), ui(z,0) =0 (6.11)

with g = 27/¢. In this case our initial data are located within a vicinity of a homoclinic
orbit and the perturbation induced by the discretization leads to the phenomenon called
homoclinic crossings (intersections). This phenomenon is the main source of error in sim-
ulation for that type of initial data. Homoclinic intercections are known in the theory of
Hamiltonian ODEs and are the source of near-homoclinic chaos [1]. Figure 6.7 presents re-
sults of simulations for initial data given by (6.11). Here, additionally to the wave form plot,
we present a sample of results for computing other quantities closely related to LM and LE
conservation laws, namely global momentum (GM) and energy (GE) obtained by summing
over the spatial index, as well as spatial global momentum (spatial GM) and spatial global
energy (spatial GE) obtained by summing over temporal index.

At the time when the wave form is distorted one can observe a peak in the error of the
momentum (GM) and a small irregularity in the energy (GE). This behavior is universal
in the sense of mesh-independence and also observed in the behavior of momentum and
energy diagnostics based on the 4th order discretization of integrals of motion. Neither of
these quantities can be used to fully explain the phenomenon of homoclinic intersections and
they can not be used to measure the magnitude of this error. One should use the nonlinear
spectrum of the Lax’s pair to fully understand what happens to the phase space structures
under the discretization. A more detailed account can be found in [22].
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6.3 Nonlinear Stability

Typically in numerically solving differential equations one tries to achieve mesh independence
of the solution, i.e. a series of simulations is performed, with increasing mesh resolution,
as long as, within a given simulation horizon, there is a change in the solution. Once
convergence is achieved, other mesh resolutions are disregarded. In this section we will
analyze different convergence patterns. For Hamiltonian PDEs symplectic time integrators
are the most natural choice, but spatial discretization is also of high importance and, in
many cases, determines the type of the solution we obtain (which is also independent of
temporal discretization and the resolution).

For the sine-Gordon equations on can analytically construct a one—parameter family of
two—solitons. Initial data that correspond to this family is given by (6.2). In that equation,
for 0 < v < 1 we have so called kink-antikinks and for v > 1 we have so called breathers.
Breathers are stationary waves (localized in space) that are periodic in time, while kink—
antikinks are two-—solitons that are wave fronts traveling in opposite directions in space.
Parameter v = 1 corresponds to a special, separatrix—like solution, called the double—pole
soliton. One can show that that the energy functional is an decreasing function of 7, i.e.
that breathers are of lower energy that double—pole soliton which in turn has lower energy
than kink-antikinks.

The fact that the double—pole soliton corresponds to an orbit dividing the phases space
onto two regions carries important numerical consequences. It is an infinite-dimensional

analog of the result obtained by McLachlan, Perlmutter and Quispel [27]. The numerical
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experiment that shows this analogy was performed for initial data

u(x,0) =0, uy(x,0) = 4sech(x), x € [—20,20) (6.12)

with periodic boundary conditions, corresponds to the double pole soliton. In this experiment
we numerically solved the sine-Gordon equation using different integrators and various mesh
resolutions. We observer proper convergence of numerical solutions, but also noticed a
significant change in the qualitative features of the solution depending upon the numerical
method applied. These changes were independent of the choice of both Az and At. An
example from this experiment is presented on Figure 6.8, where for both MS box schemes
and initial data (6.12) we have breather-like behavior, while for all the other integrators
we obtained kink-antikink type solution. With the increase of the resolution of numerical
mesh we observed convergence to the correct, analytical solution, nevertheless the qualitative

features of the discrete solutions were preserved.
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Figure 6.9: Energy of the double-pole soliton, ¢ = 40.

Conclusions drawn from observation of the wave form can further be confirmed by
analysing time evolution of the energy functional. On Figures 6.9 presented is a result
of calculating Hamiltonian functional discretized to 4th order accuracy. For MS box scheme
Figures 6.9(a) shows that numerical energy (dashed line) is lower than analytical (black line)
for almost all times, while for all the other schemes tested numerical energy is higher. Again,
this feature is independent on the mesh size and therefore confirms, that the perturbation
introduced by the map pushes the numerical solutions to live in the region of the phase space
that corresponds to breather (lower energy state) or toward kink—antikink (higher energy
state) depending solely upon the discretization.

Error in discrete Hamiltonian (6.4) is in this section to explain a concept of nonlinear
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stability and connect it to the analysis performed by McLachlan, Perlmutter and Quis-
pel [27].This quantity is a universal comparison tool since it relates solution of the discrete
problem to the solution of the continuous one and enables to compare not only stability
properties but also gives clues on how original infinite-dimensional phase space structures
are distorted under the truncation to finite number of dimensions introduced by the dis-
cretization.

One should note that for initial data (6.12) classical notion of absolute error will not
indicate convergence of the numerical solution. In sufficiently long time, the absolute error
will be of order of unity regardless of the numerical mesh resolution. Another words as
(At,Az) — (0,0) the absolute error |u — Upy,| remains constant, different than 0. One
could claim than that numerical solution is invalid, and that disretizations failed to resolve
the correct wave form. As a matter of fact this is not the case, since the convergence for
this wave form should be considered with respect to the closeness of numerical solution to
analytic one in the phase space, that is in qualitative manner. An appropriate quantitative
tool to measure the distance of the numerical solution of analytic one in this case would be
a splitting distance in the nonlinear spectrum of the pair of Lax operators. This quantity

reflects qualitative differences between phase space structures.

6.4 Supplementary Figures

This last section we would like to devote to graphical presentation of our simulations. All the
important phenomena were described and illustrated in earlier sections, so in what follows

we only show a sequence of plots for different initial data and various mesh resolutions.
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Figure 6.17: Comparison (log-log plots) of schemes for the kink—antikink initial data. For
the large values of the At the non-multisymplectic schemes ceased to produce the result due
to the nonconconvergence of the algebraic solver (implicit schemes) or growth in the wave
amplitude (explicit). This in an indication of the the robustness of the box scheme.

Figure 6.17 presents a summary of convergence analysis of various discretizations of the
sine-Gordon equation presented in this work. Dashed lines present an expected order of
convergence and we note that all the diagnostics are in accordance with the expectations. A

comparison of Figure 6.17(a) with Figure 6.5(a) suggests that the solution depends stronger
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on the spatial resolution, than on the temporal one, but this is only true for the Hamiltonian.
None of the other diagnostic tools used in this work possess similar properties. A final remark
should concern with the momentum plot (like Figure 6.17(b)). Maxima in the momentum
residual are on the order of either solver accuracy, or the round—off so the convergence pattern

is, in most cases, not present.
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CHAPER SEVEN: CONSERVATION OF WAVE ACTION

In this chapter we discuss conservation of the wave action under multisymplectic discretiza-
tion. The first two sections summarize existing results on the wave action in Lagrangian
formulation and its relations to adiabatic invariants, i.e. quantities that remain constant
to the leading order in the slow-time. Average Lagrangian formulation for slowly varying
linear waves gives a common ground for both the dispersion relationship and the wave action
conservation law. This interesting property of average Lagrangian for linear wave equations,
after proper generalization, might provide a connection between seemingly different areas
discussed in this dissertation. In sections that follow we will discuss the wave action con-
servation for the multisymplectic formulation of continuous problems in physical as well as
in Fourier spectral spaces, thus providing methods of addressing the issue of preservation
of the wave action under various discretizations, with special emphasis on multisymplectic
ones. Novel results concerning existence and the form of spectral wave action conservation
law and its discrete analog for the midpoint rule time discretization are presented. Some
numerical results illustrating the method of computing the wave action from the multisym-
plectic discretization are presented. The material of this chapter presents an ongoing work.
It establishes theoretical foundations for the numerical simulations that will be presented

somewhere else.
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7.1 Lagrangian Wave Action

Let’s begin with a short review of results from [18, 40]. Assume that the physical system
obeys a variational principle with a Lagrangian density function L(gz.ﬁ, ¢, ¢, x,t), where b=

0¢/0t and ¢' = O¢p/Ox. The variational principle yields the Euler-Lagrange equation

0 8
gLt gLy — Lo =0 (7.1)

and, if the quantity A(¢, 1) defined by
M@, ¥) = Lt + Lot + Lot

is introduced, by the Euler-Lagrange equation (7.1), the following holds

0 0
Oz

0 0
5 Le¥) + 5 (Ledh) = = (Ly) + Ly + 5o (Lo ¥+ Lo

0 0
= (5 Lo+ a—(Lm)w + Ly + Lot/

= Lyt + Lyt + Lo/,

and therefore

AG.0) = (L) + (L),

Assume now that ¢ is periodic in 6y with period 2, i.e. that ¢(z,t;6p + 2m) = ¢(x,t;6p)
and choose 1 = ¢y,. Clearly

oL

(¢ (b@()) 890

and one has

OL

0 0
5(L¢3¢90> Or (L¢ (b@o) 8(90
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Integrating with respect to 6y over a single period one obtains the following

27 a 2 a 2 8.[/
/0 E(L(j@eo) dby +/0 %([«b@eo) dfy = /0 (9_90 dé,. (7.2)

Equation (7.2) reduces to the conservation law of the wave action

Ol + 0,98 =0, (7.3)
where
1 [ 1
o = oy i L¢¢90 dQOZ% Ldv) do, (7.4a)
2 - 2" de—lyh do (7.4b)
o2r J, ¢V TH0 T o ¢ = ‘

Example: The Klein—Gordon Equation As an example consider the Klein—-Gordon

equation ([40]/p.366)

gbtt - a2¢:ﬂz + B2¢ = 0. (75)
For the Klein—Gordon equation (7.5) the Lagrangian has the form ([40]/p.392)
. 1
((b)Z - —062(¢/)2 o §BQ¢2

and therefore the wave action density and flux are

1

27
5 / —a?¢ ¢, dbp. (7.6)
™ Jo

1 2T
,Qf’:—/ Opg, A0y and B =
2 Jo

Additionally, an assumption about periodicity of ¢ in the space variable x leads, upon

integration with respect to x to the conservation of total action

0
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7.2 Approximate Approach of Whitham

To study slowly varying wave trains in which
¢ ~ acos(n+ 6p) (7.7)

one substitutes (7.7) to L and neglects derivatives of a, 6y, w and k, as from the assumption
that the wave train is slowly varying, these are small quantities. The result is a function .

for which Whitham [40] proposes the following “average variational principle”,

5//3(777&,7]1,60 dtdz =0

for the functions a(t, z) and n(t,z). Now, Euler-Lagrange equations for average variational

principle above are:

ba: %£,=0,
0 0

In terms of wave number k& = 7, and frequency w = 7, the variational equations take the

form
da: £, =0, (7.8a)
0 0

with additional consistency condition that

ok . Ow 0
ot oxr

ensureing existence of 7. Relation (7.8a) is the dispersion relation associated with the prob-
lem and thus, for linear problems, one has

&L = G(w, k)a?
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where G(w, k) = 0 is the dispersion relation [40]. Equation (7.8b) is a conservation law exact
to the leading order in slow-time and, as such, should be more properly called an adiabatic
conservation law. This equation is referred to, in [40], as the “wave action conservation law”
with the time-like adiabatic quantity .Z,,, called the wave action density and the space-like

adiabatic quantity .7}, called the wave action flux.

7.3 Multisymplectic Wave Action Conservation Law

Following [8, 13], consider a wave equation in the multisymplectic form (3.2) and assume
that the solution z depends smoothly on a parameter 6y. In other words, consider a one-
parameter family (ensemble) of solutions z(z,t;60y) to (3.2) smoothly parametrized by 6.
Taking the standard real vector inner product (u,v) = v'u of (3.2) with zg, = 0y,z one

obtains

(Lzy, 20,) + (K2y,29,) = (V35, 24, ),
or equivalently

zy Lz, + 2y Kz, = 2, V,S. (7.9)
It is not difficult to note that zj V,S(z) = 9p,5(2) and the transposition of the equation
(7.9) takes the form

—z] Lzg, — 2. Kzg, = 05,5 (2),
since 0y, 5(z) is a scalar function and both L and K are skew-symmetric. Adding these
equations we obtain

20p,5(z) = <z(§0th - thL290> + (ZGTOKZZ — szz(;())
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Clearly, by the product rule, we can rewrite this equation as
205, 5(z) = (at(zgoLz) — O, (zz”Lz)> + <8I(zgoKz) — O, (ngz)). (7.10)

If we now assume that parameter 6, represents a closed loop in the phase space, upon
integrating (7.10) with respect to 6y € [0, 27] and normalizing, one obtains the wave action

conservation law
Oyl + 0,8 =0 (7.11)

with the wave action density &/ and the wave action flux & giben by

1 (1

o = 0 §(z9TOLz) dfy (7.12a)
1 21 1 -

B = o O 5 (76, K2) dby (7.12Db)

An assumption about periodicity of z with respect to 6y, i.e. the fact that z(¢, z; 6y + 27) =
z(t, x; 0y), is necessary to eliminate Jy, terms of z in 6.
Integrating (7.11) with respect to x with periodic boundary conditions (3.7) one obtains

conservation of total action

0

It turns out that the wave action conservation law (7.11) is equivalent, via the Stokes theorem

(see also remarks preceding the statement of the Theorem 4) for differential forms [5], to the
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conservation of multisymplecticness (3.3). The equivalence is shown as follows

1 [ 1
o = — Lz - zp,d0y = ( :—// d(Lz) A dz
4t
_ __// dz/\Ldz———// (7.13a)
B = — Kz zg,d6y = e j{ (Kz / (Kz) N\ dz

_ // dz A Kdz = —— // (7.13b)

and D C 'H is a subset of the phase space H with 9D is its boundary Now, following [8], the

conservation of multisymplecticness (3.3) follows immediately since

—iﬂ(at //D Q0 + 9, //D ) = —% //D (899 + 0,0)

and the exchange of integration with differentiation is permissible because integration is
performed with respect to the phase space variables z. The assumption that d(Lz) = Ldz
and d(Kz) = Kdz is needed, but from the by definition we have that pre-symplectic matrices

L, K are independent of z, t and z (constant matrices).

Example: Variable Coefficient Klein—-Gordon Equation As an example of the con-
servation of the wave action let’s consider a variable coefficient Klein-Gordon equation (3.11)
in a multisymplectic form (3.2) with matrices L; and K given by (3.15) and the energy func-
tion

S = S(u,v,w) = %(UQ —a 2w? + f*u?).

Wave action density and flux are

1 2 2

o = e ) (24, Lz) dby = yy g,V — uvy, dby, (7.14a)
1 27 1 27r

B = ), (zg Kz) dfy = in Ug, W — uwy, dbp. (7.14b)
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It is not difficult to notice that (7.14) are exactly the wave action density and flux (7.6)
derived in the Lagrangian formulation with v = ¢, v = u; = ¢ and w = —a2u, = —a2¢’.

Indeed, integration by parts yields

2 o 27
/ uvg, dbp = wv| — / ug,v dby
0 0 0

and

o 27
- ug,w dby,
0 0

and thus the conclusion holds by periodicity of u, v and w with respect to 6.

21
/ uwg, dby = uw
0

7.3.1 Local Energy and Momentum Conservation Laws Revisited

Formalism presented in the previous section used in deriving the wave action conservation
law enables derivation of local energy and momentum conservation laws. Assuming that S
is independent of 6, and choosing 6 in the equation (7.10) to be either 6y = x or 6y =t one
obtains local conservation of momentum (3.6b) and local conservation of energy (3.6a) laws,
respectively. For the proof, notice first that the local energy an momentum conservation
laws have the form (3.6). More specifically, choosing 6 in equation (7.10) to be equal to ¢,

for S explicitly independent of ¢, one has
20,5(z) — <(‘3m(thKz) - at(szz)> = 0,(z7 Lz) — 9,(z" L),
which is a local energy conservation law (3.6a):

8t<S(z) + %(szz)) + ax( - %<thKz)) ~0.
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Identical argumentation, for S explicitly independent of z with 8y = x, yields
20,5(z) — (@(zf[/z) - 8$(thLz)> = (&C(ngz) - (():C(ZEKZ)),
which is a local momentum conservation law (3.6b):

0.~ 5 L2)) +0.(5() + (af L2)) =0

7.3.2 Alternate Formulation via Operator Splitting

For alternate form of the multisymplectic equation given by splitting (3.22) there exists
conservation laws of energy and momentum in the form (3.6), as shown in [29], with L and
K replaced by 211 and 2K, respectively. Moreover, wave action conservation law (7.11)

also holds with

1 27

o = — (zg LT z) dby, (7.15a)
2 J, 0
1 2

B = — | (2} KTz) db,. (7.15b)
2m Jo 0

7.4 Multisymplectic Spectral Wave Action

It turns out that a procedure analogous to the one used in deriving conservation law of wave
action in physical space, applied to the multisymplectic spectral PDE (3.29) yields a new
conservation law that we will be calling the spectral wave action conservation law. It is yet
unclear whether the spectral wave action conservation lwa can be shown to be equivalent
to the multisymplectic spectral conservation law (3.30). One would expect that an analog
of the Stokes’ theorem would be true in Fourier space thus permitting establishing such a
relation.
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In order to dervive spectral wave action conservation law, let’s assume that Z, a solution

to (3.29), smoothly depends on a parameter 6, and taking a dot product with Zgo on has
(LOZ, Zg,) + (KOZ, Zy,) = (V;5(Z), Za,),
and the conjugated and transposed (“starred”) equation
—Z'LZg, — (OZ)KZy, = 05,5(Z).
Adding these equations one obtains
205,5(2) = Zy LZ, + 2y K(©Z) — Z;LZy, — (©Z)"KZy,
or equivalently, that
205, S(Z) = (Z;OLZ - ZILZ%) + (Z;OK(@Z) - (@Z)*KZ%)

It is not difficult to note that

~ A

0 = at(%Z;OLZ)+1(z;OK(GZ)+(@Z)goKZ)

[\

—i(EZ;‘LZjL

> (©Z)"LZ + S(Z)) (7.16)

1
2
and thus, upon integration, one obtains a WACL

2 1 A 2 1 . . . N
8t/ S(LZ, Zy,) +/ 5 ((K(02),2y,) + (KZ,(02Z)s,) ) ddy = 0 (7.17)
0 0

Now, if there exists an analog of the Stokes’ theorem one could show that equation (7.17) is

a multisymplectic spectral conservation law established in [9].
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7.4.1 Spectral Local Energy Conservation Law

Spectral form of multisymplectic PDE can be though of as a spatial semi-discretization and
as such does not have momentum conservation law. In this section we use formalism of
(7.16) to derive local energy conservation law in Fourier space. In order to obtain spectral

LECL [11, 22| consider first equation (7.16) and assume 6, = t.

0 = atGZ:LZ) + %(Z;‘K(@Z) + (@Z);‘KZ)
_% (%ZIL 7+ %(@Z)*LZ +5(2). (7.18)
Equivalently
9 (3(8(2) + ©2)'L2) + (ZK(O2) + (OZ)KZ) = 0 (7.19)

which is called spectral local energy conservation law and can be written in the form given

by equation (3.33). Therefore we have just proved Theorem 10 stated in Chapter 3.

7.5 Discrete Wave Action Conservation Law

It should be clear by now that the wave action conservation law is somewhat a more primi-
tive and fundamental property than multisymplectic conservation law. In previous sections
we discussed wave action in continuous systems. Following the development of multisym-
plectic discretizations, we would like to attempt deriving discrete analogs of the wave action
conservation law. Material contained in this section can be divided onto two parts. The
firs part is a derivation of an exact, discrete conservation law of wave action of the MS box

scheme while the second contains a brief discussion of previous work of Frank [13], where an
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exact, discrete wave action conservation law for a sub-class of RungeKutta, multisymplectic
box schemes was derived. We will attempt to generalize this result and investigate discrete
analog of wave action conservation laws for spectral semi-discretizations. Last part of this

section will contain supporting numerical evidence.

7.5.1 Multisymplectic Box Scheme

We begin by presenting an example, related to [13], where we show derivation of a variant of
an exact, discrete wave action conservation law for the Preissmann—Keller (multisymplectic)

box scheme (4.7) discretization of the MS form, i.e.
LDiM,z5 + KD, Mz} = V,S(M;M,z})
and take a standard inner product with M;M,(zy,)} to obtain
(LD M.z}, My M, (2g,)})+(K Dy Myz3, My M, (24,)}) = (V2S(M, M.z} ), M;M,(zq,)7). (7.20)

Observing that (V,S(M;M,z}), M;M,(zg,)}) = 0p,S(M;M,z}) we can transpose the above

equation to obtain
—(Dy M,z )" L(M; M (29,)}) — (Do Myz)" K (M My (29,)}) = 09, S (M M,27).
Adding we have

209, S (M M,2}) = (MtMac(z@O)?)TL(Dthz;‘)—(Dthz?)TL(Mth(zeo)?)

+(M M, (26,)})" K (D Myz!) — (Do Myz}) )" K (M M (24,)7)
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or equivalently

209, S (M M,2}) = (Mth(z(;O);?)TL(DthZ?)+(DtM$(z90);?)TL(Mthz?)
+(MtMm(z90)?)TK(Dthz?) + (DxMt(ZQO)?)TK(Mthz?)

— gy (D M,z )" L(MM,2}}) — Op, (Do Myz})" K (M M,2")
Now since

(MM, (29,)})" L(D: M) + (Di M (2g,)7)" L(M, M. 2})
= @«szeo)?—‘_l + (MxZQO)?)TL((MxZGO);H_l — (MIZGO);‘L)
1

T oran ((Memeo)j ™ — (Maoze ) L((Maza, )™ + (Mg, ))

= Di((z,)})" L(2) (7.21)
and symmetrical argument holds for terms containing matrix K, we have that

209, S(MM,z}) = Dy((Myzo,)})" L(M,2}) + Dy ((Myzg,)})" K (Myz})

— 09y (Dy Moz )" L(M, M, 2}) — 09y (Do Mz )" K (M, M,z7).

Assuming that z7 is periodic with respect to 6y with period 2w, i.e. that for every n, j
one has z7(6h + 27) = 27 () and integrating with respect to  over the entire period we

arrive at the discrete wave action conservation law

2m 1 n n 2T 1 . .
Dt/o §<LM{,CZJ ) Mx(zeo)j> d90 + Dx /0 §<KMtZ] s Mt(z90>j> deo =0 (722)

: : 1/2 . :
Using notation z7,, = M,z7 and zj/ = Mz} we can rewrite above equation as

2m 1 27 1
Dt/ §<LZ?/27 (ZQO)?/2> d@o + Dr/ §<KZ;/2, (Zeo)jl'/2> d@o =0 (723)
0 0
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Equation (7.23) is called wave action conservation law and, upon normalization, written as

Dyt + D, 2% =0, (7.24)
where
2 = o §<LZ1/27(290)1/2> dfy, (7.25a)
0
1/2 L2710, 4 1/2
B = S ) ey (7.25b)
0

Alternative Form Consider again (7.20) written as

0o, S(M;M,25) = (LD:M,z}, MyM,(2e,)}) + (LM Mz}, D M,(2g,)})
— 09y (LM, M, 7", D,M, ") + (LM, M, (z4,)", D, M, 7")
+(K D, Mz}, MyMq(z9,)}) + (KM M2z}, D, My(24,)})
—0gy (K My M, 2%, D, Myz7) + (K MM, (29,)5, D Mz}) (7.26)
Using skew-symmetry of matrices L and K and the fact that (Au,v) = (u, A*v) we have

that

<LMth(Z90)?, DtMIZ;L> + <KMth<Z90)§L, DIMtZ;L>

= —<Mth(Z90);L, (LDthZ? —|— KDxMtZ;L)> = —aQOS(MthZ?)

by equation (7.20). Integration with respect to 0y yields an alternative form of the discrete

WACL

A+ B =0 (7.27)
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with

5= o0 S (LDM. 2}, MM (24,)]) + 5 (LM M.z}, D, M, (zg,)7) dfy
% = 5 5 (K DMz}, MM (29,)}) + 5 (K M,Moz, D, Mi(2s,)}) A6

One observes that the two forms of discrete wave action conservation law (7.24) and (7.27)

are equivalent, since
<LDtun= Mt(ueo)n> + <LMtun7 Dt(ueo)n> - Dt<Lun7 <u90)n>7

and symmetrical property holds for terms with matrix K with operators D, and M,.

7.5.2 Discrete Spectral WA for the Midpoint Time-Discretization

Taking an inner product of the equation (4.62) with MtZgo we obtain
(LD,Z", M, Zy)) + (KO(M,Z"), M, Zy. ) = (V5 S(M,Z"), M, Zy.) (7.28)
and its conjugate transpose
—(D,Z") L(M,Z3.) — (OM,Z")* K (M,Zy.) = 99, S(M,Z")
Adding
(M, Z,)" L(D,Z") — (D,Z")" L(M,Z,)
H(M,Zg )" KO(MZ"™) — (OMZ")* K (MZ)) = 209,S(M,Z")
and it is not difficult to note that is is equivalently
(M,Zp ) L(D,Z") + (Dy2i )" L(M,Z") — 0y, ((DtZ")*L(MtZ”))
+(M,Zp ) KO(MZ™) + (BM,Z ) K (MZ™) — D, ((C:)MtZ”)*K(MtZ”))
= 20p,5(M,Z")

170



We first observe that

(MZj )* L(D,Z"™) + (DyZiy )" L(M,Z")

1 7n 7N \* T (17N 7n 7n 7N \* T (1N 5 |
= Siap (B L =2 (2 - 2 L+ 2|
1 7n x TN 7n x TN In \* T fgn 7n e
- m[(zgoﬂ) LZ — (Zg ) L2 4 (Z,) LE — (23 ) L2

1 7n x TN 7n x TN N \* T N S Nk T A |
+m[(zajl) LZ"™ 4 (2 L2 — (Z4,) L2~ (24,) L2

= Dy{(LZ",(Z})).

It is now an immediate conclusion, that the discrete spectral WACL has the form

2w 1 R R
D, /0 Sz, (Z3,)) oy

2m q . . .
+/ §<<K(®MtZ”),MtZ30)+(KMtZ”,(@MtZ”)90)> dfp = 0.
0

Alternative Form Consider again equation (7.28) written as
06, S(MZ™) = (LDyZ", M,Z} ) + (LM,Z", D, Zy, )
—0py (LM, Z", D,Z") + (LM, Zt; , D,Z")
+H(KM,0Z", MyZy ) + (K M,Z", M,©Zj. )
— 8y (K MyZ", MyOZ™) + (K M Zj , M,OZ™)
Skew-symmetry of matrices L and K, and equation (4.62) yields
(LM,Zy , D,Z") + (K M,Zjy , M,©Z")
= —(M,Zy ,LD,Z" + KM,OZ") = 0y,S(M,Z")
Integrating in 6 one obtains the following discrete spectral WACL
A"+ B =0,
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where

) 1 2 1 R . ~ ~
d" = — | Z(LDZ", M/Z2 ) + (LM,Z" D,Z ) df,
2 0 2 0 ’
R 1 (1 _ . 1 5 =Y,
B = o | S(KMOZ" MZy) + o (KMZ", M©Z;,) dfy
T Jo

which is equivalent to the equation (7.29).

7.6 Numerical Experiments

We illustrate the wave action conservation by multisymplectic discretization by first present-
ing an experiment described in [13]. Multisymplectic Euler’s method for the Klein-Gordon
equation takes the form (4.42). Assuming that u} = u}(6) is a differentiable function of a

parameter 6y and differentiating with respect to it one obtains

— a1 ((e,)7 7 = (vey)7)  —az (wa)fer — (way)}) = (87)*(uy);
21 ((ug)) = (ug,);™") = (vgo)F (7.31)
A ((ug,)} — (ugy)j—1) = —(af)"*(we,)}

Initial conditions for slowly modulated wave train
u(t, x;00) = Asin(n + 6p), A=A(t,z), n=n(t,z) = kx + wt
are obtained by setting ¢ = 0 in the following equations
v(t, ;00) = u(t,x;00) = Awcos(n—+ 6)
w(t, x;00) = ug(t,x;600) = Akcos(n+ 6p)
ug, (t,;00) = Acos(n+6)
v, (1,5 600) = (ugy)i(t, x;00) = —Awsin(n+ 6y)

Wy, (t, 25 00) = (ug, ) (t, x;00) = —Aksin(n+ 6p)
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and in [13] those are A =1
u(0,x;00) = sin(kx +6y)  ug,(0,x;600) = cos(kx + 6)
v(0,2;600) = wcos(kx + 60y) vy, (0,2;0p) = —wsin(kx + )

w(0,z;6p) = kcos(kx 4+ 0y)  wa,(0,2;600) = —ksin(kz + b))

7.6.1 Implementation

Equations (4.42) and (7.31) in a vector are

vt = v — (A1) (B")*u" + AUW"

un+1 — un =+ (At)Vn+1
1
Wn+1 — _A_x(an—f—l)Q(UT)un—i-l

and
(Vo)™ = (Va,)" = (AL)(B")(ug,)" + AU (way)"
(ug,)""" = (ug,)" + (At)(vg,)" "
(wo, )" = (@07 (g, )

where U € M, ;(R) has the form

1 -1

-1 1

and bolded letters, like u = [u;]jcq1,..., sy, etc., denote vectors in M 1 (R).

.....
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7.7 Simulation Results

The results of simulation are presented on Figure 7.1. Shown is an actual wave profile (blue)

at n = 100 and its amplitude (red) calculated from

Aj = \/ (uf)? + ((ue, )7)? (7.32)

The parameters were set to be € = 0.02, { = 27 /e, w = 4n/(el), k = w, J = 30/,

At =e¢el/J, to=0,T =10/¢, Ax = ¢/ J. Moreover
a = 1—1—%8111 <2l7€t> exp (—25(% — %)2)
8 = 1-—cos (210615) exp ( — 25(% — %>2>

0.5

0 50 100 150 200 250 300

Figure 7.1: Wave-train (blue) and its amplitude (red) at 7' = 10/e.

For the simulations one has to consider a family of initial data parametrized with 6, €
0, 27] discretized with some step Ay = 27 /M, M is a number of numerical experiments
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to be performed indexed by m € {1,..., M}. One can compute the discrete action density
and action flux and than approximate the loop integral to some higher-than—2 order. For

discretizations of nonlinear systems one needs to solve

LO;" (20} + KoL (20,)} = 5o (VaS)

For instance the sine-Gordon becomes

O o)y 4 () = —((ugy)2) cos(u)
— " (ug,)" = —(ve, )}
- Ggﬁn(ugo)? = (weo);

where u} is the solution of the original system of equations.

7.7.1 Slow-variation Approximation — Discrete Case

Following [13], for Lagrangian integrators in the case of slow-variation approximation, we

consider a set of two equations

1 et et e
0 = —Q(At)Q (A;,H—l Sln(0j+1—9j)—Aj 1SII1(9]~ _9] 1))

1
+2(A:p)2 ((O‘?+1/2)2AJ+1 sin(0,, — 07) — (af_, ))* A} sin(0] — 0} )) (7.33a)

1 1 1
0 = (A7 = 347+ cos (07! = 0) = S AT cos(0} = 0;71))

- (Ax)? <§((O‘j+1/2)2 + (%’4/2)2)14]' - §(O‘j+1/2) Ag+1 COS(0j+1 93')

1 a” n n 1 n n
_2< - 1/2)2A _y cos(6 93'71)) _5(@' )2 Al (7.33b)

Note also that applying summation over index j with periodic boundary conditions Ag =

Ay, 0p=0;, Ajiq = Ay and 6,1, = 6; we can write the following discrete conservation

J
1 : n 3 n— n n—
0= Z <§A?+1A}I 81n(0j+1 —07) — —A 1A sin(0] — 07 1))

J=1
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which can also be written as

A" — " =0 (7.34)
with
|
o= S AT AT sin(0] — 077, (7.35)
j=1
The proof follows immediately from the fact that
J
D (041 )2) AT ATy sin(6y = 07)
j=1
J—-1
= (DA AT S0 = 8)) (@10 PAT AT S (00 — 0)
j=1
and
J J—-1
D@1 ATAT sin(0 = 01) = 3 _(0f410)* AF AT sin (0], = 05)
j=1 j=0
J—-1
— (a1 ARAT S0} — 03) + ( D(0 ) A AT sin (0], — 607))
j=1

We are now at the position to numerically test conservation of total wave action. Time
evolution of (7.35) can be easily computed from solutions of (7.31), since the amplitude is

obtained from (7.32) and the phase is computed as

un
" = arctan —— — 0. 7.36
s (7.:36)

Figure 7.2 shows time evolution of a normalized error of the total wave action computed

using equation (7.35). Normalized error Ry 4 is obtained as

d'rz
RWA:E—l

We note that, after initial burst in the error, magnitude of Ry 4 becomes of order 1072.

Simulation parameters were identical as these used to obtain Figure 7.1.
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-0.12 b
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Figure 7.2: Normalized error in the total wave action for slowly varying solutions of the
Klein—-Gordon equation.
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APPENDIX A: IMPLICIT RUNGE - KUTTA METHODS
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A.1 Basic theorems

Let Q C R? be a domain (open, simply connected set), and I C R be an interval and

consider a system of ODEs of the form

dx

— =1t
> =1t %)

where x € RP and f: Q) x I — RP,
Definition 7 Let b;,a;; € R, i,j € {1,...,s} and

s
C;, = E Q5.
Jj=1

The following iterative process

ki = f(t() + hCZ‘, X + hz aijkj) (Ala)
j=1
X1 = Xo+h» bk (A.1b)
i=1

n € N C N is called s—stage implicit Runge—Kutta method.
Theorem 13 Let f € C(I x R™) and assume there ezists L such that
vtel vx,yER" |f(ta X) - f(ta y)| S L|X - y|

If

1
L- max; Zj |aij]

h <

then there exists unique solution to (A.1a), which can be obtained by iteration

kz[o] = Xy

kz[-l/+1] = f(to + hCz‘, Xo + h Z &ijkgy]).

j=1

Moreover, if £(t,x) € CP(R x R"™) then k; = k;(h) € CP(R).
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Proof can be found in [15].

The above functional iteration for k; can be modified in the following way. First of all

we can redefine IRK method as

Yi = Xp + h Z Cll'jf(t(] -+ hC]’, YJ)

Jj=1

X1 = Xp + ]’L Z blf(t() —|— hCZ’, Y1)7
=1

We can now introduce g; = Y; — xg. Clearly Y; = g; + xo and we may consider

g’ =0

gt = h > " aif(to + hei, xo + ).
j=1

For stopping conditions see [32] p.64.

A.2 Gaussian Collocation

Theorem 14 Let q be a nontrivial polynomial of degree n + 1 such that

Let ¢; be such a points that q(c;) = 0 for every i € {0,...,n}, then for every polynomial p of

degree at most 2n + 1

/ p(x)dz = ZAip<Ci)7

with
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where {;(x) denotes i—th Lagrange polynomial.

- r — Cj
t) = ] ._c{
J

C
J=0.4#i "

Lemma 5 The set

SL = {d‘fs (2°(1 — 3:)3)}

s€Np
of all shifted Legendre polynomaials form an orthogonal set with respect to the weight function

w(x) =1 on [0,1].

Gaussian nodes on [tg, 1] are given by {to + h - ¢;};, with ¢; being zeros of i—th shifted

Legendre polynomial. Note that

[ st =) [ gtegae

to 0

where £ = % Inverse variable transformation is given by x = to + h§ with h = t; — t,.

Definition 8 Let ¢q,...,c, € R are distinct (and usually 0 < ¢; < 1). The collocation

polynomial u(t) is a polynomial of degree at most s satisfying

u(to) = X

ﬂ(to—i‘h'ci) = f(t() +h'CZ‘,U(t0 +hCZ)) (AS)
the numerical solution of the collocation method is defined to be

1 = u(to+ h)
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Theorem 15 (Gillou & Soulé (1969), Wright (1970)) Collocation method defined by

(A.3) is equivalent to the s—stage Runge—Kutta method (A.1a), (A.1b) with coefficients

c; 1

where (;(x) is the (i — 1)—st Lagrange polynomial.

PROOF: Let g(z) = u(to + hz). Lagrange interpolation formula for g with nodes ¢y, ..., ¢
is given by

g(@) = gleci)ti(x)

i=1

Therefore

i(to + ha) =Y alto + - c;)li(x)

i=1

Define k; = u(to + h - ¢;) to get

ito + ha) = kili(x) (A.4)

i=1

Integrating (A.4) with respect to = from 0 to ¢; we have

/ Z Wty + hx)de = Z k; / Z li(x)dx
U(t() + h - Ci) — u(to) = Z k:jaz-j
j=1

SO

ki = 29 + Z aijkj
j=1
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Similarly, integrating (A.4) from 0 to 1, we get

1 s 1
/ U(to + hx)de = ZkJ/ 0i(x)dx
0 = Jo
i=1

Finally we have

s
T1 =X+ Z bzkl
=1

A.2.1 Example

Consider 2-nd shifted Legendre polynomial

d2

gp (%1 —2)%) = i(295(1 — ) +22%(1 —2)) =2(x — 1)* + 8z(x — 1) + 227

dz
= (z—1)(27 + 2+ 8x) + 22° = 2(62% — 62 + 1)

We can easily find that Gaussian nodes (zeros of the above polynomial) are

C;, = +

N | —
D
S

Further examples of application of Theorem 15 can be found in Tables A.1 and A.2.

A.3 Symplecticness Conditions for R—-K methods

Consider a Hamiltonian system of ODEs

. 0H
b= = 0g;
. OH

@ = Op;
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or in another words

p = f(t,p,q)

q = g(ta | oF q)

with p = [p1,...,ps]F and q = [qy,- .., qs]". The Runge-Kutta method for the above system

can be written as
j=1

Qi = q+h) aygto+he, P;, Q)

J=1

p1 = Po+hY bif(to+hei, Pi, Q)

i=1

qQq = qo+nh Z big(to + hei, Py, Q)

i=1

Let’s introduce some notation. Let
kj = f(to + th, Pj, QJ)
l; = g(to+ he;, Py, Qy)

are the “slopes” at the intermediate stges.

(A.5a)

(A.5b)

(A.5¢)

(A.5d)

Theorem 16 (Sanz—Serna, Suris, Lasagne (1988)) If M € M, (R) with entries

mij = biay; + bjaj; — biby, i,je{l,...,s}

satisfies

M=0

then Runge—Kutta method is symplectic.
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PRrooF: Differentiating (total derivative) (A.5c) and (A.5d) we have

dp; = dpo+h Y bidk

=1
dqi = dqo+h Y bl
=1

Differentating (A.5a) and (A.5b) we have

j=1
dQ; = dqo+h Y _a;dl (A.6D)
j=1

No we have

dp; Adq = dpgAdgo+h Y bdpy Adl+ k> bidk; Adgg

J=1 J=1

+h? (Z bidki> A (Z bidL»)
1=1 1=1

note that

(Z bidki> A (Z bidli> - ibj (Z bidki> Adl
i=1 =1 j=1 =1
j=1 =1

i=1 j=1
Moreover, form (A.6a) and (A.6b) we have
dP; Adl; = dpoAdli+h Y aydk; Adl
j=1

dk; AdQ; = dk;Adqo+h)  a;dk; Adl

j=1

and from here
dp() N dlZ + dkZ A dqo = CI:PZ N dlz + dkl N sz

—h (Z aijdkj A dlZ + Z (ljidkj A dlz> s

j=1 i=1
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as well as,

dpy Adqr = dpgAdqo+h Y bi(dp Adl + dk; A dqp)
=1

+h?) Z bib;dk; A dl;

i=1 j=1

= dpy Adqy+h Y b(dP; Adl + dk; A dQy)

=1

i=1 j=1 Jj=1
+h? Z Z bibjdk; A dl;.

i=1 j=1

We can rename summation indices, to obtain that
=1 j=1 j=1 =1 Jj=1
+ Z bz Z aijdki N dl] = Z bj Z Cljidki A dlj + Z bl Z aijdki N dlj
i=1 j=1 7=1 i=1 i=1 j=1

S S

— Z Z(bjaji + biag;)dk; A dl;

i=1 j=1
Now we have
i=1

—h? Z Z(biaij + bja;; — bib;)dk; A dl;

i=1 j=1

The theorem will be proved if we can show, that

> bi(dP; Adl; + dk; A dQ;) = 0

J=1

Following [32] p. 73, it is enough to show that
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dropping index ¢ that indicates number of stage (the following computations are independent

of 7) we may write

d
dP Adl+dkAdQ =Y dP, Adl, + dk, AdQ,

v=1

where summation is over the elements of the respective vectors. Moreover, note that

d
Aty

dk, = dP,
8p . +

afy

dQM

dl, = Z 09 AP+ ag”dQu

Thus
dP, Adl, = Z 99 ap, nap, + 29ap, rdQ
v v apu aqu v o
dk, NdQ, = af" dP, ANdQ, + af” dQ# AdQ,
— Op,,
pn=1
Notice that
of, _i(_@H) af, _i(_aH)
Opp Opu \ 9Oy 0qy  Oqu \ gy
dg, 0 (GH) dg, 0 (8H>
Op,  Op, \Op, dq,  0q, \Opy

Finally we have that

d d 2 2
dP Adl+dk AdQ = ZZ(— oH dP, AdQ, — o1 dQu/\dQ)

v=1 le apanV a 8
& PH 9°H
dP, NdP, + ———dP, N dQ,
t20 (apuapy Nt Bgup, T 9 )
v=1 p=1
d d d
0°H 0*H
= Yy - an, /\dQ,,—i—ZZ F——dP, A dQ,
v=1 p=1 a aqy p=1 v=1 a app’
d d 82 d 82
— d ANdQ, + dP ANdP,
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by skew—symmerticity of wedge product (assuming that we can change the order of differ-

entiation in partial derivatives). |

Remark 2 Necessary conditions require the RK method to be irreducible. See [32] Thm.

6.0 p.84.
Remark 3 IfV,<; a;; =0 (explicit RK) and M = 0, then we must have

mi; = bia;; + bjaii — bb; = b2 =0

s
7

This means no consistent ()7, b; = 1) explicit RK method is symplectic.

Theorem 17 The implicit s—stage Gauss (collocation) method of order 2s (Kuntzman €&

Butcher) is symplectic for all s.

ProOOF: By the fundamental theorem of calculus

tn+1

/ttn+1 %(dp Adg)(t)dt = (dp A dg)(t) . = dp(tni1) A dq(tns1) — dp(ta) Adg(tn)

— danrl A danrl _ dpn A dqn
where we are assuming p(t) and ¢(t) are polynomials of degree at most s. Moreover, by

exterior differentiation formula, we have that

d
E(dp/\dq) =dp Adg+dpAdg

now, since

d
deg (E(dp A dq)> <2s—1
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we have, by the Gaussian quadrature theorem, that there exist ¢;, i € {1,..., s} such that

[ Gandanoar = ) [ Lasndgoa

= th —(dp A dg) (1)

t:t7L+hC'L'
Notice that p(t, + he;) = P;, q(t, + he;) = Q; and p(t,, + he;) = ki, §(t, + he;) = 1;, therefore

dp = dP;, dg = dQ;, dp = dk;, d¢ = dl; which means, that for every ¢

d
dp A dg)(t) =dpAdg+dpAdg =dk; ANdQ; +dP, Adl; =0

dt t—tthe; t=tn+he;

and proves symplecticness. [ |

Table A.1: Tableau for the Hammer & Hollingsworth method of order 4.

1 V3 1 1 V3
§_§ _\/_ e
1 311 3 1
26 l1it 6 4
1 1
2 2
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Table A.2: Tableau for the Kuntzmann & Butcher method of order 8.

2 —ws w1 Wi —wstwp w)—ws—wy W) — ws
%—Wé Wy — wh 4+ wy Wy Wy — Wi W) — wh — wy
%ﬂLWé wy + wy + wy wi + wy wh wy + wh — wy
2+ ws wi + ws Wi tws+wy w4 ws—wy w
2w, 2w} 2w} 2wy
1 V30 o1, VA
Y1787 178
1 /1542430 , 1 /15— 2+/30
Wy = =\ ———— wh ==
2 35 2 35
1, V30 (1 V30
w3 =wy | = + — wh=wh | = — —
A WY 372 6 24
B 1 n 5v 30 ;o 1 5v 30
VT2 51 T 6 41792191 7 168
Ws = wg — 2ws Wi = wh — 2w}
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APPENDIX B: SOLITONS FOR THE SINE-GORDON
EQUATION
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In numerical analysis, and especially for new schemes, it is always advisable to conduct
a preliminary test of algorithms and codes on known solutions for which one can obtain
analytic formulas. In this project, we have chosen some classical solutions to the benchmark
equation — solitons. Following [4] we have that, for —co < = < oo, the following are the

soliton solutions to the sine-Gordon equation:

Figure B.1: Breather. Analytic solution for y/1 — 42 = 1/2.

Breather is a stationary, periodic wave of the form

v

/1 _ A2
u(t,x) = 4 arctan <—7 sin(t) sech(xv/1 — V))
One finds the following initial conditions correspond to the breather soliton

u(0,z) =0, u (0, 2) = 44/1 — 42 sech(z/1 — 342).
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Figure B.2: Kink—antikink. Analytic solution for 1/4/1 — 4% = 2.
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Figure B.3: Limiting case between breather and kink — antikink. Analytic solution.
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Kink—antikink is a superposition of two, traveling in opposite directions, waves of the

form

1. v x
u(t, z) = 4 arctan (r sinh <—) sech(—))
7 J1-7 1— 72

One can find that

u(0,z) =0, u(0,2) =

Double pole solution is a limit as ¥ — 0 in the above cases
u(z,t) = 4arctan(t - sech(x)),
i.e. by the following initial conditions:

u(z,0) =0, u (0, 2) = 4 sech(x)
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